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RESUMO

O virus da dengue (DENV) consiste de quatro sorotipos antigenicamente relacionados:
DENV-1, DENV-2, DENV-3 e DENV-4. Apesar dos diversos esforcos para 0
desenvolvimento de uma vacina contra dengue, ainda ndo ha nenhuma comercialmente
disponivel. As proteinas ndo estruturais 1 e 3 (NS1 e NS3) sdo indicadas como antigenos
promissores para o desenvolvimento de uma vacina contra DENV. Segundo alguns estudos, a
proteina NS1 € capaz de induzir uma resposta protetora de anticorpos com atividade de
fixacdo do complemento. A proteina NS3, que realiza reagBes enzimaticas essenciais para a
replicagdo viral, parece ser imunogénica, contendo um predominio de epitopos para linfocitos
T CD4+ e CD8+. No presente trabalho nds avaliamos o potencial de vacinas de DNA
baseadas nas proteinas NS1 e NS3 de DENV-2. Foram construidos cinco plasmideos,
PCTPANS3, pcTPANS3H, pcTPANS3P, pcTPANS3N e pcTPANS3C, contendo a sequéncia
gue codifica 0 peptideo sinal do ativador de plasminogénio de tecido humano (t-PA)
fusionado a0 gene NS3 inteiro ou partes destes. Todos estes plasmideos mediaram a
expressao das proteinas recombinantes in vitro em células eucariéticas. Camundongos foram
inoculados com estes plasmideos e desafiados com DENV-2 por via intracerebral (i.c.).
Nenhuma destas construgdes induziu niveis satisfatorios de protegdo. Além dos plasmideos
com NS3, foram construidas quatro vacinas de DNA baseadas no gene NS1: 1 - pcENSL, que
codifica a regido C-terminal da proteina E fusionada a NS1, 2 - pcENS1ANC, similar ao
pPCENSL com a adicdo da por¢éo N-terminal da NS2A (ANC), 3 - pcTPANSL, que codifica o
peptideo sinal t-PA fusionado a NS1 e 4 - pcTPANSIANC, semelhante ao pcTPANSL com a
adicdo da sequiéncia ANC. A proteina NS1 recombinante foi detectada nos extratos celulares e
sobrenadante das culturas de células BHK transfectadas com pcTPANSL, pcENSL e
PCENSIANC. Tais resultados indicam que as sequéncias sinais t-PA e E direcionaram a NS1
para secrecdo. A proteina NS1 também foi observada associada a membrana plasmatica de
células transfectadas com pcENS1ANC, demonstrando a importancia da seqiiéncia ANC para
0 seu ancoramento. Todos os camundongos imunizados com pcTPANS1 ou pcENSL
produziram altos niveis de anticorpos, direcionados principalmente para epitopos
conformacionais da NSI1, enquanto que somente metade dos animais inoculados com
PCENSIANC apresentaram niveis detectaveis de anticorpos. A resposta de anticorpos se
mostrou duradoura (até 56 semanas apOs a primeira dose das vacinas), e 0s animais
apresentaram uma rpida resposta secundéria apés um reforco de DNA. Camundongos
imunizados com os plasmideos pcTPANSL e pcENS1 se mostraram protegidos contra
desafios com DENV-2 por viai.c., sendo o pcTPANSL levemente mais protetor. Estes dois
plasmideos ativaram a producéo de diferentes subclasses de 1gG especificas contra NS1. Néo
foi observada protecdo interespecifica quando camundongos imunizados com pcTPANSL
foram desafiados por viai.c. com DENV-1. Os animais imunizados com o pcTPANSL foram
desafiados com DENV-2 por via intraperitoneal e também se mostraram protegidos. Neste
modelo de desafio, foi observada uma diminuicdo dos efeitos histopatoldgicos do virus no
figado dos animais vacinados. Resultados preliminares sugerem a lise de células infectadas
com DENV-2, dependente do complemento, na presenca dos anticorpos direcionados contra
NS1.
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ABSTRACT

Dengue virus (DENV) consists of four antigenically related serotypes. DENV-1,
DENV-2, DENV-3 and DENV-4. Although considerable research has been conducted
towards the development of a DENV vaccine, no vaccine is yet commercially available. The
non-structural proteins 1 and 3 (NS1 and NS3) have been identified as promising antigens for
the development of vaccines against DENV. According to some reports, NS1 can €licit a
protective antibody response with complement-fixing activities. NS3, a protein that carries out
enzymatic reactions essential for viral replication, appears to be immunogenic, presenting a
preponderance of the CD4+ and CD8+ T cell epitopes. In the present work we investigate the
potential of DNA vaccines based on the DENV-2 NS1 and NS3 proteins. We constructed five
recombinant plasmids, pPcTPANS3, pcTPANS3H, pcTPANS3P, pcTPANS3N and
pcTPANS3C, which contain the sequence that codes the signal peptide derived from the
human tissue plasminogen activator (t-PA) fused to the full or partial length of the DENV-2
NS3 gene. Results indicated that these plasmids promoted the expression of recombinant
proteins in eukaryotic cells. Mice were inoculated with these plasmids and challenged by the
intracerebral (i.c.) route with DENV-2. None of these constructs induced acceptable
protection. Moreover, we constructed four DNA vaccines based on the DENV-2 NS1 gene: 1
- pcENS1, coding the C-terminal of the E protein fused to NS1, 2 - pcENS1ANC, similar to
pcENS1 with the addition of the N-terminal of NS2A (ANC), 3 - pcTPANSL, coding the t-PA
signal sequence fused to NS1 and 4 - pcTPANSIANC, similar to pcTPANSL with the
addition of the ANC sequence. The recombinant NS1 protein was detected in cell extracts and
culture supernatants from pcTPANSI1-, pcENS1- and pcENS1ANC-transfected BHK cells.
Such results indicated that the E and t-PA sequences targeted NS1 to secretion. NS1 was also
observed in association with plasma membrane of pcENSIANC-transfected cells, which
demonstrated the importance of the ANC sequence for cell anchoring. High levels of
antibodies, mainly recognizing surface-exposed conformational epitopes of NS1, were
induced in al mice immunized with pcTPANS1 and pcENS1, while only half of
PCENSIANC-inoculated animals presented detectable antibody levels. Long-term antibody
response was observed in pcTPANSL and pcENS1 immunized animals (56 weeks after the
first vaccine inoculation) and there was a rapid secondary response after a DNA booger.
Protection was elicited in pcTPANSL- and pcENS1-immunized mice challenged with DENV -
2 by the i.c. route and the pcTPANS1 seemed to generate a slightly higher protection.
Moreover, these two plasmids induced different NS1-specific 1gG subclasses. No protection
was displayed when pcTPANSIL-immunized animals were i.c. challenged with DENV-1.
Animals inoculated with pcTPANSL were also protected when they were challenged with
DENV-2 by the intraperitoneal route. Liver tissue from vaccinated animals presented a
remarkable decrease of hepatic damages in this challenge mouse model. Preliminary results
suggested the complement-mediated lyses of DENV-2 infected cells in the presence of the
NS1-specific antibody.
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1- INTRODUCAO

A dengue é considerada uma das mais importantes arboviroses humanas, sendo causa
de morbidade e mortalidade na maioria das regides tropicais e subtropicais do mundo,
principalmente no sudeste e sul da Asia, América do Sul, América Central e Caribe (Figura
1.1). H& aproximadamente 2,5 bilhdes de pessoas vivendo em locais de risco de infecgéo,
sendo estimado que, anualmente ocorram 100 milhdes de casos de dengue, e
aproximadamente 500 mil pessoas desenvolvam a forma mais grave da doenca, a febre
hemorrégica da dengue (Dengue hemorrhagic fever, DHF) / sindrome do choque da dengue
(Dengue shock syndrome, DSS), com uma taxa de casos fatais, que pode variar desde 10-15%

em alguns paises, a niveis menores que 1% em outros (Gubler, 2002; Kurane, 2007).
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Figura 1.1: Mapa de distribuicdo da dengue (1995 — 2005). A dengue € endémica na
maioria das regides tropicais e subtropicais. O mapa indica o nUmero de casos de dengue no
periodo de um ano. A auséncia de vigilancia na Africa durante a Gltima década torna dificil
acessar 0 nivel endémico desta regi&o. NR — ndo relatado (modificado de Whitehead et al.,
2007).



O agente etiolégico da dengue, o virus da dengue (DENV), pertence ao género
Flavivirus, da familia Flaviviridae. Este género, que inclui um grande nimero de agentes
causadores de doencas humanas, como febres, encefalites e febres hemorragicas, compreende
aproximadamente 80 membros, cuja maioria é transmitida por artrépodes (Chambers et al.
1990; Lindenbach & Rice, 2001). O DENV compreende quatro sorotipos antigenicamente
distintos, mas proximamente relacionados (DENV-1, DENV-2, DENV-3 e DENV—-4), que
sdo transmitidos a0 homem por mosguitos do género Aedes, tendo como principal vetor o
Aedes aegypti. Embora nos testes de diagnostico seja detectada extensa reatividade cruzada
entre esses sorotipos, a infeccdo primaria por um sorotipo de DENV induz uma imunidade
protetora de longa duracdo somente ao sorotipo infectante. Tal infeccdo ndo é capaz de gerar
uma protecao cruzada contra 0s outros sorotipos virais, podendo ocorrer infecgdes seqienciais
com os diferentes sorotipos de DENV (Lindenbach & Rice, 2001; Guzméan & Kouri, 2002;
Whitehead et al., 2007).

1.1- Histérico da dengue

Apesar das 3 Ultimas décadas estarem caracterizadas pela emergéncia e re-emergéncia
de epidemias de dengue associadas a quadros mais severos da doenca, como a DHF, a febre
do dengue (dengue fever, DF) é uma doenca antiga. Ndo h& um consenso de quando esta
doenca surgiu na populacdo humana, entretanto, existem registros de quadros clinicamente
compativeis com a DF na enciclopédia médica chinesa, editada formalmente no ano de 610 e
novamente em 992, onde foram encontradas descricdes de uma doenca conhecida como
“veneno da agua’. Na verdade, os primeiros relatos de epidemias na Asia e nas Américas de
uma doenca que possivelmente seria dengue ocorreram nos anos 1779-1780. Apds esse
periodo aconteceram epidemias intermitentes nestes dois continentes. Nos séculos seguintes,
com o auxilio dos transportes maritimos que facilitaram a dispersdo do vetor Aedes aegypti e
de pessoas susceptiveis, 0 virus se espalhou pelas regides tropicais e subtropicais (Monath,
1994; Gubler, 1998; Holmes & Twiddy, 2003; Mackenzie et al., 2004).

Na década de 60, a América conseguiu controlar o Aedes aegypti em um programa de
controle da febre amarela urbana, outra doenca causada por um flavivirus, o virus da febre
amarela, que compartilha o vetor com o virus da dengue. Esse programa, empregado
principalmente durante as décadas de 50 e 60, foi abandonado nos anos 70 levando a
dispersdo geogréfica do mosguito. Com a ampla distribuicdo do vetor, somado ao crescimento
do tréfego entre diferentes paises e a densa urbanizacdo, a dengue se difundiu pelo continente



americano, levando a uma elevacdo tanto da fregiiéncia, quanto da magnitude das epidemias
de dengue, com conseqliente surgimento e aumento do nimero de casos de DHF (IstUriz et
al., 2000; Gubler, 2002; Orozco, 2007).

Até 1981, a dengue hemorrégica ocorreu esporadicamente nas Ameéricas, embora
tenham acontecido epidemias de febre do dengue, na regido do Caribe e América do Sul, nas
décadas de 60 e 70. Contudo, em 1981, o surto de dengue hemorrégica ocorrido em Cuba,
com 24.000 casos de DHF e 158 mortes, marcou o inicio da dengue hemorrégica no
continente americano. Um evento similar aconteceu na Venezuela, nos anos de 1989/90, com
a ocorréncia de mais de 3000 casos de DHF (Guzman et al., 1990; Monath, 1994; Istlriz et
al., 2000; Orozco, 2007).

Atualmente, os 4 sorotipos de DENV estéo presentes nas Américas, com ocorréncia de
hiper-endemicidade (co-circulacdo de multiplos sorotipos) em muitas regides (OMS -
http://www.paho.org/english/ad/dpc/cd/dengue-cases-2007.htm, acessado em 30/03/2008).
Além disso, a dengue € endémica em mais de 100 paises, com casos de DHF sendo relatados
em mais de 60 paises. Nos Ultimos anos, essa doenca vem se expandindo, levando ao aumento
do nimero de centros urbanos hiper-endémicos e do nimero de casos de DHF e
conseguentemente morte. A Organizacdo Mundial da Salde (OMS) estima que 0 nimero de
casos de dengue aumentou cerca de 30% nos Ultimos 50 anos, com consequiente elevacéo da
ocorréncia da forma mais grave da doenca, DHF e mortes (IstUriz et al., 2000; Kurane, 2007;
Orozco, 2007; OMS - http://www.who.int/csr/disease/dengue/en/index.html, acessado em
29/01/2008).

1.1.2 - Dengueno Brasil

No Brasil, harelatos de surtos de dengue durante o século XIX e inicio do século XX.
Entretanto, com a campanha da erradicacdo do mosquito Aedes aegypti iniciada por Oswaldo
Cruz em 1904, ndo ha descricdes de surtos da doenca de 1923 até 1981 (Figueiredo, 1996;
Nogueiraet al., 2007).

Em 1981, foi observado um surto de dengue pelos tipos 1 e 4 em Roraima (Osanai et
al., 1983). Quatro anos mais tarde, DENV-1 ressurgiu no Rio de Janeiro e se disseminou em
seguida por quase todo o pais (Schatzmayr et al., 1986). Em 1990, uma nova epidemia
causada por DENV-2 se iniciou no Rio de Janeiro, produzindo centenas de casos de
DHF/DSS (Nogueira et al., 1993). Até o ano 2000, ocorreu a circulacdo simultanea de
DENV-1 e DENV-2. Neste mesmo ano, iniciou-se uma epidemia de DENV-3 no Rio de



Janeiro, que novamente se espalhou pela cidade e posteriormente por quase todo o pais
(Teixeiraet al., 2005; Nogueira et al., 2007).

Atualmente, os sorotipos DENV-1, 2 e 3 circulam no Brasil (Figura 1.2). Com isso 0
nimero de casos de DHF e consequentemente a taxa de letalidade vém aumentando no pais.
Em 2002, com aintroducéo do DENV-3, foi registrado o maior pico epidémico da doenca até
entdo no Brasil e a taxa de morte foi duas vezes maior que a observada anteriormente,
revelando uma maior gravidade na ocorréncia da doenca. Dessa forma, o Brasil se tornou
responsavel por 60% dos casos de dengue do continente americano, sendo que nos anos de
2002 e 2003, cerca de 80% dos casos de DHF relatados no continente americano ocorreram
aqui (Teixeira et al., 2005, Nogueira et al., 2007; Ministério da Saide -
http://www.saude.to.gov.br/pagina_adm/download/ boletim_dengue _semanal8.pdf, acessado
em 29/01/2008).
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Figura 1.2: Distribuicéo dos sorotipos de DENV no Brasil, em 2007. O esquema mostra a
circulacéo dos sorotipos de DENV nos estados do Brasil nos quatro primeiro meses de 2007
(Ministério da Saude - http://www.saude.to.gov.br/pagina_adm/download/boletim_dengue
_semanal8.pdf, acessado em 29/01/2008)



Em 2007, a Secretaria de Vigilancia em Salde do Ministério da Saide (SVS/MYS)
registrou 559.954 casos suspeitos de dengue e 1.541 casos de DHF, com 158 6bitos, o que
significa uma taxa de letalidade de 10,2% dos casos de DHF. Dos casos notificados, 79%
ocorreram nos 5 primeiros meses do ano, que corresponde a época de maior incidéncia da
doenca. Em 2008, ja foram registrados 120.000 casos de dengue nos trés primeiros meses do
ano (boletim de 28 de margo), sendo que o estado do Rio de Janeiro registrou um aumento de
211% no numero de casos em relacdo ao mesmo periodo de 2007, com a ocorréncia de 43.523
casos, 0 que corresponde a 36% das notificacbes do pais (Ministério da salde -
http://portal.saude.gov.br/  portal/arquivos/pdf/boletim_dengue 2803.pdf, acessado em
13/04/2008).

1.2 - O virusda dengue

Semelhante aos outros flavivirus, DENV possui um envelope viral que consiste em
uma bicamada lipidica derivada do reticulo endoplasmético, onde estéo inseridas as proteinas
do envelope (E) e membrana (M). A particula viral apresenta formato esférico e diametro de
aproximadamente 50nm. Abaixo do envelope virah hd um nucleocapsideo de
aproximadamente 30nm de didmetro composto por um capsideo viral de formato icosaédrico,
formado pela proteina do capsideo (C) e complexado a uma molécula de RNA fita simples
com polaridade positiva (Figura 1.3 A e C) (Lindenbach & Rice, 2001; Kuhn et al. 2002; Qi
et al., 2008).

O RNA viral, de aproximadamente 10, 7 kb, é modificado em sua extremidade 5’ pela
adicdo da estrutura cap, mas é destituido de cauda poli-A na extremidade 3' e compreende um
unico quadro de leitura aberto que codifica a poliproteina precursora das proteinas flavivirais.
Este precursor é clivado por proteases celulares e pela protease viral gerando as trés proteinas
estruturais: capsideo, pré-membrana (prM) que quando clivada gera a proteina de membrana,
e envelope, além das sete proteinas ndo estruturais, NS1, NS2A, NS2B, NS3, NS4A, NS4B e
NS5 (Figura 1.4). As proteinas estruturais traduzidas sdo incorporadas nas particulas virais
durante sua maturagdo, enquanto as proteinas ndo estruturais estdo envolvidas na replicacéo
e/ou montagem dos virions. As regides ndo codificantes 3' e 5’ também sdo importantes para
replicacdo viral (Lindenbach & Rice, 2001; Mukhopadhyay et al., 2005; Qi et al., 2008).
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Figura 1.3: Particula viral e ciclo de replicagdo do virus da dengue. (A) Representacéo
esquemética da particula dos flavivirus imatura e madura e (B) do Ciclo de replicacdo dos
flavivirus: a entrada do virus ocorre via endocitose mediada por receptor. No pH &cido do
endossoma a proteina E sofre mudancas conformacionais que levam a fusdo do envelope viral
com a membrana da vesicula. O RNA viral é traduzido e inicia-se 0 processo de replicagdo. A
montagem das particulas virais ocorre no reticulo endoplasmatico (R.E.), onde sdo
transportadas pelo Golgi para secregdo pela célula hospedeira. (C) Imagem do virus da
dengue obtida por microscopia crioeletdnica (modificado de Stiasny & Heinz, 2006 e Purdue
University, http://physorg.com/news 125846262.html, acessado em 10/04/08).
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Figura 1.4 — Representacdo esquematica da traducéo e processamento da poliproteina
viral. (A) Genoma do virus da Dengue mostrando a regido que codifica as proteinas
estruturais e ndo estruturais, assim como as extremidades 5° e 3" ndo codificantes (do inglés
untrandated region - UTR). (B) Organizacéo da poliproteina viral na membrana do reticulo
endoplasmatico (RE) e seu processamento pela protease viral NS3/NS2B e por proteases
celulares gerando (C) as proteinas estruturais C, prM e E, e as proteinas ndo estruturais NS1,
NS2A, NS2B, NS3, NS4A, NAB e NS5 (modificado de Umareddy et al., 2007).

1.2.1-Asproteinasvirais

A proteina C, altamente bésica, possui cerca de 11 kDa e se associa a0 RNA viral
formando o nucleocapsideo. Sua porcdo central contém dominios hidrofébicos que interagem
com membranas celulares, tendo um papel na montagem da particula viral (Lindenbach &
Rice, 2001; Mukhopadhyay et al., 2005).



A glicoproteina prM, de aproximadamente 26 kDa, € gerada pela clivagem do
peptideo sinal na regido N-terminal no reticulo endoplasmético durante o processamento da
poliproteina viral. Aparentemente essa proteina funciona impedindo que a proteina E sofra
mudangas conformacionais durante o seu transito compartimentos &cidos na fase de
maturacdo do virus. A porcao N-terminal dessa proteina é clivada durante seu transporte pelo
Golgi, originando a proteina M presente na particula madura (Lindenbach & Rice, 2001,
Stiasny e Heinz, 2006).

A glicoproteina E € o principal congtituinte protéico do envelope viral. Esta proteina
de aproximadamente 50 kDa atua nos eventos de interacdo com o receptor da célula alvo e a
fusdo entre o envelope viral e a membrana celular (Lindenbach & Rice, 2001; Modis et al.,
2004; Stiasny & Heinz, 2006) Além disso, a proteina E € um importante alvo da resposta
imune humoral em individuos infectados pelo DENV (Brinton et al., 1998; Lindenbach &
Rice, 2001).

A glicoproteina NSL é essencial para viabilidade do virus da dengue, contudo, pouco é
conhecido sobre o0 papel desta proteina. Ela possui aproximadamente 45-48 kDa e pode ser
encontrada tanto no interior das células infectadas pelo virus como associada a membrana
destas células (Chambers et al., 1990; Lindenbach & Rice, 2001) Além disso, ela também é
secretada em grandes quantidades, sendo detectada no soro de pacientes na fase aguda da
infeccdo (Young et al., 2000). Alguns estudos sugerem que a NS1 esta envolvida na
replicagdo viral, provavelmente nos estagios iniciais da replicacdo do RNA viral (Mackenzie
et al., 1996; Lindenbach & Rice, 1997; Muylaert et al., 1997; Lindenbach & Rice, 1999).

Durante a infeccdo viral, a NS1 é translocada pela via do reticulo endoplasmético
utilizando a sequiéncia sinal localizada na regido C-terminal da proteina E. Este peptideo sinal
é clivado por uma peptidase sinal da célula hospedeira gerando a porcdo N-terminal da
proteina NS1 (Falgout et al., 1989; Lindenbach & Rice, 2001). Dentro do reticulo
endoplasmatico, a NS1 é N-glicosilada em dois sitios conservados e a seguir sofre
dimerizacdo, essa glicosilacgo é importante para estabilidade do dimero formado (Winkler et
al., 1988; Winkler et al., 1989; Pryor and Wright, 1993; Pryor and Wright, 1994). Essa
proteina é translocada pela via secretora e permanece ancorada a membrana plasmética da
célula infectada ou € secretada para 0 meio extracelular na forma de hexé@meros (Winkler et
al., 1989; Flamand et al., 1999). Alguns estudos ja sugeriam que a associagdo da proteina
NS1 a membrana da célula se dava provavelmente via a seqiéncia hidrofoébica que

corresponde a por¢cdo C-terminal da proteina NS2A, que parece funcionar como sequiéncia



sinal para ligagdo via ancora GPI (Glicosil-Fosfatidil-Inositol) (Pryor and Wright, 1993;
Jacobs et al., 2000).

A NS3 é uma proteina de aproximadamente 70 kDa, bastante conservada entre os
flavivirus, que participa da replicacdo do virus da dengue. Esta proteina apresenta multiplas
atividades enziméticas incluindo um dominio serino protease localizado na regido N-terminal,
enquanto a sua por¢ao C terminal apresenta atividades de helicase, Nucleosideo 5' trifosfatase
(NTPase) e RNA trifosfatase 5 terminal (RTPase) (Vale & Fagout, 1998; Lindenbach &
Rice, 2001; Xu et al., 2005; Sampath et al., 2006; Qi et al., 2008).

Baseado em comparacfes de seqiiéncias com outras proteases, nos 180 aminoécidos
da porcdo N-terminal da NS3 foi identificado o dominio serino-protease, sendo o0s primeiros
167 aminoacidos mapeados como seqliéncia minima para esta atividade (Li et al., 1999). Esta
enzima associa-se com a proteina NS2B, que funciona como um co-fator para atividade de
protease. A NS3-NS2B é responsavel pela clivagem da poliproteina viral em sitios especificos
(Figura 1.4B) (Vale & Fagout, 1998; Niyomrattanakit et al., 2004; Qi et al., 2008).

A porcdo C-terminal da proteina NS3 compreende trés outras atividades importantes
na replicagdo viral. A fun¢do helicase ndo esta completamente esclarecida, mas pode atuar
dissociando a estrutura dupla-fita durante a replicacéo do RNA viral ou desdobrar estruturas
secundérias envolvidas no inicio da sintese de RNA. Esta atividade € dependente de energia,
gue é fornecida pela atividade NTPase que hidrolisa ATP (Cui et al., 1998; Xu et al., 2005;
Sampath et al., 2006). A funcdo RTPase é provavelmente necesséria para remoc¢ao do grupo
fosfato 5'-terminal e a formagéo da estrutura de cap do RNA viral (Murthy et al. 1999;
Lindenbach & Rice, 2001; Sampath et al., 2006; Qi et al., 2008). Foi também observado em
células infectadas por DENV-2 que a proteina NS3 sofre uma clivagem interna dentro da
sequéncia da helicase, contudo ndo se sabe a importancia deste processamento para o ciclo
viral (Ariaset al., 1993; Teo & Wright, 1997).

A proteina NS5 apresenta trés atividades enziméticas essenciais para replicacéo viral.
Aproximadamente 320 residuos da porcdo N-terminal compreendem uma metiltransferase
dependente de S-adenosilmetionina, que apresenta atividade de metiltranferase e
guanililtransferase. Esse dominio da NS5 é responsavel pelo cap e pela metilacdo da
extremidade 5 do RNA viral. A regido C terminal da NS5 é uma RNA polimerase
dependente de RNA, que atua na sintese do RNA intermediario que serve de molde para
transcricdo da fita positiva de RNA (Lindenbach & Rice, 2001; Zhou et al., 2007; Qi et al.,
2008).
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Pouco é descrito sobre a atividade das pequenas proteinas hidrofobicas NS2A, NS4A e
NS4B. Alguns trabalhos demonstram que estas proteinas fazem parte do complexo de
replicagdo. A proteina NSAA aparentemente funciona como ancora da replicase viral a
membrana celular. A proteina NSAB parece auxiliar na modulacgo da replicacdo viral em
associacdo aNS3. Além disso, essas proteinas poderiam também atuar na inibicdo da resposta
de interferon-a/p do individuo infectado (Lindenbach & Rice, 2001; Miller et al., 2006;
Umareddy et al., 2006).

1.2.2- Ciclodevida

A infeccdo viral inicia-se apds o repasto do mosquito e liberagdo do virus. A particula
viral interage com receptores presentes na superficie de células permissivas sendo
internalizado via endocitose. Contudo, alguns trabalhos indicam que também pode haver
fusdo direta do envelope viral com a membrana plasmatica das células hospedeiras
(Lindenbach & Rice, 2001; Mukhopadhyay et al., 2005).

Véarios estudos in vitro tém sugerido que o virus da dengue é capaz de infectar uma
diversidade de células. In vivo, porém, alguns trabalhos indicam que este virus tem como
alvos primérios células dendriticas, mondécitos e macrofagos (Wu et al., 2000; Clyde et al.,
2006; Kou et al., 2008). Outros estudos sugerem que DENV também se replica em
hepatdcitos, linfécitos B e T, células endoteliais e células neuronais (Chen et al., 1996; Clyde
et al., 2006; Suksanpaisan et al., 2007). A associacdo inicial do virus com a célula alvo ocorre
pela interagdo da proteina E com um ou mais receptores celulares. Inicialmente, parece haver
uma interagdo da proteina E com um receptor menos especifico, o heparam sulfato, que € um
glicosaminoglicano amplamente distribuido nas superficies celulares, concentrando o virus na
superficie celular. A seguir, a proteina do envelope liga-se a um receptor mais especifico,
necessario parainiciar a endocitose (Putnak et al., 1997; Clyde et al., 2006; Kou et al., 2008).
Ha varias moléculas sendo propostas como possiveis receptores para o virus da dengue, em
diferentes linhagens celulares, incluindo as proteinas de choque térmico 70 (Hsp 70) e 90
(Hsp 90) (Reyes-del Valle et al., 2005), GRP78/BiP (glucose-regulation protein 78) (Cabrera-
Hernandez et al., 2007) e a lectina manose-especifica DC-SIGN (dendritic cell-specific
|CAM-grabbing non-integrin) no caso das céulas dendriticas (Lozach et al., 2005). Além da
interacdo viral via receptor especifico, em uma infec¢do secundéria, a entrada do virus pode
ser também mediada pela ligagdo de anticorpos direcionados contra DENV com FcRs

(receptores para por¢éo Fc de imunoglobulinas) presentes na célula alvo. Este mecanismo
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parece aumentar os niveis de infeccdo e replicacdo viral, e € denominado ADE (antibody-
dependent enhancement), podendo ter fortes implicagdes na patogésese da dengue e sendo
indicado como possivel fator para dengue hemorrégica (Halstead, 1979; Wu et al., 2000;
Huang et al., 2006; Kou et al., 2008).

ApOs a endocitose mediada por receptor e acidificacdo do endossoma, ocorre a
trimerizacdo irreversivel da proteina E. A modificacdo conformacional desta proteina expde o
peptideo de fusdo que interage com a membrana vesicular. A fusdo do envelope viral com a
membrana vesicular culmina na liberagéo do nucleocapsideo no citoplasma da célula, levando
auma dissociacdo da proteina do capsideo e do RNA (Figura 1.3B) (Chen et al., 1996; Modis
et al., 2004; Qi et al., 2008).

Com a exposicdo do RNA, iniciase a traducdo da poliproteina viral. Este
poliprecursor € entdo clivado por proteases celulares e pela protease viral NS3 associada a
NS2B, gerando as proteinas estruturais C, prM e E, e as ndo-estruturais NS1, NS2A, NS2B,
NS3, NSMA, NSAB e NS5 (Figura 1.4C). A seguir, fitas de RNA de polaridade negativa séo
transcritas servindo de molde para polimerizacdo de novas fitas de RNA de polaridade
positiva, utilizadas na traducdo das proteinas virais e na montagem das novas particulas virais
(Markoff et al., 1994; Clyde et al., 2006; Qi et al., 2008). Sequéncias hidrofdbicas sinais e de
ancoramento direcionam a translocagao do poliprecursor através da membrana assim como o
ancoramento de algumas proteinas virais (Figura 1.4B) (Lindenbach & Rice, 2001,
Mukhopadhyay et al., 2005; Qi et al., 2008).

Analises de ultra-estrutura indicam que a morfogénese viral ocorre em associacdo as
membranas celulares internas, possivelmente dentro do [imen do reticulo endoplasmético. As
proteinas do capsideo interagem com o RNA viral no citoplasma formando o nucleocapsideo,
gue adquire o envelope viral por brotamento para o lumen do reticulo endoplasmatico. O
virion € montado em particulas imaturas que contém as proteinas prM e E associadas néo
covalentemente em um complexo heterodimérico. As particulas sdo transportadas pela via
secretora para membrana plasmética em vesiculas e liberadas por exocitose (Figura 1.3B)
(Lindenbach & Rice, 2001; Mukhopadhyay et al., 2005; Qi et al., 2008). Apesar da presenca
das proteinas E e prM, as particulas imaturas ainda ndo sdo capazes fusionar com membranas
da célula hospedeira, necessitando do processamento da prM para se tornarem infecciosas. A
clivagem da regido N-terminal da glicoproteina prM, que ocorre durante o transporte viral
pelo Golgi, resulta na proteina M e no rearranjo da proteina E, levando a formacdo de
particulas maduras que sdo liberadas pela célula (Lindenbach & Rice, 2001; Zhang et al.,
2003; Mukhopadhyay et al., 2005; Qi et al., 2008).
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1.3- A dengue

A infeccdo pelos quatro sorotipos virais, DENV-1, 2, 3 e 4, pode causar sintomas que
variam desde quadros inaparentes, até o surgimento de hemorragia e choque, podendo evoluir
para o 6bito. Contudo, a maioria das infecgdes é assintomética. O quadro mais comum da
doenca € a febre do dengue, que apresenta um conjunto de sintomas variaveis como febre alta,
cefaléia, mialgia, prostracéo, dor retro-orbital, nauseas, vémitos, exantema e prurido intenso.
Alguns individuos também apresentam petéquias e algumas manifestacbes hemorrégicas.
Esses sintomas sdo geramente acompanhados por leucopenia e graus varidveis de
trombocitopenia (Ministério da Salde, 2002; Green & Rothman, 2006; Kurane, 2007).

Nos quadros mais graves da doenca, a dengue hemorrégica e a sindrome do choque, os
sintomas iniciais sdo0 semelhantes aos da DF, porém estes evoluem, geralmente na fase de
defervescéncia, para manifestagdes hemorragicas com ou sem extravasamento de plasma,
instabilidade hemodinémica e choque. Uma caracteristica importante da doenca é a
trombocitopenia com hemoconcentracdo concomitante, sendo que a efusdo do plasma é o
principal fenémeno fisiopatoldgico associada a severidade da DHF e se manifesta através de
valores crescentes de hematdcrito e hemoconcentracdo (Green & Rothman, 2006; Halstead,
2007; Kurane, 2007; Whitehead et al., 2007). A OMS categoriza a DHF em quatro graus, do
menos a0 mais severo (grau 1 a4). Nos graus 3 e 4, em que a efusdo de plasma é t&o profunda
gue ocorre o choque, denominamos sindrome do choque da dengue (Ministério da Salide,
2002; Malavige et al., 2004)

O virus da dengue pode causar uma diversidade de efeitos clinicos e patoldgicos,
principalmente no sistema hematolgico. Ha evidéncias clinicas e experimentais que indicam
o envolvimento do figado nas infecgBes virais. Os danos no figado de pacientes com dengue
podem ser detectados por ateracfes nas enzimas séricas aspartato amino transferase (AST) e
alanina amino transferase (ALT) e hepatomegalia, esta Ultima sendo mais comum em
individuos com quadros mais graves da doenca, como DHF (Basilio-de-Oliveira et al., 2005;
Seneviratne et al., 2006; Ling et al., 2007; de Souza et al., 2007).

Apesar de apenas cerca de 3% dos individuos infectados evoluirem para os quadros
mais graves da doenca, 0 nimero de pessoas com DHF é relevante, correspondendo a
aproximadamente 500.000 casos anuais, onde a taxa de obito geralmente varia de 1 a 15%,
dependendo do diagndstico e tratamento médico disponivel (Rothman, 2004; Green &
Rothman, 2006).
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1.3.1 - Fatoresderisco para o desenvolvimento de DHF/DSS

A patogénese da dengue hemorragica é complexa e ainda ndo estd completamente
compreendida. Diversos estudos indicam que o maior fator de risco para o desenvolvimento
de DHF é a ocorréncia de infeccdo secundéria com um sorotipo heterélogo (Halstead, 1970;
Guzmén et al., 1990; Green & Rothman, 2006,). Além disso, criangas no primeiro ano de vida
também apresentam sérios riscos de desenvolvimento de DHF, principalmente as que
receberam anticorpos contra DENV passivamente da mée (Halstead, 1970; Guzman & Kouri,
2002; Whitehead et al., 2007)

Uma das possiveis explicacOes para o aumento de casos de FDH/DSS em infeccbes
secundérias € o fenbmeno de ADE, onde anticorpos ndo neutralizantes contra dengue
facilitariam a entrada do virus em células permissivas (geralmente da linhagem de fagécitos
mononucleares) via FCRs presentes na superficie destas células. Essa interagdo resultaria em
um aumento dos niveis de replicacdo viral e de células infectadas. Embora esse mecanismo
esteja bem estabelecido in vitro, ainda sdo poucas as evidéncias em humanos e nos modelos
animais estudados de que isso resulta no agravamento da doenca (Halstead & O’Rourke,
1977; Halstead, 1979; Stephenson, 2005; Huang et al., 2006; Halstead, 2007).

O inicio do extravasamento plasmético na DHF ocorre dias depois da viremia ter
reduzido, sugerindo a participagao do sistema imune no desenvolvimento desses quadros mais
graves. Dessa forma, um mecanismo gque vem sendo proposto como envolvido na severidade
da doenca é a magnitude da resposta dos linfocitos T, incluindo células sorotipo-especificas e
células T de memoéria que apresentam reagdo cruzada em uma infeccdo secundaria, fendmeno
denominado “pecado original” (Mongkolsapaya et al., 2003). Durante a infec¢cdo, essas
células T quando ativadas, proliferariam e produziriam maior quantidade de citocinas pro-
inflamat6rias como o interferon-y (INF-y) e o fator de necrose tumoral-o. (TNF-o), entre
outras. Essas citocinas podem atuar diretamente nas células endoteliais resultando no
extravasamento de plasma e agravamento da doenca. Este modelo prediz que pacientes com
FDH teriam niveis mais elevados de citocinas no soro, além de maior ativacdo de células T,
sendo que essa ativagdo seria preferencialmente de células T que apresentassem reagdo
cruzada com o primeiro sorotipo de virus da dengue (Mongkolsapaya et al., 2003; Welsh &
Rothman, 2003; Mangada & Rothman, 2005; Stephenson, 2005; Green & Rothman, 2006).
Além disso, estudos sugerem que o ato nivel de ativagdo de células T, somado a elevada
freqUiéncia de apoptose e a uma resposta imune celular com grande nimero de células com
baixa afinidade ao virus infectante, resultaria em uma supressdo ou atraso ha eliminagcdo do
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virus. Consequentemente, a carga viral seria alta e levaria a um agravamento da doenca
(Welsh & Rothman, 2003; Stephenson, 2005).

Um outro fator que parece relacionar-se com o grau de severidade da doenca é a
variacdo genética e antigénica de diferentes cepas virais, favorecendo uma maior viruléncia.
Algumas cepas virais sdo consideradas mais virulentas que outras. Andlises filogenéticas de
DENV-2 indicam que enquanto cepas do gendtipo americano estdo associadas a quadros de
febre do dengue, virus pertencentes ao gendtipo do sudeste asidico sdo mais virulentos e
correlacionam-se com 0s casos mais graves da doenca (Holmes & Tiddy, 2003; Cologna, et
al., 2005; Stephenson, 2005; Kurane, 2007). Isto pode ser observado durante a introdugdo do
gendtipo asidico nas Américas que coincidiu com o aparecimento de dengue hemorragica
nestes paises (Rico-Hesse et al., 1997).

Além disso, acreditase que haja diferencas na predisposicdo do hospedeiro a
desenvolver, ou ndo dengue hemorrégica. Caracteristicas como idade, etnia, presenca de
doenca cronica parecem atuar na gravidade da doenca (Guzman et al., 1990; Rothman, 2004;
Guzmén, 2005). Uma possivel predisposicdo genética pode ser mediada, entre outros genes,
por diferencas nos haplétipos de HLA (human leucocyte antigen), entretanto, ainda ha
relativamente poucos estudos nesta area.  Provavelmente a DHF é resultado de um
mecanismo complexo, em que estdo envolvidos tanto caracteristicas da cepa viral, quanto do
hospedeiro e sua resposta imunolégica (Holmes & Twiddy, 2003; Stephenson, 2005).

Atualmente, ndo h& nenhuma droga especifica contra esse virus. A reposicao
apropriada de liquido, de forma a evitar a hipovolemia tem sido a forma de reduzir a
mortalidade por DHF, mas em muitos paises a assisténcia médica é precaria. As principais
formas de prevencéo e controle da dengue sd0 o0 desenvolvimento de uma vacina e o controle
do principal mosquito transmissor. Devido a auséncia de uma vacina contra dengue
comercialmente disponivel, atualmente o Unico método de evitar a dengue € o controle do seu
principal vetor, o Aedes aegypti. Infelizmente, nos Ultimos 30 anos o controle do mosquito foi
ineficiente na maioria dos paises endémicos (Monath, 2007; Whitehead et al., 2007; Qi et al.,
2008).

Dessa forma, o desenvolvimento de uma vacina contra dengue, que seja capaz de
proteger contra infecgdes dos quatro sorotipos de virus da dengue € considerada uma das
prioridades da OMS (Kinney & Huang 2001; Rothman, 2004; Stephenson, 2005; Monath,
2007).

15



1.4 - Vacinas contra dengue

A principio, o desenvolvimento de uma vacina contra dengue deveria ser mais facil
guando comparado a outras doengas virais como a AIDS (do inglés Acquired
Immunodeficiency Syndrome) e hepatite C, uma vez que a dengue ndo é uma doenca
infecciosa crénica. Ao contrério, areplicacdo viral é controlada em poucos dias e o individuo
torna-se protegido contra posteriores infecgdes com virus do mesmo sorotipo. Entretanto,
diversos obstaculos dificultam a construcdo de uma vacina segura e eficaz contra esse virus
(Green & Rothman, 2006).

O primeiro destes obstaculos é a necessidade do desenvolvimento de uma vacina
efetiva capaz de induzir uma resposta imune protetora de longa duragdo contra 0s quatro
sorotipos virais. Diferentes de outras infeccbes hemorragicas, 0s quadros mais severos de
dengue ocorrem geralmente em infeccdes secundarias (Halstead, 1970; Guzman et al., 1990;
Green & Rothman, 2006). Sendo assim, uma vacina contra dengue que ndo proteja contra os 4
sorotipos pode aumentar a possibilidade de DHF. Além disso, a vacina ideal contra dengue
deve ser disponivel para o uso em criancas (Edelman, 2005; Edelman, 2007; Guy & Almond,
2008).

Outra dificuldade para o desenvolvimento de uma vacina contra dengue diz respeito a
auséncia de um modelo animal que mimetize a infeccéo viral em humanos. Uma variedade de
animais ja foi inoculada com DENV, contudo nenhum conseguiu reproduzir os quadros mais
graves da doenca, mesmo apds a inoculacdo de altas doses de virus e uso de diferentes vias
(Bente & Rico-Hesse, 2006). Camundongos e primatas ndo humanos séo 0s modelos animais
mais utilizados nos testes pré-clinicos dos candidatos & vacina contra dengue. Primatas ndo
humanos podem ser infectados com DENV, mas ndo desenvolvem sinais clinicos da doenca,
sendo a avaliagdo de protecéo realizada pela deteccdo de viremia (Bente & Rico-Hesse, 2006;
Freire et al., 2007). O modelo mais utilizado em camundongos para testes pré-clinicos é a
inoculagdo por via intracerebral de virus neuroadaptado. Além disso, uma variedade de
linhagens de camundongos, com diferentes caracteristicas imunoldgicas e modificactes
genética tem sido descrita por diversos grupos, contudo nenhum dos modelos demonstra
guadros semelhantes aos da dengue hemorragica (Bente & Rico-Hesse, 2006; Freire et al.,
2007; Kurane, 2007).

Vérias estratégias vém sendo empregadas para o desenvolvimento de uma vacina
segura, ndo reatogénica e imunogénica contra 0s quatro sorotipos da dengue: vacinas
inativadas, vacina atenuadas, vacinas quiméricas, de subunidade protéica, vacinas de DNA,
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ou ainda a combinacdo de vérias tecnologias. As vacinas em desenvolvimento, as que
apresentam resultados mais adiantados e promissores s80 as atenuadas e as quiméricas, que ja
estdo em fase de testes clinicos (Chang et al., 2004; Hombach et al., 2005; Edelman et al,
2007; Guy & Almond, 2008).

Seguindo 0 sucesso de técnicas classicas para o desenvolvimento de vacinas atenuadas
contra outros flavivirus, como por exemplo, a vacina contra a febre amarela, esforgos
consideraveis vém sendo realizados para a obtencdo de uma vacina tetravalente atenuada
contra dengue. Esta vacina deve ser constituida de cepas vacinais que repliquem in vivo o
suficiente para induzir uma resposta imune equilibrada contra os quatro sorotipos, sem gerar
sintomas associados a dengue e sem possibilidade de serem transmitidas pelo vetor Aedes.
Véarios grupos vém avaliando a producdo de vacinas tetravalentes. Uma destas vacinas,
desenvolvida pelos grupos da Mahidol University/ Aventis Pasteur apresentou alta taxa de
soroconversao apés 2 ou 3 doses. Contudo, esta vacina se mostrou reatogénica em adultos e
criangas, tendo cessado o0 seu desenvolvimento pela Aventis Pasteur (Stephenson, 2005;
Edelman, 2007). Outra vacina, desenvolvida pela Walter Reed Army Institute of Research
(WRAIR) nos Egtados Unidos em associacdo com a GlaxoSmithKline, apresentou niveis
aceitaveis de imunogenicidade sem efeitos adversos consideraveis em voluntérios saudéveis.
Embora esses resultados sejam encoragjadores, as bases das atenuagbes ndo sdo bem
entendidas e, portanto podem levar a interferéncias na replicagdo entre 0s sorotipos e
conseguientemente ao desequilibrio da resposta imune, gerando riscos para a ocorréncia de
ADE e o0 agravamento da doenca (Stephenson, 2005; Edelman, 2007).

Outra abordagem empregada para o desenvolvimento de uma vacina atenuada contra o
virus da dengue é a construcéo de vacinas quiméricas, que utilizam o esqueleto de um virus e
substituem somente alguns genes deste por regides equivalentes do virus da dengue. Uma das
estratégias empregadas neste caso € a utilizagdo do virus vacinal da febre amarela YF 17D
como esqueleto no qual os genes que codificam as proteinas do envelope prM e E sdo
substituidos pelos genes equivalentes do virus da dengue. Dessa forma, a particula viral
produzida possui a proteina C, assim como as proteinas ndo estruturais do virus da febre
amarela, enquanto as proteinas mais externas, prM e E, provém do virus da dengue (Caufour
et al, 2001; Mateu et al., 2007). Estas vacinas foram avaliadas em camundongos e primatas
ndo humanos com resultados promissores de protecéo (Caufour et al, 2001; Galler et al.,
2005). Uma destas vacinas quiméricas, desenvolvida pela Acambis e licenciada pela Sanofi
Pasteur (ChimeriVax), ja esta na fase de testes clinicos. As avaliagdes indicam que a vacina
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foi bem tolerada e gerou soroconversdo em 67% dos voluntéarios para pelo menos 3 sorotipos
apos a primeira dose da vacina (Edelman, 2007; Monath, 2007).

Outra vacina quimérica em fase avancada de estudo utiliza como esqueleto o proprio
DENV-4, sendo que a atenuacéo neste caso foi direcionada, obtida por delecdo de 30
nucleotideos na regido 3' ndo traduzida. Tais quimeras contém os genes das proteinas prM e
do envelope de DENV-1, -2 e -3. Os testes da formulagdo monovalente indicaram que a
vacina é segura, geneticamente estdvel e imunogénica apds uma inoculagdo em individuos
saudaveis (Edelman, 2007).

De um modo geral, as vacinas atenuadas apresentam riscos de infecgdes por virus que
possam surgir de reversdes génicas ou recombinagdes, podendo gerar a doenca. 1sso dificulta
ainda mais a formulagéo de uma vacina viva atenuada multivalente (Lai et al. 1998; Chang et
al. 2001). Além disso, h& a possibilidade de interferéncia homologa ou heter6loga durante a
replicacéo viral. Esta interferéncia € particularmente importante em termos da dengue, uma
vez que o desequilibrio da resposta imune pode causar 0 agravamento da doenca, caso 0
individuo vacinado adquira a infec¢gdo com um dos quatro virus da dengue que tenha induzido
imunidade insuficiente. Além disso, ha o risco deste tipo de vacina ndo ser segura quando
administrada em individuos imunosuprimidos (Barrett et al. 2001; Chang et al. 2001; Kinney
& Huang 2001, Stephenson, 2005; Edelman, 2007).

Como alternativa, varios grupos vém avaliando vacinas inativadas ou de subunidade
gue podem induzir uma resposta imune mais equilibrada contra os 4 sorotipos, sem riscos de
reversdes. Como desvantagem, essas vacinas necessitam de varias doses para induzir uma
imunidade, que geralmente é pouco duradoura e falham em induzir uma forte resposta celular.
Testesiniciais com o virus inativado mostraram que o0 processo de inativagdo resulta em perda
de imunogenicidade (Kinney & Huang 2001; Hombach et al., 2005; Edelman, 2007).

A vacina de DNA é uma tecnologia promissora que consiste na inoculacdo de um
plasmideo de expressdo contendo o gene de interesse, possibilitando a producéo in vivo do
antigeno desgjado e gerando uma resposta imune de amplo espectro e de longa duracéo. Esta
estratégia se mostra apropriada em superar a interferéncia que pode ocorrer no caso das
vacinas atenuadas tetravalentes contra dengue. Alguns grupos tém demonstrado em modelos
animais resultados promissores de inducéo de uma resposta imune protetora contra diversos
flavivirus, inclusive o virus da dengue (Phillpotts et al. 1996, Kochel et al. 1997, Colombage
et al. 1998, Porter et al. 1998; Putnak et al., 2003; Chang et al; 2004; Raviprakashi et al;
2006).
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1.4.1 - Antigenos escolhidos para construcdo de uma vacina
Os principais antigenos utilizados em uma vacina contra dengue sdo as proteinas E e
NS1, alvos da resposta imune humoral, e a proteina NS3, que parece ser imunogénica, com

preponderancia de epitopos de células T (Figura 1.5) (Mathew et al., 1996; Brinton et al.,
1998; Kurane et al., 1998; Huang et al., 1999; Rothman, 2004).
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Figura 1.5: Principais alvos da resposta imune contra DENV. Organizacdo do genoma de
flavivirus mostrando as proteinas virais e os principais alvos da resposta imune humoral e
celular contra DENV. O genoma do DENV contém um quadro de leitura aberto (do inglés
open reading frame - ORF) que codifica as proteinas virais C, prM, E, NS1, NS2A, NS2B,
NS3, NS4A, NSAB e NSb. O simbolo + indica a intensidade da resposta imune (modificado
de Rothman, 2004).

A glicoproteina E, principal constituinte protéico do envelope viral, € um alvo
imunodominante da resposta humoral contra o virus da dengue. Estudos tanto in vitro quanto
in vivo, mostram que anticorpos direcionados contra essa proteina sdo capazes de neutralizar a
infeccdo viral e protegem animais contra o desafio com o virus. Além disso, anticorpos contra
essa proteina mostram graus variaveis de reatividade cruzada entre os sorotipos de virus da
dengue (Kaufman et al., 1987; Roehrig et al., 1998; Rothman, 2004; Chen et al., 2007b).
Entretanto, uma vacina baseada na proteina E, que ndo proteja completamente contra os 4
sorotipos virais ou cujos anticorpos declinem rapidamente, pode induzir quadros graves da
doenca se considerarmos que a presenca de anticorpos contra epitopos ndo-neutralizantes ou
em concentragbes sub-neutralizantes poderiam levar ao fendbmeno de ADE (Halstead &
O’Rourke, 1977; Halstead, 1979; Stephenson, 2005).
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Por outro lado, a utilizacdo de proteinas ndo estruturais, ausentes da particula viral,
contorna o risco da ocorréncia de ADE sendo uma opgao vantgjosa para 0 desenho de uma
vacina contra dengue.

A proteina NS1 do virus da dengue foi descrita inicialmente como um antigeno
soltvel com atividade de fixac&o de complemento (Schlesinger et al., 1987; Falgout et al.,
1990; Lin et al., 1998). Como informado anteriormente (item 1.2 da introduc&o), pouco é
conhecido sobre a funcéo da proteina NS1, que parece estar envolvida nos estgios iniciais da
replicacdo viral (Mackenzie et al., 1996; Lindenbach & Rice; 1997; Muylaert et al., 1997;
Lindenbach & Rice; 1999).

Alguns autores sugerem que a NS1 pode estar envolvida na patogénese viral,
contribuindo para um processo autoimune que resultaria na DHF/DSS. Segundo estes
trabalhos, anticorpos direcionados contra NS1 poderiam apresentar reac8o cruzada com
plaquetas humanas e antigenos de superficie de células endoteliais (Falconar, 1997; Falconar,
2007). A ligacdo dos anticorpos a células endoteliais induziria estas a sofrerem apoptose
mediada por éxido nitrico. Essa destruicdo vascular poderia interferir na patogénese da
doenca (Lin et al., 2002). No entanto, a hipotese de autoimunidade gerada contra NS1 é
contestada e perde sua forca quando se compara 0 tempo em que anticorpos contra NS1
circulam no organismo e a natureza transitria dos danos homeostaticos e da permeabilidade
vascular (Stephenson, 2005; Halstead, 2007). Outros estudos ainda sugerem que a propria
NS1 poderia atuar ativando complemento e formando complexos imunes circulantes
envolvidos na patogénese da DHF (Avirutnan et al., 2006).

Por outro lado, diversos trabalhos indicam que a proteina NS1 € um antigeno
promissor para 0 desenvolvimento de uma vacina contra a dengue. Esta proteina € capaz de
induzir forte resposta humoral durante a infeccdo viral (Huang et al., 1999; Libraty et al.,
2002). AvaliacOes iniciais de imunizagdo passiva em camundongos demonstraram a inducéo
de protecéo via anticorpo (Gould et al., 1986; Schlesinger et al., 1987; Henchal et al., 1988;
Schlesinger et al., 1993). Estudos com a NS1 de diversos flavivirus, expressa em diferentes
sistemas recombinantes como Escherichia coli, células de inseto, assim como em vacina de
DNA, observaram que esta proteina € capaz de induzir uma resposta humoral protetora em
modelos animais (Schlesinger et al., 1987; Qu et al., 1993, Schlesinger et al., 1993; Lin et al.,
1998; Wu et al., 2003; Hombach et al., 2005; Volpina et al., 2005). Acredita-se que esta
protecdo € mediada por anticorpos ndo-neutralizantes com atividade de fixacdo do
complemento, que levariam a lise das células hospedeiras infectadas (Schlesinger et al., 1987,
Henchal et al., 1988; Lin et al., 1998).
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Ja a proteina NS3 parece ser particularmente imunogénica, com uma predominancia
de epitopos dominantes para linfocitos CD4+ e CD8+, estimulando a resposta de células T
virus-especifica e sendo alvo para a agéo de células T citotdxicas (Mathew et al., 1996;
Kurane et al., 1998; Mathew et al., 1998; Rothman, 2004). Células T especificas para DENV
variam em sua habilidade de reconhecer diferentes sorotipos, dependendo do grau de
homologia do epitopo. Contudo a reatividade cruzada com muiltiplos sorotipos é comum para
epitopos de proteinas ndo estruturais altamente conservadas, como no caso da proteina NS3
(Zivny et al., 1995; Mathew et al., 1996; Kurane et al., 1998; Appanna et al., 2007). Células
T CD4+ e CD8+ especificas para dengue produzem predominantemente altos niveis de IFN-y,
TNF-a e TNF-B, assim como a MIP-1p (proteina inibidora de macréfago 1 ) e se mostraram
eficientes em lisar células infectadas pelo virus da denguein vitro (Zivny et al., 1995; Gagnon
et al., 1999). Contudo alguns estudos sugerem que NS3 pode induzir apoptose, podendo estar
envolvida em mecanismos responsaveis pela patogénese viral (Duarte dos Santos et al., 2000;
Shafee & AbuBakar, 2003).

1.5-Vacinade DNA

A tecnologia da vacinas de écidos nucléicos teve seu inicio nos anos 90, quando Wolff
e colaboradores (1990) inocularam em camundongos, por via intramuscular, plasmideos de
expressao em células eucariéticas contendo genes marcadores que codificavam as proteinas
cloramfenicol acetil transferase, luciferase e B-galactosidade. Este estudo demonstrou que este
DNA era capturado pelas células musculares que passavam a sintetizar as proteinas
recombinantes codificadas por esses plasmideos. A seguir, outro grupo evidenciou que um
plasmideo recombinante contendo o gene do horménio de crescimento humano (hGH)
inoculado em camundongos era capaz de induzir uma resposta imune especifica contra a
proteina codificada por esse gene (Tang et al, 1992). No ano seguinte, Ulmer e colaboradores
inocularam em camundongos um plasmideo que codificava a nucleoproteina do virus
influenza e observaram que essa vacina era capaz de induzir células T CD8" e anticorpos
especificos, sendo essa resposta imunolégica forte o bastante para proteger o camundongo do
desafio com um subtipo diferente de influenza. A partir destes dados, vérios pesquisadores
comecaram a utilizar essa nova tecnologia e demonstraram a eficécia €/ou imunogenicidade
das vacinas de DNA, nd somente contra doencas infecciosas geradas por diferentes
patégenos, mas também em doencas autoimunes, cancer e alergias (Liu, 2003; Guranathan et
al., 2000).
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Seguindo a injegdo do DNA por via intramuscular, células localizadas no sitio de
inoculagdo, como midcitos e queratindcitos, sdo transfectadas e iniciam a transcricdo e
traducéo do antigeno codificado pelo plasmideo recombinante. A proteina € processada e
apresentada por moléculas do complexo principal de histocompatbilidade | (MHC-1), mas
essas células ndo contém moléculas co-estimuladoras, necessarias para ativagcdo do linfocito T
(Figura 1.6). O antigeno também pode se transferido para células apresentadoras de antigeno
profissionais (APC), em um processo denominado de cross priming. Além disso, as APCs
podem ser também transfectadas diretamente pelo DNA inoculado (Fu et al., 1997;
Gurunathan et al., 2000; Srivastava & Liu, 2003).
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Figura 1.6: Célula transfectada pela vacina de DNA. A célula transfectada pelo plasmideo
recombinante transcreve o RNA mensageiro que é traduzido na proteina recombinante. Esta
proteina pode ser processada pela célula hospedeira e ser apresentada pela molécula de
MHC-I. Além disso, proteinas contendo sequiéncias sinalizadoras podem ser translocadas pela
via do reticulo endoplasmético e se associar @ membrana da célula ou ser secretada
(modificada de Weiner & Kenned, 1999).
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Umadas principais caracteristicas das vacinas de DNA que estimulou muitos grupos a
utilizarem essa nova tecnologia foi a habilidade de levar a expressdo endégena do antigeno,
semelhante ao que ocorre durante uma infeccdo viral natural, sendo capaz de ativar uma
resposta imune de amplo espectro, humoral e celular, incluindo a ativagdo de células T
citotoxicas. Essa resposta pode ser bastante vantajosa, principalmente no desenvolvimento de
vacinas contra patdgeno de replicacdo intracelular como os virus, em que células citotdxicas
reconhecem e lisam células do hospedeiro infectadas, participando do processo de eliminacéo
da infeccdo. Somado a isso, a producéo enddgena do antigeno possibilita que a proteina
recombinante apresente conformacdo semelhante a apresentada durante a infeccdo natural
(Ulmer et al. 1996, Davis & McCluskie 1999; Srivastava & Liu, 2003).

A inducdo de uma resposta imune de amplo espectro fornece vantagens em
comparagao as vacinas classicas de subunidade ou inativadas que induzem principalmente
uma resposta de anticorpos. Por outro lado, as vacinas de DNA ndo apresentam problemas
relacionados as vacinas de organismos atenuados, como a possibilidade de reversdo para
forma patogénica do agente infeccioso, a inativacdo térmica e a restricdo de uso em
individuos imuno comprometidos (Davis & Whalen 1995, Dertzbaugh 1998). Somado a isso,
as vacinas de DNA sd0 seguras ao serem manipuladas, estaveis a variagoes de temperatura, de
producdo barata quando comparada a outras vacinas e permitem uma rdpida selecdo de

sequiéncias a serem avaliadas (Chang et al. 2001).

1.5.1 - Fatores que influenciam a resposta imune

1.5.1.1 — Caracteristicas do vetor

Os plasmideos utilizados nas vacinas de DNA contém basicamente os elementos
necessarios para sua producdo em bactéria, como uma origem de replicacdo bacteriana e um
gene marcador seletivo, que freqlientemente confere resisténcia a algum antibiético, e os
elementos necessarios para expressao do antigeno recombinante na célula hospedeira, como
um promotor forte, uma seqiiéncia enhancer e seqiiéncias terminais de poliadenilacdo, aém
do gene que codifica a proteina de interesse (Lemieux 2002; Srivastava & Liu 2003; Liu &
Ulmer, 2005).

Inicialmente, acreditava-se que o plasmideo funcionaria apenas como um veiculo para
producdo do antigeno recombinante. Contudo, vérios estudos demonstram que o DNA
plasmidial pode conter seqiiéncias denominadas CpGs que estimulam a imunidade inata,

23



contribuindo para um aumento na resposta imune especifica ao antigeno (Krieg, 2002;
Verthelyi & Klinman, 2003; Belakova et al., 2007). Estas sequéncias foram inicialmente
observadas no gene que confere resisténcia a ampicilina (Sato et al., 1996). As sequéncias
CpGs nado metiladas séo reconhecidas principalmente pelos receptores Toll-Like-9 (TLR-9) e
funcionam como adjuvantes nas vacinas de DNA, aém de serem potentes estimuladores de
proliferacdo de células B em estudos in vitro (Hemmi et al., 2000; Modlin, 2000; Krieg, 2002;
Verthelyi & Klinman, 2003; Belé&kova et al., 2007).

O desenho bésico de uma vacina de DNA é relativamente simples e se baseia em um
gene alvo clonado em um vetor de expressao em célula de mamifero. Entretanto, € possivel
alterar 0 desenho deste gene retirando regifes prejudiciais a expressdo da proteina ou
incorporando seqiiéncias que sinalizam para diferentes compartimentos celulares como a
membrana plasmética, reticulo endoplasmatico, nicleo ou secrecdo para o meio extracelular
(Figura 1.6) (Rodriguez & Whitton, 2000). Como conseqiiéncia, essas diferencas afetam a
forma de apresentacdo do antigeno ao sistema imunoldgico influenciando na resposta imune
gerada (Alves et al, 1999; Liu, 2003; Donelly et al., 2005). A inclusdo de seqiéncias sinais
secretoras, assim como a adicdo da sequéncia LAMP (lysosomal-associated membrane
protein) que direciona o antigeno para compartimentos especializados contendo MHC-I1, leva
aum aumento significativo dos niveis de anticorpos especificos (Leitner et al., 1997; Alves et
al, 1999; Wang et al., 2004a; Anwar et al., 2005). Por outro lado, o direcionamento da
proteina para a via de degradacdo ubiquitina (Ub)/proteosoma através da construcdo de
proteinas fusionadas a ubiquitina, aumenta a resposta T citotoxica contra o antigeno
(Rodriguez et al., 1997; Donelly et al., 2005; Doband et al., 2007). Outra metodologia
empregada por alguns grupos € a substituicdo de nucleotideos, de forma a modificar os
codons originais, trocando-0s por outros mais utilizados pelo organismo hospedeiro. Essas
substituicdes geralmente levam a um aumento na expressdo da proteina recombinante (zur
Megede et al., 2000; Lemieux, 2002).

1.5.1.2 — Administragao das vacinas de DNA

Outro fator que pode alterar o padrdo da respostaimune gerada € a variagdo na via de
administracdo do plasmideo recombinante, assim como sua forma de apresentagdo (DNA
descoberto ou incorporado a veiculos abidticos ou vivos).

A forma mais utilizada de administracdo do DNA plasmidial é a via parenteral, que
inclui as inoculagdes intramuscular (i.m.), intradérmica (i.d.) e por biobalistica. Egta Ultima
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consiste na utilizagdo de particulas de ouro cobertas com o DNA plasmidial, que sdo
empurradas por pressdo de Hélio ou CO,, para dentro da pele através de uma pistola (Gene
Gun)(Shedlock & Weiner, 2000).

O uso de agulha para injetar uma solucdo aguosa de DNA plamidial em tecidos € um
caminho relativamente simples e efetivo de inoculagdo das vacinas de DNA. A inje¢éo i.d.,
principalmente, na transfeccdo de fibroblastos e queratindcitos, enquanto que na injecdo i.m.
leva predominantemente a transfeccdo de midcitos. Nas imunizagdes i.m. aparentemente
poucas células dendriticas sdo transfectadas diretamente, contudo estas sdo capazes de
apresentar 0 antigeno, devido ao cross-priming a partir dos miécitos transfectados (Dupuis et
al., 2000; Gurunathan et al., 2000; Shedlock & Weiner, 2000; Donelly et al., 2005). Durante
0 bombardeamento da epiderme com DNA plasmidial por Gene Gun, ocorre a transfeccéo
direta de queratindcitos, assim como de células de Langerhans. Estas Ultimas migram
rapidamente para os linfonodos locais, 0 que parece aumentar a eficiéncia das imunizagdes
por este método, que utiliza cerca de 100 a 1000 vezes menos quantidade de DNA quando
comparado as injecBes intramusculares e intradérmicas (Robinson & Torres, 1997; Porgador
et al., 1998; Shedlock & Weiner, 2000).

Uma variagdo promissora das técnicas de inoculagdo parenteral € a eletroporacéo.
Estudos indicam que a eletroporacdo aumenta cerca de 6-34 vezes a entrada do DNA, quando
comparada & injecdo i.m., levando a um aumento na expressdo da proteina recombinante e nos
niveis da respostaimune (Widera et al., 2000; Wang et al., 2004b; Luckay et al., 2007).

A inoculacdo do plasmideo recombinate por vias parenterais geralmente ndo é capaz
de ativar de forma eficiente a imunidade de mucosa. Considerando que uma grande parte dos
patégenos entra no organismo hospedeiro através das mucosas, varios grupos tém utilizado
métodos ndo invasivos envolvendo a aplicacdo do DNA em superficies de mucosa, incluindo
a intranasal, a oral e a intravaginal. Vérios destes estudos tém demonstrado a inducdo de
resposta antigeno especifica local e sistémica (Kozlowski et al., 1997; Sasaki et al., 1998;
McCluskie & Davis, 1999).

Devido a variagdo na populacdo de células produtoras do antigeno recombinante
codificado pelas vacinas de DNA, as diferentes vias de inoculagdo geram uma resposta imune
variada. Estudos indicam que o gene-gun induz preferencialmente uma resposta imune
humoral, caracterizada por uma progresséo répida de células T helper 2 (Th2), associada a
producdo de anticorpos IgA e IgG1L. Inversamente, a injecdo intramuscular geralmente resulta
na inducdo de uma resposta celular, com proliferacéo preferencialmente de linfécitos Thi,
linfOcitos citotdxicos e anticorpos 1gG2a (Shedlock & Weiner, 2000). Contudo, este € apenas
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um dos fatores que influencia no padréo da resposta imune gerada e a combinagdo de outros
parémetros também pode alterar esse padréo.

Estudos de biodistribuicdo mostraram que grande parte do plasmideo inoculado no
organismo hospedeiro é rapidamente perdida (Sheets et al., 2006; Donelly et al., 2005).
Vérias formulagdes compostas de DNA plasmidial incorporado a veiculos abidticos como
lipidios catidnicos, lipossomos ou microesferas foram desenvolvidas visando evitar a
degradacdo do DNA e aumentar a eficiéncia de células do hospedeiro. Estas formulacbes
podem ser liberadas por via parenteral ou na superficie de mucosas (McCluskie & Davis,
1999; Donelly et al., 2005).

Outra estratégia promissora que vem sendo utilizada com sucesso para diferentes
patégenos é a combinacdo de sistemas heterlogos de vacinas denominada prime-boost. Esta
abordagem consiste em imunizar um organismo contra determinado antigeno utilizando um
vetor e depois dar o reforco direcionado contra 0 mesmo antigeno utilizando outro sistema
(Woodland, 2004). Particularmente, 0 uso da vacina de DNA para “primar” aresposta imune
humoral e principalmente celular seguido de uma vacina viral recombinante como reforgo
vem se mostrando efetiva em induzir uma resposta mais forte e ampla quando comparado
com ensaios em que a mesma vacina € administrada nas doses de reforgo. Esta combinagéo
vem sendo amplamente utilizada em ensaios clinicos para diferentes patdgeno com o objetivo
de melhorar a resposta imune gerada em humanos (Shilver et al., 2002; McConkey et al.,
2003; Robinson, 2003)

1.5.2 - Ensaios clinicos de vacinas de DNA

Durante a década passada, ensaios de vacinas de DNA em modelos animais, geraram
resultados t&o promissores que impulsionaram o répido desenvolvimento de ensaios clinicos.
Véarios destes ensaios tém investigado a utilidade das vacinas de DNA contra o virus
influenza, o virus da hepatite B, o papilomavirus humano (HPV), o virus da imunodeficiéncia
humana (HIV), malé&ria, assim como contra doencas neoplasicas (Rottinghaus et al., 2003;
Drape et al., 2006; Burgers et al., 2006; Beldkova et al., 2007).

Entretanto, estudos clinicos iniciais utilizando vacinas de DNA inoculadas por viai.m.
ou i.d. sugeriram que estas ndo seriam tao imunogénicas em humanos, quando comparada a
resposta gerada em camundongos. Uma das dificuldades observadas diz respeito a baixa
eficiéncia de transfeccdo das células hospedeiras em humanos, mesmo quando foram
utilizadas altas doses de DNA (Liu & Ulmer, 2005). Dessa forma, vérias estratégias tém sido
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avaliadas na intencdo de aumentar a poténcia das vacinas de DNA como utilizagdo de
diferentes métodos de inoculacdo como, por exemplo, a eletroporacéo (Widera et al., 2000);
co-administracdo de plasmideos que codificam citocinas ou uso de adjuvantes (Lemieux,
2002); adicéo de seguiéncias imunoestimudoras CpGs (Krieg, 2001); utilizacéo de carreadores
como lipossomos catidnicos (Fuller et al., 2006); e a administracdo combinada de diferentes
tipos de vacinas recombinantes em experimentos de dose e reforgo (prime-boost)(Woodland,
2004).

Até maio de 2007, foram registrados aproximadamente 40 ensaios clinicos de vacinas
de DNA. Alguns desses ensaios estdo direcionados a avaliagdo de vacina contra doencas
infecciosas como hepatite B, maléria, febre hemorrégica do virus Ebola, inclusive contra a
infeccdo pelo flavivirus WNV, sendo que a maioria avalia vacinas contra o HIV-1 (Belakovéa
et al., 2007). Devido a quantidade cada vez maior de ensaios clinicos baseados nesta
tecnologia, torna-se necessaria a avaliagdo de algumas questdes relativas a seguranca destas
vacinas.

Diversos grupos tém avaliado a possibilidade de integracdo do DNA plasmidial no
genoma hospedeiro, em uma variedade de vacinas e modelos animais, mas até o0 momento
praticamente nenhum evento de integracéo foi detectado (Manam et al., 2000; Kang et al.,
2003; Liu & Ulmer, 2005; Coelho-Castelo et al., 2006; Sheets et al., 2006; Pelizon et al.,
2007). Somente Wang e colaboradores (2004b) observaram raros eventos de integracéo
guando uma vacina de DNA foi administrada pela técnica de eletroporacdo, que eleva
bastante os niveis de transfeccdo quando comparada a inoculagdo por injecdo. Outra
preocupacdo € a possibilidade de gerar anticorpos anti-DNA, que poderiam causar quadros de
auto-imunidade. Entretanto, ndo houve relato de inducéo de auto-anticorpos patogénicos em
qualquer um dos modelos avaliados. Além disso, ndo foi observado indugéo de toleréncia
imunoldgica, indicando que estas vacinas sdo seguras para uso em humanos (Liu & Ulmer,
2005).

1.5.3 - Vacinasde DNA contra flavivirus

Os flavivirus s8o um grupo de virus de grande importancia médica, sendo um dos
principais alvos de desenvolvimento de vacinas de DNA. Grande parte destes trabalhos utiliza
as proteinas de superficie prM e E como antigeno para construcéo de uma vacina e avalia
principalmente a producéo de anticorpos neutralizantes contra o virus, assim como a protecéo
em modelos animais. Estes estudos tém demonstrado a inducdo de niveis variaveis de
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protecdo flavivirus-especifica em camundongos, suinos, cavalos e primatas néo humanos,
dependendo da abordagem estabelecida (Phillpotts et al. 1996, Colombage et al.1998, Porter
et al. 1998, Kochel et al. 2000, Konishi et al. 2000, Kaur et al., 2004; Bharati et al., 2005; Wu
et al., 2006; Ishikawa et al., 2007).

Algumas andlises também foram realizadas utilizando proteinas ndo estruturais de
flavivirus, incluindo a proteina NS1. Lin e colaboradores (1998) imunizaram camundongos
com um plasmideo recombinante codificando a proteina NS1 do virus da encefalite japonesa e
demonstraram a indugdo de uma resposta imune protetora contra 0 desafio com doses letais
deste virus. Estudos de desenvolvimento de vacinas de DNA contra o virus da encefalite
transmitida por carrapato (TBE — tick-borne encephalitis) também foram realizados e
confirmaram o potencial protetor quando testado em camundongos (Timofeev et al., 2004,
Aleshin et al., 2005). Um desses trabalhos utilizando a estratégia de prime-boost, com vacina
de DNA combinada a virus vaccinia recombinante mostrou que esta estratégia € capaz de
gerar atos niveis de protecdo em modelo animal. Tal protecéo foi maior quando comparada
a0 uso das mesmas vacinas em testes separados (Aleshin et al., 2005).

Além disso, estudos com as proteinas NS3, NS4 e NS5 do virus da hepatite C
verificaram a indugdo de uma resposta celular e protecdo dos animais contra a formagdo e
crescimento de tumor causado pela infeccdo com este virus (Encke et al. 1998, Cho et al.
1999). Edtes resultados estimulam o estudo destes antigenos flavivirais no desenvolvimento
de uma vacina de DNA contra o virus da dengue.

Em 2006, foi licenciada uma vacina de DNA de uso veterinario em eqliinos contra um
flavivirus, o virus do Oeste do Nilo (do inglés West Nile Virus - WNV), sendo esta a primeira
vacina de DNA a ser licenciada (Davis et al., 2001). Esta vacina, baseada nas proteinas prM e
E, também tem se mostrado protetora contra a infeccdo letal do virus em péssaros (Chang et
al. 2007), contudo ela ainda ndo estd sendo comercializada (Petersen & Roehring, 2007).
Além disso, resultados dos testes clinicos de fase 1 de uma vacina de DNA contra este
flavivirus, baseada em um plasmideo andlogo ao utilizado na vacina eqiina licenciada,
mostraram a inducdo de anticorpos neutralizantes nos voluntarios, com niveis similares aos
identificados como protetores na vacina equina (Martin et al., 2007). Tais resultados
significam um grande avango cientifico na producéo de uma vacina de DNA contra um
flavivirus (Petersen & Roehring, 2007).
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1.5.3.1 —Vacinas de DNA contra a dengue

Semelhante aos outros flavivirus, as vacinas de DNA contra o DENV se baseiam
predominantemente nos principais alvos da resposta imune humoral contra DENV, as
proteinas E e NS1 (Kinney et al., 2001). Estudos avaliando vacinas de DNA tetravalentes
baseadas na proteina E ou somente no dominio |11 desta proteina, envolvido na interagdo com
o0 receptor da célulaalvo, mostram a inducdo de anticorpos neutralizantes e prote¢do contra 0s
4 sorotipos do virus em camundongos, apesar desses niveis de protecdo contra os diferentes
sorotipos variarem (Mota et al., 2005; Konish et al., 2006; Chen et al., 2007b). A inoculagdo
de vacinas de DNA monovalentes, que codicam as proteinas prM e E, em primatas ndo
humanos também tem se mostrado promissora na inducdo de protecdo contra viremia,
principalmente em esquemas de imunizagao do tipo prime-boost (Kochel et al., 2000; Putnak
et al., 2003; Chen et al., 2007a).

Contudo, devido o risco de anticorpos ndo-neutralizantes contra a proteina E poderem
levar a0 aumento da replicacdo viral, a utilizacdo de proteinas ndo estruturais, ausentes da
particula viral, seria uma opcéo vantajosa para o desenho de uma vacina contra dengue.

Até o momento ndo h& nenhum trabalho que utilize o antigeno NS3 de DENV em
vacinas de DNA e demonstre que este € capaz de induzir protecdo. Por outro lado, alguns
grupos tém utilizado NS1 como antigeno na formulagdo de vacinas de DNA (Wu et al., 2003;
Timofeev et al., 2004; Mellado-Sanchez et al., 2005). Em um destes estudos, aimunizagédo de
camundongos com um plasmideo que codifica a proteina NS1 de DENV-2 gerou protecéo em
camundongos desafiados com doses letais de DENV-2 (Wu et al., 2003).

Baseado nestas evidéncias, no presente trabalho foram construidos diferentes
plasmideos de expressao eucariética contendo os genes nsl e ns3 do virus da dengue, sorotipo
2, com o objetivo de avaliar as respostas imunes induzidas em camundongos e a capacidade
protetora destas vacinas de DNA. As construgdes baseadas na proteina NS1 contém
sequéncias sinais que mimetizam a sua producdo durante a infecgdo viral, enquanto que o0s
plasmideos baseados em NS3 contém diferentes dominios funcionais desta proteina.
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2—-OBJETIVOS

2.1- Objetivo Geral: Avaliar o potencial de vacinas de DNA que codificam as proteinas NS1
e NS3 na ativagdo de respostas imunes eficientes e protetoras contra o virus da dengue.

2.2 - Objetivos especificos:

1 - Clonar a regido que codifica a proteina NS1 de DENV-2, fusionada a diferentes
sequiéncias de sinalizacdo celular, nos plasmideos pcTPA e pcDNA3.

2 — Clonar as seguéncias que codificam a proteina NS3 de DENV-2 inteira e seus dominios
funcionais (dominio proteolitico, dominio helicase/NTPase/RTPase, e as regides N e C
terminais geradas naturalmente pela clivagem da proteina NS3 durante a infeccdo viral), no
plasmideo pcTPA.

3 - Andlisar a expressdo das proteinas recombinantes em culturas de célula de mamifero

transfectadas com os diferentes plasmideos construidos.

4 - Avaiar o perfil da resposta imune humoral em camundongos inoculados com o0s
plasmideos contendo a sequiéncia que codifica a proteina NSL1.

5— Avaliar a protecéo, intra- e interespecifica gerada pelas diferentes vacinas, pela realizacéo
de desafios com os virus DENV-1 e DENV-2.

6 — Analisar a participacéo do complemento na protecéo gerada pela proteina NS1
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MATERIAL E METODOS
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3-MATERIAL E METODOS

A maior parte da metodologia utilizada para obtencdo dos resultados referentes ao
gene NS1 esta descrita nos artigos 1, 2 e 3 da secdo “resultados’. Contudo, experimentos
iniciais de calculo de LDsy de DENV-1 e DENV-2 inoculados por via intracerebral (i.c.) em
camundongos BALB/c, as avaliacbes de citotoxicidade mediada pelo complemento e por
anticorpos direcionados contra a proteina NS1 e o desafio por viai.c. com DENV-1 ndo foram
descritos nos artigos publicados e ser&o apresentados abaixo.

Os ensaios realizados com o0 gene NS3, que ainda ndo estdo compilados sob a forma

de manuscrito, também estdo descritos nesta secéo.

3.1 —-Meiosde cultura e solucdes

3.1.1 - Ampicilina (1000 X)
100 mg de ampicilina
1 mL de &gua deionizada

Esterilizar por filtragcdo (membrana de 0,22 um)

3.1.2 - Gel de agarose 1%
1 g de agarose em 100 mL de TAE

3.1.3- Me0199 com saisde Earle (parainocular em camundongos) (1 L)
100 mL de meio 199 com sais de Earle 10 X (SIGMA)

25 mL de NaHCO3 4,4%, pH 7,0

5% de soro fetal bovino (SFB)

Completar volume com &gua bidestilada

Todo material usado foi previamente esterilizado

3.1.4- Meo0199 com saisde Earle completo (1 L)

100 mL de meio 199 com sais de Earle 10 X

25 mL para sistema aberto ou 50 mL para sistema fechado de NaHCO3 4,4%, pH 7,0
10 mL de gentamicina4 mg/mL

1 mL de fungizona 500 mg/mL

5% de SFB
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Completar volume com &gua bidestilada
Todo material usado foi previamente esterilizado

3.1.5-MeoDMEM (1L)

10 g de DMEM (SIGMA)

2,2 g de Ca(HCOy),

2 g de HEPES

Agua deionizada

Ajustar parapH 7,4

Completar volume com &gua deionizada

Esterilizar por filtragcdo (membrana de 0,22 um)

3.1.6-MeoLB (LuriaBroth) (1L)

10 g detriptona

5 g de extrato de levedura

10 g de NaCl

Completar volume com &gua deionizada
Esterilizar por autoclavagdo a 120° C por 15 min

3.1.7-MeioLB sdlido
Adicionar 15 g de bacto-agar acada 1 L de meio LB liquido
Esterilizar por autoclavagdo a 120° C por 15 min

3.1.8-Meio TB liquido (1 L)

12 g detriptona

24 g de extrato de levedura

4 mL deglicerol

Completar volume com &gua deionizada para 900 mL

Esterilizar por autoclavagdo a 120° C por 15 min

No momento do uso, adicionar 100 mL de solucdo 0,17 M de KH,PO, € 0,72 M de
K,HPO, previamente esterilizado por autoclavagéo
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3.1.9-PBS1X (1L)
8 g de NaCl
0,2gKCl

1,44 g NapHPO,
0,24 g KH,PO4
Ajustar pH 7,4

Completar volume com &gua deionizada

3.1.10 - Quetamina/xilasina (1 mL)
150 uL de quetamina 10%
40 uL de xilasina 10%

Completar volume com solugéo salina comercial

3.1.11 - Solugéo salina BSS (1L )
8 g de NaCl

0,4 gdeKCl

0,012 g de CaCl;

0,154 g de MgS0,.7H,0

0,39 g de NaxHPO,4.12H,0

0,15 g de KH,PO4

1,1 gdeglicose

0,0025 g de vermelho de fenol
Ajustar pH 7,4

Completar volume com &gua Deionizada

Esterilizar por filtragcdo (membrana de 0,22 um)

3.1.12 - Solugéo salina BSS-CMF (1L)
8 g de NaCl

0,4 gdeKCl

0,1 g de Na;SO,

0,39 g de NaxHPO,4.12H,0

0,15 g de KH,PO4

1,1 gdeglicose

0,0025 g de vermelho de fenol



Ajustar pH 7,4
Completar volume com &gua Deionizada

Esterilizar por filtragcdo (membrana de 0,22 um)

3.1.13-TAE(1L)

4,84 g de Trizma-base

1,14 mL de &cido acético glacial 100%

2 mL/L de EDTA 0,5M (pH 8,0)

Completar volume com &gua deionizada
Corado com 0,5 pg/mL de brometo de etideo

3.1.14 - Tripsina (100 mL)
10 mL detripsina-EDTA 10x (Invitrogen)
Completar volume com tampédo BSS-CMF

Esterilizar por filtragcdo (membrana de 0,22 um)

3.2—-CédulaseVirus

A cepa DH5a de Escherichia coli foi utilizada para clonagem e amplificacdo dos
plasmideos recombinantes e controles nos experimentos referentes a regido NS3, de forma
semelhante a descrita nos artigos 1 e 3 relativos a NSL.

Células de rim de hamster neonato BHK-21 (ATCC) foram utilizadas para andlise da
expressao in vitro das proteinas recombinantes.

Para os ensaios de lise celular mediada por anticorpos foram utilizadas células
epiteliais de rim de macaco verde africano Vero (ATCC). Estas células também foram usadas
paratitulacéo de DENV-1 e DENV-2 apds os experimentos de desafio por viai.c.

A linhagem de DENV-2 New Guinea (NCG) (GenBank M29095) foi utilizada para
clonagem das sequéncias que codificam regifes da proteina NS3 de modo semelhante ao
descrito nos artigos 1, 2 e 3. Culturas de células do mosquito Aedes albopictus (C6/36)
infectadas por esses virus foram cedidas pela Dra. Rita Nogueira do Laboratério de
Flavivirus, IOC/FIOCRUZ para extragdo do RNA viral. Além disso, esta linhagem viral
também foi empregada nos experimentos de avaliacéo da lise celular mediada por anticorpos.

Os ensaios de desafio por via i.c. com DENV-2 foram realizados com a linhagem
DENV-2 NGC neuroadaptado a camundongos. Os testes de desafio com DENV-1 foram
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realizados com a linhagem Mochizuki (GenBank ABO074760), também adaptada a
camundongo. Ambos os virus neuroadaptados foram obtidos no Laboratério de Tecnologia
Viroldgica (LATEV), de BioManguinhos/FIOCRUZ

3.3—-Animais

Todos os experimentos com animais foram realizados com camundongos BALB/c
SPF (specific pathogen free) machos, provenientes do biotério do Centro Multidisciplinar
para Investigacdo Biologica (CEMIB), Campinas, SP. Os experimentos com o0s animais foram
realizados segundo os principios éticos determinados pela Comisso de Etica no Uso de
Animais (CEUA) da Fiocruz (licenga n® P0104-02).

3.4 — Plasmideos

Para a construcdo dos diversos plasmideos recombinantes foram utilizados os
plasmideos pcDNA3 e pcTPA. O plasmideo pcDNA3 (Invitrogen) contém a regido promotora
derivada do citomegalovirus humano (CMV), um sitio multiplo de clonagem, a sequéncia de
poliadenilagdo do hormoénio de crescimento bovino (do inglés Bovine Growth Hormone -
BGH) e o gene que confere resisténcia a neomicina, para a expressao de proteinas heterélogas
em células de mamifero. Além disso, este plasmideo também contém a origem de replicacdo
em células procariéticas (ColE1) e o gene que confere resisténcia a ampiciling, utilizados para
a selecdo de bactérias contendo tal plasmideo.

O plasmideo pcTPA foi construido anteriormente pelo nosso grupo a partir do
pcDNA3, com a inser¢do da sequéncia que codifica o peptideo sinal do ativador de
plasminogénio de tecido humano (t-PA), ajusante daregido promotorado CMV (Figura 3.1).
A seguéncia sinal t-PA foi inserida com o objetivo de direcionar as proteinas recombinantes

para avia de secregéo.
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BGH Poly A

Sva0poly A Neo

Figura 3.1: Representacédo esquematica da construgdo pcTPA. A sequiéncia que codifica o
peptideo sinal do t-PA, amplificada por PCR foi clonada entre os sitios de reconhecimento
das enzimas Hind Il e Eco RV do plasmideo pcDNA3, originando o plasmideo pcTPA.
P CMV - promotor do CMV; t-PA — seqliéncia que codifica o peptideo sinal do ativador de
plasminogénio de tecido humano; BGH polyA — regido de poliadenilacdo do BGH; ColE -
origem de replicagdo em células procaridticas;, Neo - gene que confere resisténcia a
neomicina; SV40 poly A - regido de poliadenilagédo do virus simio 40 (do inglés Smian Virus
40 - SV 40)

3.5—Calculo da LDsy; de DENV neuroadaptado

A neuroviruléncia de DENV neuroadaptado foi avaliada em camundongos BALB/c
machos com 8 semanas de idade. Grupos de animais (n = 10) foram inicialmente anestesiados
com uma mistura de quetamina/xilasina e a seguir inoculados pela via i.c. com 30 uL de
DENV diluido (diluictes seriadas) em meio 199 com sais de Earle, a partir do estoque viral.
Como controle negativo, um grupo de animais foi inoculado somente com o0 meio de cultura.
O indculo viral foi titulado em células Vero, imediatamente depois do ensaio de desafio, pela
equipe do Dr. Marcos Freire, no LATEV em Bio-Manguinhos.

A mortalidade dos animais de cada grupo foi avaliada diariamente durante 21 dias.
ApOs esse periodo, os animais que sobreviveram foram eutanasiados. A LDs, foi determinada
pela correlacdo entre a diluicdo viral e arazéo entre mortos e sobreviventes, de acordo com o
método de Reed & Muench (1938).
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3.6 — Construcdo dos plasmideos contendo sequiéncias que codificam a proteina NS3

inteira ou somente partes desta

Os experimentos de clonagem das seqiiéncias que codificam a proteina NS3 ou seus
dominios, purificagdo dos plasmideos e expressdo in vitro das proteinas recombinantes e
desafio por via i.c. foram conduzidos de forma semelhante aos experimentos descritos nos

artigos 1 e 3 da secdo “resultados’. O resumo da metodologia empregada, assim como as
variacOes de protocolo especificas para aregido NS3 estéo apresentados nos itens abaixo.

3.6.1 — Clonagem das seqliéncias que codificam a proteina NS3 inteira ou seus

dominios

A proteina viral NS3 possui diferentes dominios que atuam no ciclo de replicacéo do
virus da dengue. Considerando esses dominios e as fragdes geradas naturalmente pela
clivagem de NS3 em células infectadas por DENV, segiiéncias que codificam diferentes
por¢des desta proteina foram clonadas no plasmideo de expressdo em células eucaridticas,
pcTPA (derivado do pcDNA3, Invitrogene), a jusante da seqiéncia do peptideo t-PA, que
funciona como sinal de secrecéo.

O RNA tota de células C6/36 de Aedes albopictus infectadas com DENV-2 Nova
Guiné (NGC) foi extraido com Trizol (Invitrogen), de acordo com as recomendacdes do
fabricante e ressuspenso em 20 pL de &gua livre de RNAse. Uma mistura contendo 4 pL do
RNA total e 10 pmoles do oligonucleotideo iniciador 5-GGGGGATATCGATAGTGGTT
GCGTTG-3, que pareia no inicio do gene NS1 [ (nucleotideos 2422 a 2437 do genoma de
DENV-2 NGC (Irie et al., 1989)] foi incubada por 10 mim a 65° C e a seguir colocada em
gelo. A essa mistura foram adicionadas 200 U da enzima transcriptase reversa M-MLV
(Invitrogene), 4 uL do tampéo 5X (Invitrogene), 2 uL de DTT 0,1M, 8 uL de dNTP 1,25 mM
e 0,6 uL do inibidor RNAguard (Invitrogene) e areacdo foi incubada por 1 ha 37° C. Apbés a
inativacdo da enzima a 65° C por 10 minutos, o cDNA foi utilizado como molde para
amplificagdo das construcdes de NS3 pela reacéo em cadeia da polimerase (PCR). A tabela
3.1 mostra os oligonucleotideos senso e anti-senso utilizados na construcdo de cada plasmideo
recombinante. Uma preparacdo (50 uL) contendo 10 puL de cDNA, 10 mM de dNTPs,
10 pmoles de cada oligonucleotideo, 2,5 unidades de Tag DNA polimerase Platinun
(Invitrogene) e 10 uL do tampdo 5X (Invitrogene) foi submetida & PCR no termociclador
GeneAmp PCR System (Applied Biosystems). Foi realizada umaincubac&o inicial de 3 min a
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94° C seguida de 30 ciclos de amplificacdo (2 mina92°C; 1 mina55°C; 2 mina72°C) e
incubagdo final a 72° C por 5 min. Os fragmentos amplificados foram submetidos a
eletroforese em gel de agarose 1% dissolvido em tampdo TAE 1X corado com brometo de
etideo, de acordo Sambrook e colaboradores (1989). A extracdo destes fragmentos do gel e
sua purificac8o foram realizadas com o auxilio do kit Geneclean (Bio 101 System), conforme

recomendagdes do fabricante e 0 DNA foi ressuspenso em 20 uL de &gua deionizada, livre de

recombinante

nucleases.
Plasmideo Oligonucleotideos Regido amplificada
pCcTPANS3 Senso: 5'-GGGGGATATCGCTGGAGTATTGTGGG-3 NS3intera
Eco RV (nuclectideos 4522- 6375)
Anti-senso: 5'-GGGGTCTAGATTACTTTCTTCCAGCTGCA-3
Xba |
pcTPANS3H Senso: 5'-GGGGATATCAGAAAATTGACCATCATGG-3 Dominios
Eco RV helicase/NTPase/RTPase
Anti-senso: 5'-GGGGTCTAGATTACTTTCTTCCAGCTGCA-3 (nuclectideos 5077-6375)
Xbal
pPCTPANS3F Senso; 5'-GGGGGATATCGCTGGAGTATTGTGGG-3 Dominio protease
Eco RV (nuclectideas 4522-5076)
Anti-senso: 5'-GGGTCTAGATTACTTTCGAAAAATGTCATC-3
Xbal
pcTPANS3N Senso; 5 GGGGGATATCGCTGGAGTATTGTGGG 3 Porcdo N terminal geradapela
Eco RV clivagem daNS3
Anti-senso: 5’ GGGGTCTAGATTATCTTCTTTGTGCTGC 3 (nuclectideos 4522-5895)
Xba |
pcTPANS3C Senso; 5 GGGGGATATCGGGAGAATAGGAAGAAATC 3 Porcéo C terminal gerada pela
Eco RV clivagem daNS3
Anti-senso: 5 GGGGTCTAGATTACTTTCTTCCAGCTGCA 3 (nucleotideos 5896-6375)
Xba |

Tabela 3.1: Construcdes dos plasmideos recombinantes compreendendo as seqiiéncias
gue codificam a proteina NS3 ou partes desta. A primeira coluna indica o nome das
construgfes recombinantes. Na segunda coluna estdo representados os oligonucleotideos
senso e anti-senso utilizados para amplificacdo dos fragmentos desejados, contendo 0s sitios
de restricdo para as enzimas EcoRV e Xba |, respectivamente. O codon de término de
traducéo, presente nos oligonucleotideos anti-senso esta representado em negrito. A terceira
coluna indica as regides amplificadas com cada par de oligonucleotideos. As posi¢es dos
oligonucleotideos foram estabelecidas de acordo com o genoma de DENV-2 NGC (Irie et al .,
1989).
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Os fragmentos amplificados, assim como o plasmideo pcTPA, foram digeridos com as
enzimas Eco RV e Xba | (Invitrogene) a 37° C por 2 h, de acordo com as indicacOes da
Invitrogene. As amostras digeridas foram novamente purificadas utilizando o sistema
Geneclean (Bio 101 System). Para ligacéo dos fragmentos ao plasmideo pcTPA foi utilizado
o kit Ready-to-go T4 DNA ligase (Amersham Biosciences). A reacdo de ligagdo, constituida
de 1 ug total de DNA (na proporcéo de 3 moléculas de insertos : 1 molécula de pcTPA) em
volume total de 20 uL, ocorreu a 16° C, por 1 h. Bactérias Escherichia coli DH5a,
guimicamente competentes, foram transformadas por choque térmico com os produtos da
ligagdo e plagueadas em meio sdlido LB. As colbnias obtidas foram crescidas em meio
liquido LB contendo 100 nug/ mL de ampicilina e os plasmideos purificados por preparacéo
em pequena escala utilizando o kit Flexiprep (GE Healthcare). Os clones recombinantes
foram selecionados por migracdo em gel de agarose e digestdo com as enzimas de restricéo
Eco RV e Xba |, paraliberagdo do inserto.

A clonagem dos diferentes fragmentos da regido NS3 foi confirmada por
sequenciamento (Sanger et al 1992), utilizando 200-250 ng de DNA plasmidial e 3,2 pmoles
do oligonucleotideo apropriado (tabela 3.2.), utilizando o sistema “ABlI PRISM dye
terminator cycle sequence core kit” (Applied Biosystems), segundo as recomendagdes do
fabricante. As amostras foram sequienciadas no seqlienciador automético ABI PRISM 3100
(Applied Biosystems) pela Plataforma Gendmica — subunidade sequenciamento de DNA
(PDTIS-FIOCRUZ).

Os clones recombinantes foram mantidos congelados em nitrogénio liquido, utilizando
250 uL de glicerol 80% (v/v) e 750 uL da cultura de bactéria crescida durante a noite em

meio LB liquido com ampicilina.
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Oligonucleotideo Regido de pareamento
5- GGTGTAACATACCTTACAAG-3 Anti-senso, nucleotideos 4653 - 4672
5- GTCTTGGCATTGGAGCCTGG -3 Senso, nucleotideos 4811 - 4831
5- GGAGTGGAGCATATGTGAGT -3 Senso, nucleotideos 4992 - 5011
5- GAGTATCACTTACACCGTAC-3 Anti-senso, nucleotideos 5306 - 5325
5- CAATGCACCAATCATGGATG -3 Senso, nucleotideos 5506 - 5525
5- CACTCTAGTGCAGCACAAAG -3 Senso, nucleotideos 5873 - 5892
5- GATGCCATTGATGGTGAATAC -3 | Senso, nucleotideos 6071 — 6091

Tabela 3.2: Oligonucleotideos utilizados para o sequenciamento dos fragmentos
clonados. A primeira coluna mostra a seqiiéncia dos oligonucleotideos usados nas reacfes de
sequenciamento, enquanto a coluna 2 indica a direcdo de polimerizacdo da cadeia de
nucleotideos e a regido de pareamento destes iniciadores. Essas posicdes foram estabelecidas
de acordo com o genoma de DENV-2 NGC (Irie et al., 1989).

3.6.2 — Purificacédo dos plasmideos em larga escala

Para a producdo de grande quantidade dos plasmideos, inicialmente bactérias E. coli
transformadas com tais plasmideos foram crescidas em meio LB contendo 100 pug/ mL de
amplicilina a partir dos estoques congelados. As culturas foram incubadas a 37°C, sob
agitacdo (120 rpm), durante a noite (16-18 h). No dia seguinte 25 mL desta cultura foi
adicionada a 1 L de meio TB com ampicilina e estas culturas foram mantidas novamente a
37°C sob agitacdo, durante a noite.

O DNA plasmidial foi extraido por lise alcalina e purificado em colunas de troca
iGnica, utilizando “Qiagen Plasmid Giga Kit” (Qiagen), segundo as instrugdes do fabricante.
Foram utilizados 3 L de cultura bacteriana para cada coluna Giga. Os plasmideos foram
ressuspensos em agua deionizada e armazenado a— 20 °C até 0 momento de uso.

O DNA foi quantificado em espectrofotometro Bio Photometer (Eppendorf) no
comprimento de onda de 260 nm. Posteriormente, a concentracéo destas amostras de DNA foi
confirmada por eletroforese em gel de agarose 1% em tampéo TAE 1X, corado com brometo
de etideo e visualizado em transiluminador de luz ultravioleta (UV). Para avaliagdo da
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integridade e pureza dos DNAS, os plasmideos foram digeridos com as enzimas de restri¢éo
utilizadas para clonagem dos fragmentos (Eco RV e Xba |) (Invitrogen), por 1 ha37° C, em
tampéo indicado pelo fabricante. Os fragmentos gerados foram analisados por eletroforese em
gel de agarose 1%.

3.7 — Transfeccdo de células de mamifero com os diferentes plasmideos e deteccdo das

proteinas recombinantes

Células BHK-21 foram mantidas em meio DMEM (SIGMA) adicionado de 5% SFB, a
37° C, sob atmosfera umida e 5% de CO,. A monocamada celular era lavada a cada 2 dias
com solucdo salina BSS. Para passagem das células, a monocamada de células era lavada com
solugéo salina BSS-CMF e a monocamada dissociada com solugéo de tripsina (Invitrogene).

A transfeccdo das células BHK-21 com os plasmideos recombinantes e com o
plasmideo controle pcTPA e a deteccdo da expressdo das proteinas recombinantes pela
técnica de imunofluorescéncia foi realizada de forma semelhante a descrita nos materiais e
métodos do artigo 3 da secéo “resultados’.

Para andlise por imunofluorescéncia, 2 x 10* células BHK-21 foram plagueadas em
l&minas contendo 8 camaras (Lab-Tek, NUNC), transfectadas transientemente com 0,2 ug dos
plasmideos recombinantes ou controle e 20 ul de lipofectamina (Invitrogen) em meio OPT-
MEM (Invitrogene), de acordo com as recomendacdes do fabricante. Apds 24 horas, as
células foram fixadas com 4,0 % de paraformaldeido e permeabilizadas com 0,6 % de
saponina. Para deteccdo da expressao das proteinas recombinantes, as células foram incubadas
com fluido ascitico de camundongo para DENV-2 (ATCC) e com conjugado anti-lgG de
camundongo marcado com fluoresceina (Southern Biotechnology). As células foram

visualizadas em microscopio de fluorescéncia Nikon Eclipse E600.

3.8 —Imunizacdo de camundongos BAL B/c e desafio por via intracerebral

Grupos de camundongos BALB/c (n = 10) foram inoculados com duas doses de cada
plasmideo recombinante ou do plasmideo controle em um intervalo de duas semanas, por via
intramuscular (i.m.) nos quadriceps posteriores, com seringa de insulina e agulha ultrafina 30
G. Em cada dose foram inoculados 100 ug de DNA/100 pul de PBS por animal (sendo 50 pg
por pata).
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Quatro semanas apos a primeira dose das vacinas, os animais foram sangrados por via
retro-orbital para obtencéo dos soros e posteriormente foram desafiados por viai.c. com 4,32
logio PFU de DENV-2 NGC neuroadaptado a camundongos em 30 pL de meio 199 com sais
de Earle, que corresponde a uma dose letal de 3,8 LDso. O indculo foi titulado em células
Vero logo apds o desafio, pela equipe do Dr. Marcos Freire (LATEV).

A morbidade (caracterizada por paralisia dos membros anteriores e/ou posteriores, e
pela morte dos animais) e mortalidade foram monitoradas diariamente, durante 21 dias. Apds
esse periodo, os animais foram eutanasiados.

O ensaio de protecéo cruzada com o plasmideo pcTPANSL foi realizado de forma
semelhante. Neste caso, quatro semanas ap0Os a primeira dose de pcTPANSIL, os animais
foram desafiados por via i.c com DENV-1, com uma LDsy semelhante a utilizada nos
experimentos com DENV-2, isto €, foram inoculados com 30 pL de meio contendo 3,2 LDsg
de DENV-1 Mochizuki.

3.9—-Analisede smilaridade de sequéncias da proteina NS1

As sequiéncias de aminoéacidos da proteina NS1 das linhagens DENV-2 NGC, DENV -
1 Mochizuki assim como de virus pertencentes aos outros dois sorotipos (DEN-3 e DENV-4)
foram alinhadas usando o programa Clustal W (Thompson et al., 1994). O grau de
similaridade das sequiéncias foi analisado pelo programa BioEdit.

3.10 — Ensaio de lise celular mediada pelo complemento na presenca de anticorpos
contra NS1

Frascos de cultura T-175 cm? contendo uma monocamada confluente de células Vero,
em meio de manutencéo 199 com sais de Earle completo, foram cedidos pelo LATEV. Essas
células foram lavadas com 5 mL de verseno/tripsing, dissociadas com 1 mL dessa solucéo e
ressuspensas em 10 mL de meio 199/Earle completo. As células foram plagueadas em placas
de cultura de 96 pogos, em uma densidade de 2 x 10* células/ pogo/ 200 pL de meio 199/Earle
completo adicionado de 5 % de NaHCOg, e incubadas durante a noite a 37° C, com 5 % de
CO..

No dia seguinte, as células Vero foram infectadas com MOI igual a 1 de DENV-2
NGC a 37° C, com 5 % de CO,. Ap6s 1 h de incubacéo, o meio foi trocado e as células



incubadas novamente em meio 199/Earle completo adicionado de 5 % de NaHCOs, nas
mesmas condi¢des por 3 dias.

A avaliacdo da lise celular mediada pelo complemento e por anticorpos contra NS1 foi
baseadaem Lin et al. (1998). A lise celular foi dosada com o auxilio do sistema para deteccdo
da enzima citoplasmética desidrogenase lética (LDH — do inglés Lactate dehydrogenase)
“Cytotoxicity Detection Kit (LDH)” (Roche).

O soro obtido de camundongos BALB/c inoculados com pcTPANSL, pcENS1 ou
pcDNA3 foi aquecido a 56° C por 30 min para inativagdo do complemento. A seguir, esse
soro foi diluido em meio RPMI sem vermelho de fenol disponivel comercialmente
(Invitrogen), com 1 % de SFB, e incubado com diferentes diluigdes de complemento de
cobaia (Cappel) a 37° C, por 1 h. A monocamada de células Vero infectadas foi lavada duas
vezes com meio RPMI sem vermelho de fenol. Uma mistura soro e complemento (200 ulL),
ou somente soro ou complemento diluidos no mesmo meio, foi adicionada a monocamada em
duplicatas. Ap0s 4 horas de incubacéo a 37° C com 5% de CO,, alise celular foi quantificada
pela liberacdo no meio extracelular de lactato desidrogenase (LDH) com *“Cytotoxicity
Detection Kit”, de acordo com as recomendacdes do fabricante. Resumidamente, 100 uL do
sobrenadante foram transferidos a placa de 96 pocos MAXSORP (NUNC) e incubados com
100 pL de uma mistura das solugbes do Kit; contendo Diaforase/NAD+ e cloreto de
iodotetrazélio (INT) e lactato de sbdio; a temperatura ambiente por 30 min, no escuro. Apos
esse tempo foram adicionados 50 pL da solucéo de inibicdo da reacéo (HCI 1 N) e a reacéo
foi lida @490 nm em espectrofotébmetro. A lise maxima foi obtida pela adi¢cdo de meio RPMI
com 1 % de SFB contendo 1 % de Triton X-100, enquanto a lise espontanea foi determinada
nos pogos contendo somente células. A porcentagem de lise foi calculada segundo a férmula:
100 x (liberagdo de LDH no poco testado — lise esponténea) / (lise méxima - lise espontanea).



RESULTADOS
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4 -RESULTADOS

Os resultados destatese estéo divididos em duas partes:

Parte |: refere-se aos resultados obtidos com as construgdes contendo a proteina NS3
ou partes desta. Estes dados néo foram ainda publicados na forma de artigo.

Parte I1: resultados relativos as construcdes que codificam a proteina NS1. A maior
parte dos dados obtidos a partir de experimentos com as vacinas de DNA contendo o gene
NS1 foi compilada em trés manuscritos (artigos 1, 2 e 3). Os ensaios de desafio por viai.c.
com DENV-1, assim como dados preliminares de lise celular mediada por anticorpos
direcionados contra a proteina NS1, ndo estdo incluidos nestes artigos apresentados e também

serdo descritos na segéo 1.
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Resultadosrelativos a proteina NS3
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4.1.1 - Construcéo dos plasmideos recombinantes contendo a regido que codifica a

proteina NS3 inteira ou diferentes partes desta

As sequiéncias amplificadas por PCR foram clonadas no plasmideo pcTPA, que contém
0 peptideo sinal t-PA, clonado entre os sitios das enzimas de restricdo Eco RV e Xba |. Foram
construidos cinco plasmideos recombinantes. pcTPANSS, contendo a regido NS3 inteira;
pcTPANS3P, contendo somente o dominio protease; pcTPANS3H, contendo o dominio com
as atividades helicase/NTPase/RTPase; pcTPANS3N, contendo aregido que codifica a porcéo
N-terminal gerada pela clivagem esponténea da proteina NS3; e pcTPANS3C, que
compreende a regido que codifica a porcdo C-terminal também obtida apds a clivagem
espontanea da NS3 (Figura 4.1). Os fragmentos clonados foram seqiienciados, confirmando
em todos os casos o0 quadro de leitura aberta em fase com a seqliéncia que codifica o peptideo
sinal do t-PA.

S [ | | I [ -3

C prM E NS1 NS2ANZ2B  NS3 S4a  NS4b NS5
NS3
pcTPANS3
! Protease | : :
. 1 1
| Helicase !
PCTPANS3H |
1

N-terminal
1 C-terminal
I
PCTPASNSEC | R

Figura 4.1: Representacdo esquematica dos fragmentos, contendo o gene NS3 ou seus
dominios, amplificados por PCR e clonados no plasmideo pcTPA. A clonagem destes
fragmentos originou os plasmideos recombinantes pcTPANS3, pcTPANS3H, pcTPANS3P,
PCTPANS3N, pcTPANS3C.



4.1.2 - Expressdo in vitro da proteina NS3

Células BHK-21 foram transfectadas com os plasmideos recombinantes pcTPANS3,
PCTPANS3H, pcTPANS3P, pcTPANS3N, pcTPANS3C, assim como com o plasmideo
controle pcTPA. Vinte e quatro horas apds a transfeccdo, a proteina NS3 foi marcada com
fluido ascitico contra DENV-2 e com anti-lgG de camundongo conjugado a fluoresceina.
ApO6s marcacdo, as células foram visualizadas e fotografadas em microscopio de
fluorescéncia. As proteinas NS3 e seus dominios foram detectados no citoplasma das células
transfectadas com todos os plasmideos recombinantes avaliados (Figura 4.2), enquanto as
células transfectadas com o plasmideo controle, pcTPA, apresentaram resultado negativo
(dado ndo mostrado). Estes dados indicam que todos os plasmideos foram capazes de mediar
aexpressao das proteinas recombinantes em células de mamifero.

>

/ A B : c D E
-
F G H J

Figura 4.2: Expressdo da proteina NS3 ou seus dominios em células BHK-21 transfectadas
com os plasmideos recombinantes. As células, permeabilizadas com saponina e incubadas com
fluido ascitico anti-DENV-2 e anticorpo anti-lgG de camundongo conjugado a fluoresceina, foram
visualizadas em microscopio de fluorescéncia. (F, G, H, | e J), assim como em contraste de fase (A,
B, C, DeE) (AeF) pcTPANS3; (B e G ) pcTPANS3N; (C e H) pcTPANS3C; (D e I)

pPCTPANS3P; (E e J) pcTPANS3H.
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4.1.3 — Desafio de camundongos BAL B/c imunizados com os plasmideos recombinantes
contendo as sequiéncias que codificam a proteina NS3 ou seus dominios

Antes de iniciar os experimentos de desafio intracerebra com DENV-2 NGC
neuroadaptado, foi calculada a LDsp deste virus em camundongos BALB/c machos com 8
semanas de idade. Foram realizados 2 experimentos em que o virus foi diluido de 10° a 10
vezes e a mortalidade dos animais acompanhada durante 21 dias. Foi estabelecida a utilizagdo
de 30 pL da amostra viral sem diluicdo (10°) que equivale a 4,32 logi, PFU de DENV-2 e a
dose de 3,8 LDsp.

Para avaliar a resposta protetora gerada pela inoculacdo dos diferentes plasmideos
recombinantes, camundongos BALB/c foram imunizados pela via i.m., com duas doses de
100 pg de cada plasmideo em intervalo de duas semanas, e desafiados quatro semanas apos a
primeira dose.

Conforme apresentado na Tabela 3, a inoculagdo com os plasmideos pcTPANS3,
PCTPANS3H, pcTPANS3N, pcTPANS3C gerou niveis muito variados de protecéo, enquanto
gue o pcTPANS3P ndo induziu uma resposta protetora contra o desafio com DENV-2. Os
animais imunizados com os plasmideos pcTPANS3C e pcTPANS3N apresentaram 0s maiores
indices de sobrevivéncia (90 % e 80 %, respectivamente). Entretanto, parte dos camundongos
deste grupo que sobreviveu ao desafio apresentou fortes sinais de morbidade, com taxas de
60 % e 40 % nos animais inoculados com 0 pcTPANS3C e o pcTPANS3N, respectivamente.

Ao contrario do esperado, a imunizacdo com o plasmideo recombinante pcTPANS3,
gue contém a regido NS3 inteira, gerou niveis muito baixos de protecdo, com 70 % dos
animais apresentando algum sinal clinico e apenas 40 % sobrevivendo ao desafio.
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Plasmideo % de Morbidade % de Sobrevivéncia

- 80 20
pcTPA 80 20
pcTPANS3 70 40
pcTPANS3P 80 20
pcTPANS3H 40 60
pcTPANS3N 40 80
PCTPANS3C 60 90

Tabela 4.1: Porcentagem de sobrevivéncia e morbidade em camundongos BALB/c
imunizados com os plasmideos pcTPA, pcTPANS3, pcTPANS3C, pcTPANS3N,
PCTPANS3P e pcTPANS3H, e desafiados por via i.c. com DENV-2 NGC. Grupos de
animais (n = 10) foram inoculados por via intramuscular com duas doses de cada plasmideo e
desafiados 4 semanas apos a primeira dose. O grupo controle ndo imunizado foi desafiado no

mesmo dia que os animais inoculados com os diferentes DNAS.
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Abaixo (tabela 4.2) estdo descritas as caracteristicas dos plasmideos pcTPANSL,
PCTPANS1ANC, pcENSL e pcENSIANC, que foram utilizados para avaliar as vacinas de
DNA contendo o gene NS1.

Plasmideo regisio amplificada Plasmideo

original recombinante
pcTPA NS1 pcTPA
sequéncia que codificaaregido C-terminal da
PCDNAS proteina E + NS1 PCENSI
NS1 + sequéncia que codifica a porgdo N-terminal
PCTPA da proteina NS2A (ANC) PCTPANSIANC
sequéncia que codificaaregido C-terminal da
pcDNA3 proteina E + NS1 + seqliéncia que codificaa PCENSIANC

porcao N-terminal da proteina NS2A (ANC)

Tabela 4.2: Construcdes dos plasmideos recombinantes contendo o gene NS1. A primeira
coluna mostra os plasmideo originais, onde o fragmento foi clonado. Na segunda coluna estéo

descritas as regides amplificadas por PCR. A dltima coluna indica os plasmideos
recombinantes construidos.
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4.11.1 —Resumo dosresultados dos artigos 1 e 2

Os artigos 1 e 2 desta tese abordam a construcdo da vacina de DNA pcTPANS], a
avaliacdo da expressdo in vitro da proteina NS1, e imunizacGes de camundongos BALB/c
com esta construgéo.

O plasmideo pcTPANSL contém a sequiéncia que codifica a proteina NS1 de DENV-2
NGC fusionada a seqiiéncia sinal t-PA. Células BHK-21 transfectadas com este plasmideo
foram capazes de expressar a proteina NS1, detectada tanto no interior destas células quanto
no sobrenadante das culturas (artigo 1). Posteriormente, foi realizada uma andlise mais
detalhada da expressdo de NS1 mediada pelo pcTPANSL, assim como pelos outros
plasmideos contendo o gene NS1, que seré abordada no resumo do artigo 3.

ApoGs a andlise da expressdo in vitro da proteina NS1, camundongos BALB/c foram
imunizados com o plasmideo pcTPANSL e a resposta imune humoral gerada contra NS1 foi
avaliada. Foram realizados diferentes esquemas de inoculacdo com o plasmideo pcTPANSL a
fim de se estabelecer um protocolo padrédo de imunizag&o das vacinas de DNA. Grupos de
camundongos BALB/c (n=10) foram imunizados por via i.m. ou por via intradérmica (i.d.),
com 100 pg do plasmideo pcTPANSL ou do plasmideo controle. Nas imunizagdes por via
I.m. foram administradas 2 ou 3 doses de DNA, enguanto que 0s animais imunizados por via
I.d. foram inoculados com 3 doses de DNA, sempre com um intervalo de 2 semanas. Todos 0s
animais, independente da via de inoculagdo, apresentaram anticorpos especificos contra NS1,
detectados por ELISA utilizando, como antigeno de fase sélida NS1, expressa em células de
drostfila (Artigos 1 e 2). Entretanto, a da cinética da resposta humoral se mostrou diferente
nos trés esquemas de imunizago. As imunizagdes por via i.m. induziram niveis mais
elevados de anticorpos anti-NS1, sendo os titulos mais altos detectados nos animais
inoculados com 3 doses de DNA, com pico da resposta 6 semanas apds a primeira
imunizacdo. Contudo, foi observada uma diminuicéo drastica nos niveis destes anticorpos nas
semanas subsequientes, atingindo titulos semelhantes aos detectados com a imunizagdo com
duas doses por via i.m., mantendo-se constantes até a 10° semana (artigo 1). Baseado nestes
resultados, o protocolo adotado para as imunizagfes seguintes foi: 2 doses de DNA por via
i.m., com intervalo de duas semanas. Além disso, 56 semanas apds a primeira dose de DNA
0s animais ainda apresentavam niveis detectaveis de anticorpos anti-NS1, e quando foram
inoculados com uma dose reforco da vacina mostraram um rpido e significativo aumento da
resposta humoral (artigo 1). Tais resultados demonstram a inducéo de uma respostaimune de
longa duracéo e de memoaria.



A seguir foram realizados testes de desafio com DENV-2 dos camundongos vacinados
com o0 pcTPANSL, em dois modelos murinos distintos. No primeiro teste, os animais foram
desafiados por via i.p. com DENV-2 RJ isolado de um paciente no Rio de Janeiro e ndo
adaptado a camundongos. Neste modelo, os animais ndo apresentam sinais clinicos aparentes
da doenca, entretanto a andlise de alguns 6rgdos destes camundongos revelou danos
histoldgicos especificos (anexos 2 e 3). O segundo modelo de desafio se baseia na inoculacdo
por viai.c. de DENV-2 NGC neuroadapatado em camundongos neonatos. Neste modelo, os
animais apresentam morbidade, principalmente paralisia dos membros posteriores, podendo
culminar em morte.

Os camudongos (n=4) ndo imunizados ou inoculados com 0 pcTPANS1 ou pcTPA,
foram desafiados com DENV-2 por via i.p. 4 semanas apés a primeira dose de DNA e
eutanasiados 3 dias apos o desafio. A andlise histoldgica do figado dos animais controles (ndo
imunizados ou inoculados com o pcTPA) demonstrou danos focais como esteatose, tumefacéo
hepatdcitéria, hemorragia e edema. Por outro lado, nos animais vacinados com o pcTPANS1
tais danos se mostraram reduzidos ou ausentes (artigo 1). Tais andlises foram realizadas tanto
por microscopia éptica ou microscopia eletronica.

De modo semelhante, os animais vacinados (n=20) com o pcTPANSL e desafiados
com DENV-2 por via i.c. se mostraram protegidos. Todos 0s animais imunizados com o
pcTPANSL sobreviveram ao desafio, sendo que apenas 2 animais (10%) apresentaram leve
paralisia em uma das patas, enquanto que os animais inoculados com o plasmideo controle
apresentaram 95% de morbidade e apenas 45% de sobrevivéncia (artigos 1 e 2). Os animais
ndo imunizados que foram inoculados com DENV-2 apresentaram 95% de morbidade e
aproximadamente 30% de sobrevivéncia (artigos 1 e 2).

Os niveis de anticorpos anti-NS1 destes animais foram avaliados antes e depois dos
desafios. Os camundongos desafiados por via i.p. ndo apresentaram um aumento significativo
da resposta de anticorpos. Por outro lado, um drastico aumento da resposta humoral foi
observado ap6s o desafio por viai.c. (artigo 1).
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Abstract

Dengue is one of the most important arboviral diseases in humans, and although efforts over the last decades have dealt with the development
of'a vaccine, this vaccine is not available yet. In order to evaluate the potential of a DNA vaccine based on the non-structural 1 (NS1) protein
against dengue virus (DENV), we constructed the pcTPANS] plasmid which contains the secretory signal sequence derived from human
tissue plasminogen activator (t-PA) fused to the full length of the DENV-2 NSI gene. Results indicate that pcTPANSI promotes correct
expression of NS1 in eukaryotic cells and drives secretion of the recombinant protein to the surrounding medium in a dimeric form. Balb/c
mice, intramuscularly inoculated with this plasmid, presented high levels of antibodies, recognizing mainly surface-exposed conformational
epitopes present in the NS1 protein expressed by insect cells. Long-term antibody response was observed in animals 56 weeks after the first
plasmid inoculation, and a rapid, efficient secondary response was observed after a DNA boost. Vaccinated animals were challenged against
DENV-2 in two murine models, based on intracerebral (i.c.) and intraperitoneal (i.p.) virus inoculations, and in both cases, pcTPANSI-
immunized mice were protected. Overall, these results provide further support for the use of such a plasmid in a possible approach for the
development of a vaccine against DENV.
© 2005 Elsevier Ltd. All rights reserved.

Keywards: DNA vaccine; Dengue virus; NSI

1. Introduction However, it can also produce a life threatening severe ill-

ness, dengue hemorrhagic fever (DHF) and dengue shock

Dengue viruses (DENV) belong to the Flaviviridae fam-
ily and consist of four distinct antigenic types (DENV-1 to
4), transmitted primarily by the Aedes aegypti. Infection by
these viruses is a global public health problem, with recur-
ring epidemics in tropical and subtropical regions of the
world [1]. The resulting disease is mostly asymptomatic or
a mild self-limiting acute febrile illness, dengue fever (DF).

* Corresponding author. Tel.: +55 21 3865 8133; fax: +55 21 2590 3495,
E-mail address: ada@ioc.fiocruz.br (A.M.B. Alves).

0264-410X/S — see front matter © 2005 Elsevier Lid. All rights reserved.
doi:10.1016/].vaccine.2005.07.059

syndrome (DSS), with minor or major bleeding from differ-
ent sites [1]. It has been estimated that between 50,000,000
and 100,000,000 cases of DF occur annually, of which about
250,000 and 500,000 cases lead to DHF [2]. The pathogene-
sis of DHF is not well understood, but a remarkable feature
is that most cases of DHF oceur in individuals experiencing
a secondary infection with a heterologous serotype, which
may be associated with the phenomenon of antibody depen-
dent enhancement (ADE) of the infection [3,4]. Evidence
suggests that ADE is caused by non-neutralizing antibodies
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reacting with the virus envelope protein (E), although this
hypothesis is mainly supported by in vitro experiments and
has not been proved in vivo [3]. Regardless whether or not
the hypothesis is correct, the most important risk factor for
DHF is the increased incidence of dengue infection.

The control of the DENV vector has proven to be diffi-
cult and costly to sustain over time [5]. Consequently, the
World Health Organization has prioritized the development
of a DENV vaccine [6]. Although considerable research has
been done, no effective vaccine against DENV is yet avail-
able. Traditional immunization approaches, such as virus
mactivation and the use of live attenuated viruses or sub-
unit vaccines, which have yielded successful vaccines against
other flaviviruses, revealed to be less effectiveagainst DENV
[7]. Some evidence points to DENV structural prM, M, E,
and non-structural 1 (NS1) and 3 (NS3) proteins as antigens
that may elicit a protective immune response [8]. Appar-
ently, immunization with the NSI protein can confer pro-
tection without risks of the induction of anti-virion antibody-
mediated ADE [9,10].

DNA-based vaccines have been shown to induce long-
lasting cellular and humoral immunity against several
pathogens including flaviviruses [11-18]. One of the poten-
tial advantages of applying these vaccines to viral diseases is
the expression of viral proteins in situ after DNA immuniza-
tion, leading to proper folding, which includes the presence
of posttranslational modifications such as glycosylations that
oceur during the course of an infection [12]. Based on this evi-
dence, in the present work we construct the pcTPANS]I plas-
mid, which contains the secretory signal sequence derived
from human tissue plasminogen activator (t-PA) fused to the
full length of the DENV-2 NS1 gene. Balb/cmice were immu-
nized with this plasmid and the antibody response elicited, as
well asthe capacity to confer protection in animals challenged
with dengue virus, was analyzed. Results demonstrated that
moculation with pcTPANS1 induced high levels of antibod-
ies, which mainly recognize surface-exposed conformational
epitopes present in the NS1 protein expressed in insect cells.
Furthermore, immunization with such a plasmid was able to
induce protection in two murine challenge models, based on
intracerebral and intraperitoneal virus inoculations.

2. Materials and methods
2.1. Viruses and cell lines

The dengue 2 virus (DENV-2) strain New Guinea C (NGC
DENV-2) was used for cloning the NS1 gene and for chal-
lenges with intracerebral virus inoculations. Another DENV-
2 (provided by Dr. R. Nogueira, Department of Virology,
Fiocruz, RJ, Brazil) and isolated from a patient in Rio de
Janeiro, Brazil [19] (RJ DENV-2), was used in an intraperi-
toneal virus challenge model. NGC DENV-2 and RJ DENV-2
propagations were carried out in Vero cells, in medium 199
with Earle salts (E199) buffered with sodium bicarbonate
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(Sigma, USA) and in C6/36 cells of Aedes albopictus in L15
medium (Sigma), respectively, both supplemented with 10%
fetal bovine serum (FBS). In vitro expression of the NSI
recombinant protein was detected in baby hamster kidney
cells (BHK-21) in Optimem medium (Invitrogen, Life Tech-
nologies, USA).

2.2, Plasmid construction

The dengue NS1 gene was amplified by PCR and cloned
in the pcTPA mammalian expression plasmid, a modified
pcDNAS3 vector (Invitrogen), which contains the human tis-
sue plasminogen activator signal sequence. Forthe NS1 gene
amplification, total RNA from cells infected with DENV-
2 was extracted with Trizol (Invitrogen), according to the
manufacturer protocol, and the RNA was used as template
for the synthesis of a cDNA carried out with the antisense
primer 5'-CAT AAG CTT ACA GAG GTT CCC CCA TG-
3’, which hybridize to nucleotides 1422-1438 in the NS3
gene. Such ¢cDNA was then used foramplification ofthe NS1
gene sequence with two primers, sense 5-GGG GGA TAT
CGA TAG TGG TTG CGT TG-3" and antisense 5'-GGG
GCT CGA GTT AGG CTG TGA CCA AG-3', contain-
ing restriction sites for EcoRV and Xhol, respectively. The
amplified products were electrophoresed on a 1% agarose
gel, recovered with glass beads, geneclean (Stratagene, La
Jolla, USA), restricted with EcoRV and Xhol, and ligated to
peTPA previously digested with the same enzymes. Recom-
binants were screened by restriction mapping and sequenc-
ing by ABI PRISM dye terminator cycle sequencing core
kit (Applied Biosystems, USA). The recombinant plasmid
named pcTPANSI contains the NSI gene in frame with
the t-PA signal sequence, which targets secretion of the
encoded protein to extracellular space. Large-scale prepa-
rations of pcTPA and pcTPANSI plasmids were produced
on transformed Escherichia coli DH5«, grown in ampicilin-
containing LB medium, and purification were conducted by
alkaline lysis and Qiagen Plasmid Giga Kit (Qiagen, Ger-
many), according to manufacture’s instruction. DNA con-
centrations were determined by measuring optical density at
260 nm and integrity of plasmids was checked by agarose gel
electrophoresis. Plasmids were suspended in sterile water and
stored at —20 °C until use.

2.3. Invitro expression of NSI in mammalian cells

BHK-21 cells were transiently transfected with either
pcTPANSI or peTPA. Briefly, cells (5 x 10%) were plated
in 25cm? bottles with Optimen medium (Invitrogen) and
transfected with 2 pg of DNA using lipofectamine (Invit-
rogen) under conditions suggested by the manufacturer.
Whole-cell extracts and culture supernatants, concentrated
with Centricon YM-3 (Millipore Corporation, USA) were
harvested 24 h following transfection, suspended in SDS-
PAGE sample buffer [20] and boiled for 5 min. For detection
of monomeric and dimeric forms of NS1, samples were



S.M. Costa et al. / Vaccine 24 (2006) 195-203 197

suspended in phosphate buffer saline (PBS), pH 7.2 with
aprotinin (4 pgmL), leupeptin (4 pg/mL), phenylmethane-
sulfonyl fluoride (0.1 mg/mL) without 2-mercaptoethanol,
submitted or not to heat-treatment (boiled for 5 min). Pro-
teins were sorted in SDS-PAGE (12.5% total acrylamide
concentration) followed by Western blotting. Nitrocellulose
membranes were blocked overnight at 4 °C with 1% BSA in
0.05% Tween 20-PBS (PBST), washed in PBST and incu-
bated for 1h at room temperature with DENV-2 hyperim-
mune mouse ascitic fluid (ATCC, Washington, USA) at a
dilution of 1:1000 in PBST. Membranes were then washed,
incubated for 1 h at room temperature with rabbit anti-mouse
immunoglobulin G conjugated to horseradish peroxidase
(Southern Biotechnology, USA) diluted 1:4000 in PBST and
washed again with PBST. Membranes were developed with
the ECL kit (Amersham Biosciences, Buckinghamshire, UK)
and exposed to Kodak X Omat films for 1-2 min.

2.4. Immunization procedure

All experiments with mice were conducted in compliance
with ethical principles in animal experimentation stated in the
Brazilian College of Animal Experimentation and approved
by the Institute’s Animal Use Ethical Committee. Four- to six-
week-old male Balb/c mice were immunized either by intra-
muscular (i.m.) or intradermal (i.d.) injection, using 27-gauge
needles. In i.m. immunizations, tibialis posterior muscles of
each limb were injected with 50 pg of plasmid dissolved in
50 uL of PBS (100 pg/mice), and in i.d. inoculations 100 pg
of DNA (in 100 pL of PBS) were injected in the base of the
tail. For the evaluation of NSl-specific antibody response
kinetics, animals (six mice in each group) were immunized
with two or three DNA doses given 2 weeks apart and bled by
retro-orbital puncture, before inoculation (preimmune sera)
and at various time intervals after immunization. For chal-
lenge experiments, mice were immunized by i.m. route with
two DNA doses given 2 weeks apartand bled 4 weeks after the
first DNA dose and at the end of experiments, when animals
were sacrificed. Initially, serum samples were individually
tested for reactivity against the NS1 protein and then pooled
and stored at —20 °C for subsequent analyses.

2.5. Detection of NSI-specific antibodies by ELISA

Enzyme-linked immunosorbent assay (ELISA) was car-
ried out with heat-denatured (boiled for 5min) or intact
recombinant DEN V-2 NS |1 protein as solid-phase bound anti-
gen, expressed either in insect cells or in E. coli. The for-
mer recombinant NS| protein was expressed in Drosophila
melanogaster strain Schneider (S2) cells [21] and purified
by immunoathnity chromatography (Hawaii Biotechnology
Group Inc., USA). For expression of the recombinant protein
in bacteria cells, the NS1 gene from DENV-2 strain NGC was
cloned into the pET23b vector (Novagen, USA), which was
used for transforming the E. coli strain BL21 and the pro-
tein was purified by Ni-NTA column (Qiagen) as described

elsewhere [22]. Wells of MaxiSorp plates (Nunc, Denmark)
were coated at 37 °C for 1 h with 0.1 pg of the NSI1 pro-
tein in 100 pL PBS and blocked overnight at 4 °C with 2%
skim milk in PBST. After multiple washes in PBST, serial
diluted sera were added to wells, followed by incubation
for 1h at 37°C, subsequent washing and incubation with
goatanti-mouse [gG conjugated with horseradish peroxidase
(Southern Biotechnology) for 1 h at 37 °C and washed again
with PBST. Reactions were visualized, after 20 min at room
temperature, with ortho-phenylenediamine dihydrochloride
(Sigma) and HO; as substrate and with a 9N H2S Oy stopping
solution, and measured at a 450 nm. Titers were established
as the reciprocal of serum dilution, which gave an absorbance
above that of the respective preimmune serum.

2.6. DENV-2 challenge in mice

Two weeks after the second DNA dose, animals i.m.
immunized as described above were tested in two challenge
mouse models, by i.p. or i.c. DENV inoculations. For chal-
lenge with i.p. inoculation, it was used 100 TCIDs,/0.2 mL
of RJ DENV-2, which has not undergone any passage in
mouse brain. Mice were separated in four groups (n=4):
peTPANSI-immunized animals challenged with DENV-2;
pcTPA-inoculated animals challenged with DENV-2; non-
immunized control group challenged with DENV-2; and
another mouse group not inoculated with either DNA or
DENV-2. Three days after challenge, animals were anes-
thetized i.p. with 4% chloral hydrate (0.4mL/25g of ani-
mal) and liver fragments were collected as well as serum
samples. For observations in light microscopy, liver tissue
fragments were fixed by immersion in Millonig’s fixative,
dehydrated with ethanol and paraffin-embedded. Sections
5 jum thick were stained with haematoxilyn and eosin (HE).
For electron microscopy, fragments were immersed in glu-
taraldehyde in cacodylate butfer (0.2 M, pH 7.2), dehydrated
in acetone, post-fixed with 1% buffered osmium tetroxide,
embedded in epoxy resin and polymerized at 60°C dur-
ing 3 days. Ultra-thin sections, 60 nm thick, were obtained
using a diamond knife adapted to a Reichert—Jung Ultracut
E microtome. Sections were stained with uranyl acetate and
lead citrate [23] and observed in a Zeiss EM-900 electron
microscope. For i.c. challenge, each mouse was inoculated
with 4.32 log;o PFU (5.84 log)o PFU/mL) of a mouse brain-
adapted virus, the NGC DENV-2, in 30 uL of E199 medium
supplemented with 5% of FCS. It was used the sample stock
of NGC DENV-2, which was not diluted and corresponded
to 3.8 LDsp in adult Balb/c mice, that are naturally less sus-
ceptible to i.c. DENV challenge as compared to newborn
mice. Inoculum was back-tittered in Vero cells as described
previously [24], immediately after the challenge procedure.
Before virus injection, animals were anesthetized with a
mixture of ketamine-xylazine [25]. Mice were separated in
three groups (n=20): pcTPANSI- and peTPA-immunized
mice and non-immunized animals, all challenged with the
same virus sample. Animals were monitored for 21 days and

59



198

morbidity, mainly the appearance of hind leg paralysis, and
deaths were recorded. Moribund animals were euthanized by
placing them in a lethal chamber containing carbon dioxide.
After 21 days, survived animals were sacrificed and blood
samples were collected.

3. Results

3.1. In vitro expression of the pcTPANSI-encoded
protein

The NSI1 gene from NGC strain of DENV-2 was cloned
nto the pcTPA vector to make the pcTPANSI plasmid vac-
cine. Expression of the DENV-2 NS1 protein was evaluated
by Western blot with cell lysates and culture supernatants
of transient transfected BHK-21 cells. A protein of approx-
imately 48 kDa was detected in pcTPANS | -transfected cell
lysates and culture supernatants while cells transfected with
pcTPA alone did not present any corresponding reaction
(Fig. la), confirming that the 48 kDa protein detected in
peTPANS | -transfected cells is, in fact, the NS1 protein.
Moreover, these results indicate that the pcTPANS| promotes
the secretion of most part of the NS1 protein to extracellular
medium due to the t-PA signal peptide. In order to evaluate
whether the NS1 protein secreted by pcTPANS|-transfected
cells was in monomeric or dimeric form, samples collected
from culture supernatants, suspended in non-reducing con-
ditions and submitted or not to heat-treatment, were ana-
lyzed in Western blot and compared to the NSI1 protein
expressed in insect cells. The predominance of an approx-
imately 96 kDa protein was observed in non-denatured NS1
expressed in BHK-21 cells while a 48 kDa protein was mainly
detected when these sample were heat-submitted (Fig. 1b).
Such results indicate that pc TPANS | -transfected cells secrete
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mainly dimeric forms of NS| and suggest that the protein is
glycosylated, since stability of dimmer seemsto be influenced
by addition of sugar groups to this protein. Slight size difter-
ences were observed between the NS protein expressed in
insect and BHK-21 cells (Fig. 1b), which may be due to dif-
ferences in glycosylation patterns.

3.2. Time course of the humoral immune response in
pcTPANSI-immunized mice

All Balb/c mice immunized with pcTPANSI were tested
individually, 6 weeks after the first DNA injection, and pre-
sented a significant humoral immune response against the
NS protein expressed in insect cells. At this time point,
individual NS1-specific antibody titers ranged from 6000 to
20,000 in mice i.d. inoculated and from 21,000 to 32,000
or from 62,000 to 108,000 in animals i.m. immunized with
two or three doses, respectively (data not shown). Time
course of serum NS1-specific [gG response were then ana-
Iyzed in pooled samples. Animals i.m. immunized presented
higher levels of NSI-specific antibodies when compared
to 1.d. inoculations in all tested time (Fig. 2). Two weeks
after the first immunization, all mice presented NS anti-
body response although in lower levels (mean of 5000). The
response increased significantly after the second DNA dose
and peak level of NSl-specific antibodies was observed 6
weeks after the first immunization in animals receiving three
doses of the pcTPANSI (titers of 92,000 for i.m. and of
17,000 for i.d. inoculations), while mice i.m. inoculated with
two DNA doses showed higher antibody titers 4 weeks after
the first immunization (titer of 33,000) (Fig. 2). Although
mice L.m. immunized with three plasmid doses presented
higher antibody titers in the sixth week, these levels decreased
significantly 2 weeks later, attaining titers similar to those
observed in animals receiving two DNA doses, in which

kDa 1 2 3 4 5
190 — -
o |-
-6 ®
40—
(b)

Fig. 1. pcTPANS [-driven production of the recombinant NS | protein detected inSDS-PAGE and Western blots with DENV-2 hyperimmune mouse ascitic fluid.
Samples were suspended in SDS-PAGE buffer with heat-treatment (a) or in phosphate buffer with protease inhibitors without 2-mercaptoethanol, submitted
or not to heat-treatment (b). (a) Whole-cell extract (lanes | and 2) and culture supernatants (lanes 3 and 4) harvested from BHK-21 cells transfected with
pcTPANST (lanes 1 and 3) or peTPA (lanes 2 and 4) and control NST protein expressed in £. cali (lane 5). (b) Purified NST protein expressed in insect cells
(lanes 1 and 2) and culture supernatants harvested from BHK-21 cells transfected with pcTPANSI (lanes 3 and 4) or with pcTPA (lane 5) not submitted to

heat-treatment (lanes 1, 3 and 5) or boiled for 5 min (lanes 2 and 4).
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Fig. 2. Time course of serum IgG response to NS1 protein from Balb/c mice immunized with pcTPANS1. Each animal group (n=6) was injected i.d. or i.m.
with two or three doses of DNA (100 pg each). Samples were taken at indicated times and titers of NS1-specific antibodies were determined in ELISA with
purified NS1 protein expressed in insect cells as solid-phase bound antigen. Data represent the mean of duplicate values of pooled serum samples harvested
from immunized mice in each group. Arrows indicate time point of DNA inoculations. Bars represent standard deviations of the mean of duplicates.

NS 1-specific antibody levels remained stable from 4 until
10 weeks after the first inoculation (titers around 30,000).
Consequently, all the following experiments were performed
with i.m. immunization of Balb/c mice with two DNA doses.
Long-term humoral response was also analyzed in mice i.m.
immunized, which still showed specific-NS| antibodies 56
weeks after the first plasmid inoculation (titers of 5000).
Moreover, a significant increase in specific-NS1 antibody
levels were observed after a booster DNA dose, given more
than one year after the beginning of immunizations, with
titer of 156,000 (Fig. 2), which were comparable to those
detected in hyperimmune antisera (titer of 298,000) (data not
shown). Epitope specificity of pcTPANSI-induced antibod-
ies was analyzed in ELISA using the NS protein expressed
either in insect cells, in the heat-denatured and intact forms,
or in E. coli as solid-phase bound antigen. Antibodies rec-
ognized mainly the intact form of NS1 expressed in insect

40000
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20000 —e—intact NS1
—m—denatured NS1

—&—NS1 from E. coli

Titer

10000

o
4 6 8 10

Weeks

g

e

Fig. 3. Time course of serum IgG response to NS protein from Balb/c mice
(n=6) i.m. immunized with two doses of the pcTPANST (100 g each).
Titers of NS1-specific antibodies were determined in ELISA with purified
non-denatured or heat-denatured NS1 protein expressed in insect cells or
the NSI protein expressed in E. coli as solid-phase bound antigen. Data
represent the mean of duplicate values of pooled serum samples harvested
from immunized mice. Arrows indicate time point of DNA inoculations.
Bars represent standard deviations of the mean of duplicates.

cells (Fig. 3). The reactivity of pcTPANS1-elicited antibod-
ies was significantly reduced when the heat-denatured protein
was used (approximately 30-fold lower when compared to
the non-denatured NS1 during peak antibody level) and no
reaction was observed when a NSI protein expressed in E.
coli was used in ELISA plates (Fig. 3). These results sug-
gest that pcTPANS-induced antibodies predominantly rec-
ognized conformational surface-exposed epitopes and that
such epitopes were absent in the protein expressed in bacte-
na cells. Sera from animals inoculated with control vector,
pcTPA, or preimmune sera did not react with either the NS1
protein forms (data not shown).

3.3. Immunization with the pcTPANSI protects mice
against a subsequent challenge with DENV-2

To assess the efficacy of pc TPANS | immunization against
dengue virus infection, groups of mice were i.m. inoculated
with this plasmid or with control vector and challenged with
DENV-2 two weeks after the second DNA dose, when peak
NS1-specific antibody levels were identified. Two different
challenge mouse models were used with i.p. and i.c. virus
moculations. In the first challenge model, it was used the RJ
DENV-2 sample, which is a non-mouse adapted virus iso-
lated from a human patient and therefore, as expected, i.p.
inoculation with this virus did not lead to mortality in mice.
However, tissue injuries were evident in fragments collected
from livers of non-immunized or control vector-inoculated
animals. In non-immunized and non-challenged mice, liver
tissues presented a regular structured hepatic parenchyma
around a medzonal area (Zone II) (Fig. 4a), observed in
light microscopy. In contrast, 72h post RJ DENV-2 infec-
tion, focal zones of hepatic injury were observed either in
non-immunized or pc TPA-inoculatedanimals (Fig. 4band d).
Micro and macro vacuolization in sinusoidal pole and tume-
faction of hepatocytes were detected around a medzonal area
(Zone 11) (Fig. 4b) and in liver portal space (Fig. 4d). Vac-
uolization was also noted in endothelium of central lobular
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Fig. 4. Histopathological observation of liver tissue from Balb/c mice challenged with i.p. inoculation of RJ DENV-2 (100TCIDsg)and HE stained. Each mouse
group (n=4) was i.m. injected with two DNA doses (100 g each), challenged 4 weeks after the first immunization and sacrificed 3 days after virus infection.
(a) Non-infected mouse liver tissue; bar =33 um. (b) Liver tissue from pcTPA-inoculated mouse challenged with DENV-2. Note tumefaction and vacuolization
of hepatocytes placed around the medzonal area; bar=23 pm. (¢) Normal aspect of hepatic tissue of mouse immunized with the pcTPANST and challenged
with DENV-2; bar=23 pm. (d) Mouse liver tissue infected with RJ DENV-2 and sacrificed 72 h post-infection. Note tumefation of hepatocytes around the
portal space, inflammatory cells around the biliar duct and vacuolization in endothelial portal cells, bar=15 pm. CLV: central lobular vein; H: hepatocyte; PS:

portal space; V: vacuolization; IC: inflammatory cells.

vein as well as sinusoid portal (Fig. 4b and d). Mice vac-
cinated with the pcTPANSI, on the other hand, presented a
significant decrease of such a damage, either in the number of
hepatic injury focus or in magnitude of tissue damages. Anal-
ysis in light microscopy of pcTPANS I -vaccinated mice liver
showed normal structured parenchyma, hepatocytes and sinu-
soid capillars in most of the studied area (Fig. 4c). Injury in
liver caused by RJ DENV-2 inoculation was more evident in
electron micrograph. Analysis in non-infected mice revealed
hepatocytes with numerous mitochondria, glycogen, rough
and smooth endoplasmic reticulum (Fig. 5a) and sinusoidal
borders presented short finger-like cytoplasmic extensions
(Fig. 5b). Hepatocyte in DENV-2 infected mice presented
cytoplasm rarefaction causing alterations in organels, such as
mitochondrial swelling and dilatation in rough endoplasmic
reticulum (Fig. 5¢). Damages were also noted in sinusoidal
wall with endothelial capillar break (Fig. 5d). In pcTPANS 1-
immunized animals, normal hepatocytes and sinusoid cap-
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illars with preserved endothelium were observed (Fig. Se
and f).

Mice challenged by i.c. inoculation with the mouse brain-
adapted NGC DENV-2 was monitored the following 21 days.
This challenge model is a well-established mice model for
vaccine tests against DENV, in which morbidity, regarding
mainly the development of hind leg paralysis, and mortal-
ity is recorded. In the non-immunized animal group, the first
paralyzed mice were detected 8 days after virus inoculation
and on the 13th day 95% of mice presented paralysis or dyed
(Fig. 6a). In the pcTPA-inoculated mouse group morbidity
was observed 7 days after virus challenge and on the 13th
day also 95% of animals were paralyzed or dead (Fig. 6a).
Incontrast, in pcTPANS1-immunized animal group only two
mice (10% of animals) presented paralysis. One mouse pre-
sented a temporary paralysis from the 10th to the 13th day
and the other animal was permanent paralyzed from the 12th
day (Fig. 6a). Morbidity rate differences observed between
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Fig. 5. Ultrathin section analysis of liver tissue from Balb/c mice challenged with i.p inoculation of RI DENV-2 (100TCIDsp). Mice were treated as described
in Fig. 4. (a) and (b) Non-infected liver hepatocytes showing dense cytoplasm, normal aspect of cell organelles and regular structured sinusoidal border with
fenestrated endothelium (arrow head): bar=2.5 pm. (¢ and d) Hepatocytes of RJ DENV-2 infected mice. Note general tumefaction, cytoplasm rarefaction,
alteration of cell organelles, such as mitochondrial swelling, dilatation of rough endoplasmic reticulum and capillar endothelial break (arrow); bar=2.5 um
(c) and 1.2pm (d). (e and f) Normal aspect of hepatocytes and sinusoid capillar with fenestrated endothelium (arrow head) of mice immunized with the
pcTPANST and challenged with RTDENV-2; bar= 1.4 um (e) and 1.0 pum (f). H: hepatocyte; D: Disse’s space; SC: sinusoid capillar; M: mitochondria; rER:

rough endoplasmic reticulum.

pcTPANSI-immunized mice and control animals were in
accordance to survival rate detected in this animal group,
which was remarkably different from the two other groups.
The pcTPANSI-immunized animals were 100% protected
against DENV-2 i.c. challenge, while only 30% and 45% of
non-immunized or pcTPA-inoculated mice, respectively, sur-
vived to virus inoculation (Fig. 6b).

Levels of NSl-specific antibodies were analyzed prior
and after challenges. No significant increase of antibody
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titers against the NS|1 protein was observed 3 days following
i.p. challenge when pcTPANS1-immunized mice were sac-
rificed (Fig. 7a). Non-immunized or pcTPA-inoculated mice
i.p. challenged with RJ DENV-2 did not present detectable
NS1-specific antibodies (data not shown). On the other hand,
NS1-specific antibody levels increased significantly after
i.c. challenge with NGC DENV-2 in pcTPANS | -vaccinated
mice (titers ranging from 30,000 before challenge to
185,000 after virus inoculation), while pcTPA-inoculated or
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Fig. 6. Percentage of morbidity (a) and survival (b) of Balb/c mice immunized with pcTPANST or pcTPA and i.c. challenged with NGC DENV-2 (4.32 logio
PFU). Groups of mice (n=20) were L.m. immunized with two DNA doses (100 wg each) and challenged 4 weeks after the first plasmid inoculation. Non-
immunized control mice (n =20) followed the same virus infection procedure. Mice were daily monitored and pathological symptoms, mainly hind leg paralysis,

were recorded.
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Fig. 7. NS1-specific antibody response in Balb/c mice after challenges DENV-2. Mice were i.m. immunized with two DNA doses and challenged 4 weeks after
the first plasmid inoculation. (a) Mice immunized with pcTPANSI and sacrificed 3 days after i.p. inoculation of RI DENV-2 (n=4). (b} Mice inoculated with
pcTPANSI, peTPA or non-immunized animals and i.c. challenged with NGC DENV-2. Twenty-one days after challenges, survived animals were sacrificed
and serum samples were collected (n=20 for pcTPANSl-immunized, n=9 for pcTPA-injected and n =6 for non-immunized mice). Titers of NS1-specific

antibodies were determined in ELISA with purified NS1 protein expressed in insect cells as solid-phase bound antigen. Data represent the mean of individual
values in each animal group tested in duplicate and bars are standard deviation of the mean.

non-immunized survived animals presented remarkable
lower NS1-specific antibody titers after challenge (mean of
50,000 and 30,000, respectively) (Fig. 7b).

4. Discussion

In the present report a plasmid containing the NS1 gene
from DENV-2 fused to the t-PA signal sequence (pcTPANS 1)
was constructed in order to evaluate the potential of such
an approach to induce an NS1-specific antibody response as
well as to confer protection in mice. Results indicate that
pcTPANSI drives secretion of the recombinant NS1 protein
in a dimeric form to the surrounding medium, as revealed by
Western blot analysis of pcTPANS-transfected BHK cells.
According to previous observations, NSI is secreted from
DENV infected mammalian cells as adimmer [26,27] and can
then be organized as hexamers [28]. Stability of the dimmer

is influenced by glycosylation of the protein, which con-
tains two conserved N-glycosylation sites [27,28]. Therefore,
the secretion of NS1 as a dimmer by in vitro pcTPANSI-
transfected cells suggests that this proteinis glycosylated and
that the NS1 synthesized in vivo after inoculation of such a
plasmid might have a tri-dimensional structure similar to the
native viral protein.

Several reports indicate that the efficiency and magni-
tude of immune responses elicited by DNA vaccines are
influenced by the ability of the expressed antigen to be
secreted [29,30]. In agreement with such observations, our
current work has demonstrated that mice immunized with
the pc TPANSI plasmid presented high levels of NS1-specific
antibodies, especially in animals im. inoculated. Levels
of pcTPANSI-induced antibodies were higher than those
detected in serum samples of human patients with primary
or secondary DENV infections, as described by Lemes et
al. [22] in ELISA assays similar to those presented herein,
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using the NSI protein expressed in insect cells as the solid-
phase bound antigen. Furthermore, a long-term humoral
immune response was observed in pcTPANSI-inoculated
animals presenting specific-NS1 antibodies even 56 weeks
after the first plasmid inoculation, with a significant increase
after a booster. Such results indicate the activation of an
immunological memory with a rapid secondary antibody
response, similar to other investigations with DNA vaccines
against different pathogens [31-33]. Moreover, antibodies
generated after immunization with the pcTPANSI plasmid
strongly recognized the intact NS1 expressed in insect cells,
while the reaction was weakly detected when this protein
was heat-denatured. Both observations indicate that such
antibodies were mainly directed to conformational surface-
exposed epitopes. Consistent with these findings, no reaction
was observed between pcTPANSI-elicited antibodies and
the recombinant NS1 expressed in E. celi, which is unable
to make posttranslational modifications, such as glycosyla-
tions, and consequently might synthesize a protein with a
tri-dimensional structure remarkably different from the native
viral protein.

Immunization with the pcTPANS|1 plasmid provided pro-
tection against challenges with DENV-2 in two different
models. Experiments with i.p. inoculation of a DENV-2
isolated from a patient displayed that non-immunized or
control plasmid (pcTPA) inoculated mice presented hepatic
injuries in focal zones, characterized by micro and macro
vacuolization of the central lobular vein and sinusoidal portal
endothelia, in conjunction with swelling of hepatocytes pre-
senting cytoplasm rarefaction and altered organelles. Similar
liver tissue damages have previously been reported in other
studies with DENV infected mouse models [34,35]. In con-
trast, tissue injuries were significantly reduced or absent in
pcTPANS1-vaccinated mice, revealing a protective immune
response against a non-adapted virus, which circulates in
human populations. Protection generated by pcTPANSI was
also confirmed in challenge experiments with i.c. inoculation
of NGC DENV-2, a mouse adapted virus. All pcTPANSI-
vaccinated mice survived DENV-2 inoculation, while 70%
and 55% of non-immunized and pcTPA-injected animals,
respectively, died after virus challenge. Experiments were
performed in adult Balb/c mice that are naturally less suscep-
tible to i.c. DENV inoculation as compared to newbom mice,
which may explain the survival rates observed in control ani-
mals. Besides, the difference in death rate detected between
non-immunized and pcTPA-inoculated animals could be
explained by the presence of bacterial derived CpG motifs
in this plasmid, which has shown to be an immunostimulator
factor, acting as a non-specific host innate immune response
inductor [36,37]. However, severe morbidity was observed
in both control mouse groups after challenges with NGC
DENV-2, with 95% of hind leg paralysis or death. Mor-
bidity rate in pcTPANSI-vaccinated animals, on the other
hand, was substantially lower. Only two mice (10%) pre-
sented hind leg paralysis, one of which completely recovered
normal function after 4 days. Most pathologies observed in

mice submitted to i.c. DENV inoculations were concentrated
in nervous system although the engagement of hepatic tissue
is also possible. Further histopathological analysis will be
performed in tissues of survived animals in order to evaluate
the damage extension in several organs.

Another DNA vaccine based on the NSI protein [38]
was also reported, in which a protection of C3H mice i.m.
injected with a DNA vaccine and challenged with intravenous
moculation of a DENV-2 isolated in Taiwan was observed,
although 28% of the vaccinated animals died post challenge
and 30% developed hind paralysis [38]. Another difference
between our studies and those from Taiwan [38] is the mag-
nitude of antibody response elicited by both DNA vaccines.
Mice immunized with pcTPANSI produced high levels of
NS1-specific antibodies, while in the Wu et al. [38] results,
NS|1-specific antibodies could only be detected after virus
challenge. One possible explanation for these differences is
the presence of the t-PA signal sequence in the pcTPANSI
plasmid, which is a known efficient peptide promoting the
secretion of recombinant proteins to extracellular medium
in other DNA vaccines [39—41]. Animals vaccinated with
pcTPANSI exhibited a significant increase of NS1-specific
antibody titers 21 days after i.c. challenge, which indicates a
strong secondary immune response. This titer increase also
demonstrated that virus was still replicating in host cells,
although a significant protection was observed in these chal-
lenged animals. Such results were expected, since NS1 is not
present in the virion particle and, consequently, the immune
response against this protein can only be protective atter some
mitial virus replication in host cells. Animals challenged with
i.p. virus inoculation did not show significant increase in
NS1-specific antibody levels. These animals were sacrificed
3 days after challenge, which may not be sufficient time for
a secondary response.

NS1 is a particularly interesting protein for vaccine stud-
ies, since it is highly immunogenic, evoking a strong antibody
response in recovered dengue patients. Antibodies against
NS1 may confer protection due to its Fc portion with comple-
ment fixing activity, which seems to kill infected target cells
withoutthe risk of ADE virusreplication [9,10,38,42]. Immu-
nization with the pcTPANSI plasmid induced high levels
of NS1-specific antibodies and conferred protection against
virus challenge. These antibodies probably have a role to
play in the protection conferred by the pc TPANS 1 immuniza-
tion, although the possibility of a cellular immune response
elicited with this DNA vaccine, which may also contribute
for such protection, cannot be excluded and further studies
will be necessary in order to evaluate this question.
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Abstract

Dengue is one of the most important mosquito-borne viral disease causing dengue fever and/or dengue shock syndrome/haemorrhagic fever.
In some reports. the non-structural protein 1 (NS1) has been identified as a promising antigen for the development of vaccines against dengue
virus (DENV). Apparently, it can elicit a protective antibody response with complement-fixing activities. In order to investigate the potential of
a DNA vaccine based on the NS1 protein against DENV, we used the plasmid pcTPANS 1, which contains the secretory signal sequence derived
from human tissue plasminogen activator (t-PA) fused to the full length of the DENV-2 NS1 gene. All Balb/c mice intramuscularly inoculated
with the pcTPANS| presented high levels of NS1-specifc antibodies. Vaccinated animals were challenged with intracerebral DENV-2 virus
inoculations and a 100% survival was observed. In general, results demonstrate that the pcTPANS| plasmid is able to induce protection in
mice, and then may be used as a vaccination approach against DENV in further assays.
© 2005 Elsevier Ltd. All rights reserved.

Keywards: DNA vaccine: Dengue: NS1

1. Introduction (ADE) of the infection, probably caused by non-neutralizing
antibodies reacting to the virus envelope protein (E) [6].

Dengue viruses consist of four distinct antigenic types DNA-based vaccines have been shown to induce long last-
(DENV-1-4) causing one of the most important arboviral dis- ing cellular and humoral immunity against several pathogens
ease. Infection with DENV is a global public health problem, including flaviviruses [7,8]. Based on these evidences, in the
with recurring epidemics in tropical and subtropical regions present work, we investigated the use of a plasmid encoding
of the world [1]. The disease presents a wide range of clinical the NS1 DNA sequence from DENV-2, fused to the human
symptoms, including a mild self-limiting acute febrile illness, tissue plasminogen activator (t-PA) signal sequence, as a
the dengue fever (DF), and hemorrhagic fever and/or shock DNA vaccine. Mice immunized with this plasmid presented
syndrome (DHF/DSS) [2]. Although considerable research high levels of NS1-specific antibodies and were protected
has been done towards the development of a DENV vaccine, against DENV-2 challenge.

no vaccine is yet available for clinical use [3].
Several reports have shown that the non-structural 1 pro-

tein (NS1) from DENV is highly immunogenic and may 2. Materials and methods
induce protective antibodies with complement fixing activity,
which kills infected target cells [4,5]. Besides, the NS1- 2.1. Immunization procedure
elicited immune response seems to be effective without the
risk of the phenomenon of antibody dependent enhancement The pcTPANS1, a peDNA3 modified plasmid, which con-
tains the NS1 region from DENV-2 fused to the t-PA secretory
* Corresponding author. Tel: +55 21 3865 8133; fax: +55 21 2590 3495, signal sequence, was used for immunizations. Control exper-
E-mail address: ada@ioc.fiocruz.br (AM.B. Alves). iments were performed with the pcDNA3 vector. Plasmids

0264-410X/S — see front matter © 2005 Elsevier Ltd. All rights reserved.
doi: 10.1016/f.vaccine.2005.08.022
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were purified from Escherichia coli by Qiagen Plasmid Giga
kits (Qiagen). Male Balb/c mice, 46 weeks old, were intra-
muscularly (i.m.) injected in each hind limb tibialis anterior
muscle with 50 wg of the pcTPANS|1 or pcDNA3 plasmids
dissolved in 50 w1 of PBS (100 pg/dose/mice). Mice were
inoculated with two DNA doses, given two weeks apart, and
bled before immunization (pre-immune) and 4 weeks after
the first DNA dose.

2.2. Detection of NSi-specific antibodies by ELISA

ELISA was carried out with the recombinant DENV-
2 NS1 protein, as solid-phase bound antigen, expressed in
mosquito cells (Hawaii Biotechnology Group Inc.). Wells of
MaxiSorp plates (Nunc) were coated at 37 °C for 1h with
0.1 pg of NS1 protein in 100 pL. PBS. ELISA was then per-
formed as described elsewhere [9] with goat anti-mouse IgG
conjugated with horseradish peroxidase (Southern Biotech-
nology). Titres were established as the reciprocal of serum
dilution, which gave an absorbance above that of the respec-
tive pre-immune serum.

2.3. DENV-2 challenge in mice

The mouse brain-adapted DENV-2, strain New Guinea
C (NGC), was used for challenge experiments, Two weeks
after the second DNA dose, each immunized mouse was chal-
lenged with intracerebral (i.c.) inoculation with 30 pL of 4.32
logp PFU (5.84 logp PFU/mL) of DENV2. Inoculum was
back-tittered in Vero cells immediately after the challenge
procedure, as described previously [10]. Mice were sepa-
rated in three groups: pcTPANSI- and peTPA-immunized
mice and non-immunized animals, all challenged with the
same virus sample. Animals were monitored for 21 days and
deaths were recorded.

3. Results and discussion

The pcTPANSI plasmid was tested as a DNA vaccine
against DENV in a murine model. Balb/c mice were i.m.
immunized with this plasmid and the humoral immune
response was analysed in ELISA tests. Serum samples were
individually screened for reactivity against the NSI. All
pcTPANS I-immunized mice (n=10) presented a signifi-
cant antibody response, with titres ranging from 21,000 to
32,000 (Fig. 1). Control animals inoculated with the pcDNA3
(n=10) did not present antibodies recognizing the NS1 pro-
tein (Fig. 1). These results indicate that the NSI protein is
expressed in vivo after the pcTPANSI inoculation and that
such expression is able to induce a strong antibody response.

The efficacy of such vaccine in inducing a protec-
tive immunity was analyzed. pcTPANSI- and pcDNA3-
inoculated animals were challenged 4 weeks following the
first immunization, which corresponds to peak level of NS1-
specifc IgG antibodies. Two independent challenge experi-
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Fig. 1. Individual NS1-specific IgG response of pcTPANSI-immunized
mouse sera. Animals were i.m. inoculated with two DNA doses and blood
samples were taken 4 weeks after the first immunization for ELISA. Sam-
ples of pcDNA3-inoculated mice were pooled. Titres were established as the
reciprocal of the serum dilution that gave an absorbance above that of pre-
immune sera. Data represent the mean of duplicate values for each sample.

ments were performed at the same conditions. In both exper-
iments, all pcTPANSl-immunized mice survived to virus
challenge (Table 1). In contrast to the 100% survival of vac-
cinated mice, control groups presented a significant reduced
survival rates. Animals inoculated with the pcDNA3 vector
showed 50% (5/10) and 40% (4/10) survival rates, while in
non-immunized control group, 25% (2/8) and 30% (3/10) of
animals survived to virus challenge in the first and second
experiments, respectively (Table 1). Differences in survival
rates observed between pcDNA3- and non-immunized ani-
mals might be explained by the presence of CpG motifs in
the background of the pcDNA3 plasmid, which is a known
immunostimulator factor [11] and could promote a non-
specific protection. However, protection conferred by the
pcTPANS| immunization is undoubtedly specific to the NS1
protein,

Another DNA vaccine based in the NS1 protein was also
reported [ 12],in which vaccinated C3H mice were challenged
intravenously with a DENV-2 isolated in Taiwan. However,
protection was not complete and the NS1-specific antibody
response was marginal [12]. In general, results here presented
demonstrate that the pcTPANS | plasmid is a promising DNA
vaccine and might be used in further approach for the devel-
opment of a vaccine against DENV,

Table 1
Protection of Balb/c mice i.c. challenged with the mouse brain-adapted
DENV-2 NGC

Independent No. of survivors/no. total (% survivors)

experiment - - b
peTPANS® peDNA3® DENV-2"

1 10/10(100%) 5/10(50%) 2/8(25%)

2 10/10(100%) 4/10 (40%) 3/10(30%)

¢ Mice L.m. immunized with two DNA doses and challenged with DENV-2
NGC 4 weeks after the first immunization.
P Non-immunized mice challenged with DENV-2 NGC.
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4.11.2 —Resumo dosresultados do artigo 3

O artigo 3 compara os resultados obtidos com os plasmideos recombinantes pcENSL,
PCTPANSL, pcENSIANC e pcTPANSIANC quanto a expressdo da proteina NS1 in vitro, a
inducéo da resposta imune humoral em camundongos BALB/c e a protecéo contra o desafio
com DENV-2.

Primeiramente, foram construidos quatro plasmideos recombinantes contendo o gene
NS1: pcENSL, que contém a sequiéncia de 63 nucleotideos que codifica aregido C-terminal da
proteina E fusionda ao gene NS1 clonado no plasmideo pcDNA3; pcENSIANC semelhante
a0 pcENSL1 com a adicdo da sequiéncia de 138 nucleotideos que codifica a por¢cdo N-terminal
da proteina NS2A (ANC) ajusante do gene NS1, clonado no plasmideo pcDNA3; pcTPANSL
gue contém o gene NS1 clonado a jusante da seqiiéncia que codifica o peptideo sinal t-PA;
pcTPANS1ANC, que compreende a sequiéncia t-PA, seguida do gene NS1 e da sequéncia
ANC. A integridade das construcdes foi confirmada por seqiienciamento.

A expressdo da proteina NS1 a partir destes plasmideos foi avaliada pela transfeccéo
de células BHK-21. A proteina recombinante NS1 foi detectada por imunofluorescéncia, no
citoplasma das células transfectadas com os plasmideos pcTPANSL, pcENS1 e pcENS1ANC.
Contudo, tal proteina ndo foi observada nas células transfectadas com o plasmideo
PCTPANSIANC, assim como nos controles. Além disso, a expressao de NS1 foi confirmada
por western-blot. Uma proteina de aproximadamente 48 kDa, que corresponde a NS1, foi
detectada no extrato celular e no sobrenadante das células transfectadas com os plasmideos
pcTPANSL, pcENS1 e pcENSIANC, indicando que as duas sequéncias sinais utilizadas
(t-PA e por¢do C-terminal da proteina E) foram capazes de direcionar a proteina recombinante
paravia do reticulo endoplasmético e sua posterior secrecdo. Mais uma vez, ndo foi observada
a expressao de NS1 nos extratos das células transfectadas com o plasmideo pcTPANSIANC,
0 que sugere uma incompatibilidade das sequiéncias hidrofobicas t-PA e ANC em uma mesma
construcdo. A proteina NS1 detectada nos sobrenadantes das culturas apresentou peso
molecular de 96 kDa, quando as amostras ndo foram desnaturadas, indicando que tal proteina
estd sendo secretada na forma de dimeros.

A andlise por microscopia eletrénica das células BHK-21 transfectadas com os
plasmideos recombinants pcTPANSL, pcENS1 e pcENSIANC evidenciou a presenca da
proteina NS1 em vesiculas. Entretanto, somente nas células transfectadas com pcENS1ANC,

a proteina recombinante também foi observada associada a membrana plasmética. Tais
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resultados confirmam as suposicdes de que a regido C-terminal da proteina NS2A ¢é essencial
para a associacdo da proteina NS1 a membrana citoplasmética da célula hospedeira.

A seguir, arespostaimune humoral gerada pela imunizagéo de camundongos BALB/c
com os diferentes plasmideos foi avaliada por ELISA. Grupos de camundongos (n = 10)
foram imunizados com os plasmideos recombinantes pcTPANS1, pcTPANSLIANC, pcENS1
e pcENSIANC, e com os plasmideos controles. Todos 0s animais imunizados com 0s
plasmideos pcTPANS1 e pcENS1 apresentaram niveis de anticorpos anti-NS1 homogéneos e
significantemente maiores do que o controle. Por outro lado, a inoculagdo com o
pPCENSIANC induziu uma resposta bastante heterogénea, em que somente metade dos
animais apresentou anticorpos anti-NS1, e em niveis mais baixos que os gerados com o
PCENSL ou 0 pcTPANSL. Conforme o esperado, a inoculagdo com o pcTPANS1IANC néo
induziu uma resposta contra NS1.

A cinética da resposta de 1gG especifica contra NS1 induzida nas imunizagdes com 0s
plasmideos pcTPANSL e pcENSL foi bastante semelhante, com o pico da resposta ocorrendo
na 4% semana apds a primeira inoculagdo e mantendo-se estavel nas 6 semanas seguintes. A
inoculagdo do plasmideo pcENSIANC induziu um padréo semelhante de resposta humoral,
contudo com niveis de anticorpos foram bem mais baixos. Nas trés imunizacGes, os
anticorpos gerados reconheceram predominantemente epitopos conformacionais da proteina
NS1, expressa em células de drosdfila, uma vez que as reagdes detectadas se mostraram muito
menores quando tal proteina foi desnaturada por calor e utilizada nas placas de ELISA.

Considerando que os plasmideos pcTPANSL e pcENS1 geraram uma resposta imune
humoral homogénea, a protegdo gerada pela imunizacdo com esses plasmideos foi avaliada
em experimentos de desafio intracerebral com DENV-2.

Camundongos (n = 30) imunizados com pcTPANS1, pcENS1 e controles foram
desafiados com DENV-2 por viai.c., quatro semanas apés a primeira dose de DNA. As duas
vacinas geraram niveis de protecdo elevados, embora 0s animais imunizados com o
pcTPANSLI tenham apresentado uma taxa de sobrevivéncia (97%) maior do que os inoculados
com o plasmideos pcENSL1 (87%). Por outro lado, nos grupos controles apenas 33% dos
animais sobreviveram ao desafio. A andlise dos sinais clinicos observados nos camundongos
dos diferentes grupos corrobora estes dados. Enquanto a taxa de morbidade dos grupos
controles foi de 90%, apenas 10% dos animais inoculados com o pcTPANSL e 27% dos
imunizados com o pcENSL1 apresentaram algum tipo de sinal clinico. Estes resultados indicam
gue a inoculagdo com o vetor pcTPANSL foi levemente mais protetora do que a imunizagdo
com pcENS1, embora os dados ndo sejam estatisticamente significativos.
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A andlise dos niveis de anticorpos anti-NS1 no soro de camundongos inoculados com
0 plasmideo pcTPANSL ou pcENS1 mostrou um aumento de mais que 5 vezes nos titulos
destes anticorpos apds o desafio com o virus. A avaliagdo do perfil das subclasses de
anticorpos IgG1 e 1gG2a especificos contra NS1 mostrou que camundongos inoculados com o
plasmideo pcTPANSL apresentaram principalmente anticorpos 1gG1, antes e depois do
desafio com o virus, enquanto que os titulos de 1gG1 e IgG2a foram semelhantes em animais
imunizados com pcENSL. Essas diferencas podem estar relacionadas a protegdo, levemente
maior, gerada pela imunizagdo com o plasmideo pcTPANSL. Ja os animais controles
(inoculados com pcTPA ou ndo imunizados), que sobreviveram ao desafio apesar de exibirem
fortes sinais clinicos, apresentaram anticorpos anti-NS1 predominantemente do tipo 1gG2a.

Também foram realizados ensaios de soroneutralizacdo em células Vero, utilizando o
soro de animais vacinados com estes plasmideos. Nao foi observado nenhum nivel de
soroneutralizagéo nestes testes.

Em adicdo aos dados deste artigo, foi avaliada a resposta imune humoral de longa
duracdo em animais imunizados com pcENS1. Semelhante ao observado com o0s animais
vacinados com pcTPANSL (artigol), camundongos inoculados com o plasmideo pcENS1
ainda exibiam niveis detectéaveis de anticorpos especificos contra NS1 na 56° semana (titulos
de aproximadamente 6.500). Apds uma dose reforco nestes animais houve um rapido e
significativo aumento nos niveis de anticorpos anti-NS1 (titulos de aproximadamente
120.000) (Figura 11), indicando que a inoculagdo com estas vacinas de DNA induz uma
respostaimune de longa duragdo e de memoria.
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Figura 4.3: Resposta imune humoral de longa duracdo em camundongos BALB/c
imunizados com os plasmideos pcTPANSL1 e pcENSL, avaliada antes e depois do reforco.
Os animais foram sangrados 56 semanas ap0s 0 inicio do experimento e 2 semanas apds 0
reforco com a terceira dose de DNA (58 semanas). Os niveis de anticorpos 1gG foram
avaliados por ELISA utilizando proteina NS1 expressa em células de drosofila em sua forma

intacta.
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Abstract

We analyzed four DNA vaccines based on DENV-2 NS|1: pcENSI, encoding the C-terminal from E protein plus the NS1 region; pcENSTANC,
similar to pcENS! plus the N-terminal sequence from NS2a (ANC); pcTPANSI, coding the t-PA signal sequence fused to NSI; and
pcTPANSIANC, similar to pcTPANSI plus the ANC sequence. The NS1 was detected in lysates and culture supematants from pcTPANSI-,
pcENSI- and pcENS1ANC-transfected cells and not in cells with pcTPANSIANC. Only the pcENS1ANC leads the expression of NS1 in plasma
membrane, confirming the importance of ANC sequence for targeting NS1 to cell surface. High levels of antibodies recognizing conformational
epitopes of NS1 were induced in mice immunized with pcTPANSI and pcENSI, while only few pcENSIANC-inoculated animals presented
detectable anti-NS|1 IgG. Protection against DENV-2 was verified in pcTPANS1- and pcENS | -immunized mice, although the plasmid pcTPANS|

induced slight higher protective immunity. These plasmids seem to activate distinct patterns of the immune system.

© 2006 Elsevier Inc. All rights reserved.

Keywords: DNA vaccine; Dengue virus; NS1; Mouse; Challenge

Introduction

Dengue virus (DENV) is a mosquito-borne virus in the genus
Flavivirus, family Flaviviridae, consisting of four antigenically
related serotypes: DENV-1, DENV-2, DENV-3, DENV-4
(Lindenbach and Rice, 2001). Infection with these viruses can
result in a broad spectrum of effects, including a self-limiting
acute febrile illness, dengue fever (DF), which may evolve to
severe disease forms, dengue hemorrhagic fever/dengue shock
syndrome (DHF/DSS), with homeostatic and vascular perme-
ability abnormalities (Rothman, 2004). Annually, it is estimated
that 50—100 million cases of dengue occur in tropical and
subtropical regions, in which 500,000 result in the DHF/DSS,
with more than 20,000 deaths (Guzman and Kouri, 2002).
Because of the importance of such disease, conceming mor-

* Corresponding author. Fax: +55 21 25903495,
E-mail address: ada@ioc.fiocruz.br (AM.B. Alves).

0042-6822/8 - see front matter © 2006 Elsevier Inc. All rights reserved.
doi:10.1016/.virol.2006.08.052
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bidity and mortality, the development of an effective vaccine
against DEN Vs has been considered a high priority by the World
Health Organization. One of the major difficulties associated
with DENV vaccine is attributed to observations that most of
DHF occur in individuals experiencing a secondary virus infee-
tion, which lead to the need of a safe and efficient tetravalent
vaccine (Rothman, 2004). Since traditional methodologies were
not successful, several new approaches have been proposed,
including DNA vaccines (Edelman, 2005; Kinney and Huang,
2001).

The DENV are enveloped, single-stranded, positive-sense
RNA virus of approximately 11 kb long, which contains a single
open reading frame, encoding a polyprotein precursor that is
processed by viral and host cell proteases to produce three
structural proteins, capsid (C), premembrane/membrane (prM/
M) and envelope (E), and seven nonstructural (NS) proteins,
NS1, NS2ZA, NS2B, NS3, NS4A, NS4B and NS5 (Lindenbach
and Rice, 2001). Most of experimental vaccines against DENV
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are based on the glycoproteins E and NS1, in a lesser extent. The
E protein contains major epitopes responsible for eliciting
neutralizing antibodies (Brinton et al., 1998; Chambers et al.,
1990). However, such protein may also induce non-neutralizing
antibodies involved in the phenomenon of antibody dependent
enhancement (ADE) of the infection, which might be one of the
major factors for the increase of DHF in secondary infections
(Halstead and O’Rourke, 1977; Halstead and Deen, 2002).

The NS1 protein, in its turn, is highly immunogenic and can
also induce protection in experimental animals against different
flaviviruses (Brinton et al., 1998; Schlesinger et al., 1987).
Several reports have shown that this protein may generate
antibodies with complement fixing activity, which seems to kill
infected target cells (Schlesinger et al., 1987, 1993). Since the
NS1 is not present on the virion, antibodies against such protein
may be elicited without the risk of the ADE. The NS1 is found
in mammalian infected ecells associated with plasma membrane
and also secreted into the circulation as a soluble multimer
(Flamand et al., 1999; Jacobs et al., 2000; Young et al., 2000).
Although its function is not fully elucidated, evidences suggest
that NS is involved in viral RNA replication (Mackenzie et al.,
1996). The mature protein is essentially hydrophilic and lacks a
membrane-spanning domain. However, during virus infection,
such protein is translocated into the endoplasmic reticulum,
using a hydrophobic signal sequence present at the C-terminal
of the E protein, and associates in homodimer forms (Falgout et
al., 1989; Pryor and Wright, 1993; Winkler et al., 1989).
Dimeric NS1 is then anchored to cell membranes, probably via
a hydrophobic sequence at N-terminal of NS2a, which appears
to act as a signal sequence for glycosyl-phosphatidylinositol
(GPI) linkage of NSI (Jacobs et al., 2000; Pryor and Wright,
1993).

One advantage of applying DNA vaccines when compared to
other approaches is the possibility of targeting the in vivo
expressed recombinant antigen to different cell compartments.
Thus, addition of signal sequences can retain the protein in
cytosol or some sub-cellular compartments or direct it to cell
membrane or secretion into extracellular milieu (Alves et al.,
1998a; Donnelly et al., 2005; Lu et al., 2003). Therefore, the
effectiveness of these vaccines can be distinct from each other
since the different DNA construction strategy adopted may
affect antigen presentation to the host immune system and
consequently influence the elicited immune response (Alves et
al., 1999; Donnelly et al., 2005).

Based on these evidences, in the present work, we con-
structed four different DNA vaccines encoding the DENV-2
NS1 in frame with its natural signal sequence, present at the
C-terminal of the E protein, or with the secretory signal pep-
tide derived from human tissue plasminogen activator (t-PA).
Two of these constructs contained the hydrophobic stretch
derived from the NS2a protein in order to target the recom-
binant NS1 to host cell surface, while the other plasmids were
designed for protein secretion. Results demonstrated that these
constructions differed on their abilities to drive the expression
of NS1 in mammalian cells, to elicit NS1-specific antibodies in
mice and to confer protection against DENV-2 challenge in
these animals.

Results

Construction of different recombinant plasmids encoding the
nsl gene

Four different recombinant plasmids, pcTPANSI, pcTPAN-
SIANC, pcENSI and pcENSIANC, were constructed as
described in Materials and methods. In the pcTPANSI and
pcTPANSTANC constructs, the NS1 region from DENV-2 was
cloned in frame with the t-PA signal sequence. Both plasmids are
similar, except that the coding sequence of the pcTPANSTANC
was extended 138 nucleotides into the NS2A region (Fig. 1). The
two other plasmids, pcENS1 and pcENSIANC, contain the
sequence of 63 nucleotides, which codes the 21 amino acid
signal peptide derived from the C-terminal of the E protein, in
addiction to the NSI region (Fig. 1). The pcENSIANC also
encodes the 138 nucleotides from the NS2A region, similar to
peTPANSIANC plasmid (Fig. 1). The t-PA signal peptide and
the C-terminal hydrophobic region of the E protein were both
used to target the translocation of the NSI into endoplasmic
reticulum and its secretion to extracellular space.

In vitro expression of the NSI protein

The expression of recombinant NS proteins was evaluated
in BHK-21 cells transiently transfected with each plasmid. Cells
transfected with pcTPANS], pcENSI and pcENSIANC plas-
mids were positively stained by immunofluorescence assays
using a DENV-2 hyperimmune ascitic fluid (Fig. 2), which
indicates that these constructs promote the expression of the NSI
in eukaryotic systems. On the other hand, no reaction could be
detected in pcTPANS1ANC-transfected cell culture (Fig. 21),
although sequencing analysis revealed that the ns/ gene was
correctly cloned in this construct. As expected, cells transfected
with control vectors (pcTPA and pcDNA3) did not react with
DENV-2 antibodies (data not shown).

The expression of NS1 promoted by pcTPANSI, pcENSI
and pcENSTANC was confirmed by Western blot (Fig. 3). A
protein of approximately 48 kDa, corresponding to the NS1, was
detected in pcTPANSI- and pcENSI-transfected cell lysates
(Fig. 3a). In pcENSIANC-transfected cell extract, one slight
larger NS1 form was detected (Fig. 3a), probably due to the
presence of the C-terminal hydrophobic region of 46 amino
acids from the NS2a protein. Similar to results observed in the
immunofluorescence assays, the pcTPANSIANC-transfected
cell lysate did not present any corresponding NSI protein,
confirming that this construct was not able to promote the
expression of such protein. As expected, no related band was
observed in cells transfected with control vectors (Fig. 3a). The
presence of the NS| protein was also detected in culture super-
natants of pcTPANSI-, pcENSI1- and pcENS1ANC-transfected
cells (Fig. 3b), which demonstrated that the signal sequences
cloned upstream the ns ! gene (the t-PA sequence and C-terminal
hydrophobic region from the E protein) indeed targeted the
recombinant protein to secretion. In order to evaluate whether
secreted NS| was in monomerie or dimeric forms, samples were
suspended in non-reducing conditions, submitted or not to heat
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Fig. 1. Schematic diagram of DENV-2 genome map and plasmid constructs. Black area represents the NS1 region; hatched boxes represent signal sequences from the
C-terminal of E protein (E) and the N-terminal of NS2a protein (ANC); open box represents the signal peptide derived from the human tissue plasminogen

activator (t-PA).

treatment. Results showed that NS1 proteins were secreted
mainly in a dimeric form of approximately 96 kDa, which be-
came monomers of approximately 48 kDa after heat denatur-
ation (Fig. 3b). A recombinant NS1 protein expressed in insect
cells was used as a positive control. Such protein presented a
slight size difference when compared to the NS1 expressed in
BHK cells (Fig. 3b), which may be due to distinct glycosylation
patterns from these two expression systems.

The NSI localization in transfected BHK cells by electron

microscopy

Cells transfected with pcTPANSI, pcENSI and pcEN-
SIANC were immunostained with DENV-2 hyperimmune
ascitic fluid and analyzed by electron microscopy in order to
localize the NS1 protein. As expected, the protein was detected
mainly in vesicles in all transfected cells, showing its targeting to

Fig. 2. BHK-21 cells transfected with the different recombinant plasmids: peTPANSI (a, e), pcTPANSIANC (b, f), pcENSI (¢, g) and pcENSTANC (d, h). Cells were
permeabilized, fixed and teated with DENV-2 hyperimmune mouse ascitic fluid and anti-mouse fluorescein-conjugated goat IgG. Phase contrast (a—d);

immunofluorescence (e—h). Magnification, = 400.
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Fig. 3. NS1 protein expressed from recombinant plasmids in transfected BHK cells and detected in Western blots of SDS-PAGE, using DENV-2 hyperimmune mouse
ascitic fluid. Samples were suspended in SDS-PAGE buffer with heat treatment (a) or in phosphate buffer with protease inhibitors without 2-mercaptoethanol,
submitted or not to heat treatment (b). (a) Whole-cell extracts harvested from transfections with pcDNA3 (lane 1), pcTPANSI (lane 2), pcTPANSIANC (lane 3),
pcENSI (lane 4) and pcENSTANC (lane 5). Arrow indicates bands corresponding to the NS1 protein. (b) Purified NS1 protein expressed in insect cells (lanes 1 and 2)
and culture supematants harvested from cells transfected with pcTPA (lane 3), pc TPANST (lanes 4 and 5), pecDNA3 (lane 6), pcENS1 (lanes 7 and 8) and pcENSTANC
(lanes 9 and 10), not submitted to heat treatment (lanes 1, 4, 7 and 9) or boiled for 5 min (lanes 2, 3, 5, 6, & and 10).

the secretory pathway (Fig. 4). In cells transfected with the
pcENSIANC, vesicles containing NS1 were seen close to and
fused with the cytoplasmic membrane, which in some parts lead
to its anchoring to the membrane on the surface of the cell (Figs.
4c and d). Such results confirm that the recombinant protein is
predominantly secreted, due to the signal peptide sequences
cloned upstream of the gene, and that the hydrophobic sequence
from the NS2a protein is essential for the NS1 association with
the plasma membrane.

Antibody response elicited in mice immunized with different
plasmids

Serum samples from mice immunized twice with one of the
recombinant plasmids were tested individually by ELISA,
4 weeks after the first DNA injection. All pcTPANSI- and
pcENS1-inoculated animals presented a significant NS1-spe-
cific antibody response, with titers ranging from 20,000 to
30,000 in both cases, except for one animal in each group, which
presented higher antibody levels (41,000 and 61,000 for
pcTPANSI- and pcENSI-immunized mice, respectively)
(Figs. Sa and b). On the other hand, only half of pcEN-
STANC-inoculated animals (5 in 10) presented NSI1-specific
IgG response (two mice with antibody titers of approximately
1000 and three with titers ranging from 4700 to 5600) (Fig. 5c).
As expected, pcTPANS1ANC-inoculated mice did not present
any NSI-specific antibody response, as well as animals injected
with control vectors, pcTPA or pcDNA3 (data not shown).

Time course of serum NS1-specific IgG responses were then
analyzed in pooled samples from pcTPANSI- and pcENSI-
immunized groups and from the five NSI-positive mice ino-
culated with the pcENSTANC. Levels of NS1-specific antibodies
were very similar in animals immunized with pcTPANS] and
pcENSI1, which attained maximum values 4 weeks after the first
DNA dose and remained stable until 10 weeks after the beginning
of experiments (Fig. 6). Animals inoculated with pcENSIANC
presented considerable lower NS 1-specific antibody levels in all
time points tested (Fig. 6). However, humoral response patterns
were similar in the three immunization groups, with a significant

increase of antibody levels after the second DNA inoculation.
Epitope specificities of antibodies generated by immunization
with the three plasmids were analyzed, using intact or heat-
denatured forms of the NS1 protein as solid-phase bound antigen.
Antibodies raised in all immunizations recognized mainly the
intact form of NSI since reactivity of antibodies was drastically
reduced when the heat-denatured protein was used (approxi-
mately 30-fold lower when compared to the non-denatured NSI
during peak antibody level) (Fig. 6). These results suggest that
antibodies induced by the three plasmids recognized mainly
conformational surface-exposed epitopes, which are practically
absent in the heat-denatured NS protein.

Protective immunity in pcTPANSI- and pcENSI-vaccinated
mice

Since the pcTPANSI and pcENS1 elicited high and
homogenous NSI-specific antibody responses, they were
selected for further challenge experiments. The protective effi-
cacy of these plasmids was then evaluated in animals vaccinated
and ic. challenged with a mouse brain adapted DENV-2,
2 weeks after the second DNA dose, when peak antibody levels
were observed. As controls, mice inoculated with pcTPA or
pcDNA3 vectors or non-immunized animals were also chal-
lenged with DENV-2. Mice were monitored the following
21 days for mortality and morbidity, regarding mainly the
development of hind leg paralysis. Three independent challenge
experiments were performed for each vaccine at the same
conditions, and data are summarized in Fig. 7.

Paralysis was detected 7 days after challenge in control
groups (pcTPA, pcDNA3 and non-immunized mice) and, in
the end of experiments, 90% of these animals presented
remarkable signs of dengue infection (Figs. 7a and c). In fact,
most of these mice died 21 days after challenge, with survival
rates of 33.3% in non-immunized or pcDNA3-inoculated
groups and of 50% in pcTPA-injected animals (differences not
significant, p=0.19043) (Figs. 7b and d). In contrast,
pcTPANSI- and pcENS1-vaccinated animals showed a consid-
erable reduction in clinical signs, with morbidity rates of 10% (3/
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30) and 27% (8/30), respectively (significance with p <0.00001
in both cases, when compared to control groups) (Figs. 7aand c).
A strong correlation was observed between morbidity and sur-
vival rates. Indeed, both tested vaccines were highly protective

Fig. 4. Electron microscopy of transfected BHK cells, immunolabeled with
DENV-2 hyperimmune mouse ascitic fluid and anti-mouse colloidal gold
conjugated IgG. Cells transfected with: (a) pcTPANSI, scale bar=0.45 um; (b)
pcENS1, scale bar=0.22 pnu (c) pcENSIANC, scale bar=0.21 pm; (d)
pcENSTANC, scale bar=0.14 um. Note the NSI protein present in vesicles
(arrow), anchored to plasma membrane (arrowhead) and NS1 containing vesicles
fused to cytoplasmic membrane (asterisk).
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Fig. 5. Individual NS I-specific [gG response elicited in mice immunized with
(a) pcTPANSI, (b) pcENST and (c) pcENSTANC. Animals were i.m. inoculated
with two DNA doses, blood samples were taken 4 weeks after the first
immunization and tested by ELISA. Serum samples harvested from mice
inoculated with control vectors pcTPA or pcDNA3 were pooled. Titers were
established as the reciprocal serum dilutions which gave an absorbance above
that of preimmune sera. Data represent the mean of duplicate values for each
sample, and bars are standard deviation of the mean.

against DENV-2, in which 96.7% (29/30) and 86.7% (26/30) of
pcTPANSI- and pcENSI-immunized mice, respectively, sur-
vived to challenge (significance with p=0.00004 for pcTPANS1
and p=0.00003 for pcENS1, when compared to control groups)
(Figs. 7b and d). Results revealed that the pcTPANS plasmid
was slightly more protective than the pcENSI, although not
statistically significant, regarding either survival (96.7% for
pcTPANSI and 86.7% for pcENSI, p=0.16113) or morbidity
rates (10% for pcTPANSI and 27% for pcENSI, p=0.09527).
Besides, in pcENSI-immunized group, paralysis was noted on
the 7th day after challenge, while in animals vaccinated with the
pcTPANSI, clinical infection signs appeared only on the 9th
day.

Antibody response in vaccinated animals after challenge

Levels of NS1-specific antibody increased more than 5 times
after challenge with DENV-2 in both vaccinated animals (titers
ranging from approximately 32,000 or 25,000 before challenge
to 254,000 or 140,000 after virus inoculation in pcTPANS1- and
peENSI-immunized mice, respectively) (Fig. 8). In contrast,
control animals presented considerable low levels of NSI-
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Fig. 6. Time course of serum IgG response to NS protein from Balb/c mice im.
immunized with two doses of pcTPANS T, pcENS1 or pcENSTANC. Titers were
determined in ELISA using purified intact or heat-denatured NSI1 protein
expressed in insect cells, as solid-phase bound antigen. Data represent the mean
of duplicate values of pooled serum samples harvested from immunized mice.
Arrows indicate time point of DNA inoculations. Standard deviations were
always under 10% of the mean value.

specific IgG after challenge (titers ranging from 30,000 to
50,000) (data not shown).

The percentage of NS1-specific IgGl and Ig(G2a subclasses
was then analyzed in the two vaccinated mouse groups and
controls. Mice immunized with the pcTPANS] plasmid pre-
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sented mainly IgGl antibodies, either before or after virus
challenge (Fig. 9). On the other hand, immunization with the
pcENSI elicited similar levels of both IgG subclasses, and such
pattern remained similar after challenge (Fig. 9). In control
animals (non-immunized or pcTPA-injected mice), inoculation
of DENV-2 by the i.c. route induced predominantly NSI-spe-
cific I[gG2a.

Discussion

In an effort to develop an optimal DNA vaccine for dengue
virus based on the NSI protein, in the present report, we
expanded our previous work with the pcTPANSI] plasmid,
which contains the DENV-2 NSI1 region fused to t-PA signal
sequence (Costa et al., 2006a,b). Such construction was
compared to three other plasmids encoding the DENV-2 ns/
gene. In one construct (pcENS1), this gene was cloned in frame
with its natural leader sequence, present at the 3’ end of the
envelope gene. The same region present in the pcENS1 was
cloned in frame with the sequence coding the N-terminal
hydrophobic stretch of the NS2a protein in order to generate the
pcENSIANC. Another plasmid was constructed with the
addition of such NS2a sequence downstream the ns/ gene in
the pcTPANSI, engendering the pcTPANSIANC.

Expression of the recombinant NSI protein in transfected
mammalian cells was significantly different, depending on
the plasmid used. The pcTPANSI, pcENS1 and pcENSIANC
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Fig. 7. Percentage of morbidity (a, ¢) and survival (b, d) of Balb/c mice immunized with pcTPANSI (a, b) and pcENSI (¢, d) and i.c. challenged with NGC DENV-2.
Mice were Lm. immunized with two DNA doses and challenged 4 weeks afier the first plasmid inoculation. Non-immunized and pcTPA or pcDNA 3-injected mice
followed the same virus infection procedure. Mice were daily monitored, and pathological symptoms, mainly hind leg paralysis, were recorded. Data represent
compilation of three independent experiments, with groups of 10 animals in each test (n=30).
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Fig. 8. NSI-specific antibody response in pcTPANS [- and pcENS |-immunized
mice, before and after challenges with DENV-2. Mice were i.m. injected with
two DNA doses and challenged 4 weeks after the first plasmid inoculation.
Serum samples were collected 4 weeks after the first DNA immunization (before
challenge) and 21 days after virus inoculation (after challenge). Titers of NS1-
specific antibodies were determined in ELISA with purified NSI protein
expressed in insect cells as solid-phase bound antigen and calculated as
described in Fig. 5. Data represent the mean of duplicate values for pooled blood
samples, and bars are standard deviation of the mean.

plasmids were able to promote expression of NS1, while cells
transfected with the pcTPANSIANC did not present any
recombinant protein, as revealed by immunofluorescence
analyses. Apparently, the two signal hydrophobic sequences
(t-PA and ANC) are incompatible. One possible reason for such
results is that the presence of these two sequences may change
the NSI conformation, which prevented the correct protein
processing. The incorrect folding of the protein could then lead
to its accumulation inside the cell, which might be toxic and
consequently no viable pcTPANS1ANC-transfected cells could
be detected. In addition to the intracellular NS1 detected in cells
transfected with the three other plasmids, this protein was also
identified in Western blot of culture supernatant as dimeric
forms. These results indicate that both homologous and hetero-
logous secretory signal sequences were efficient for targeting
translocation of protein into the endoplasmic reticulum. Further-
more, the presence of secreted dimeric forms of NSI suggests
that this recombinant protein was expressed similarly to the
protein observed in DENV infected mammalian cells, in which
dimerization is essential for its export along the secretory
pathway to the plasma membrane (Pryor and Wright, 1993).
Moreover, the NSI contains two conserved N-glycosylation
sites and it was demonstrated that the addition of sugar groups to
this protein contributes to dimer stability, increasing its hydro-
phobicity (Flamand et al., 1999; Pryor and Wright, 1994). Thus,
secretion of the NS1 by cells transfected with the pcTPANSI,
pcENSI and pcENSIANC plasmids as dimers suggests that
these proteins are glycosylated.

Electron microscopy analyses of pcTPANSI-, pcENS1- and
pcENSTANC -transfected cells showed that the NS1 was found
mainly in cytoplasmic vesicles in the three cases. Such results
were consistent with the detection of NS1 in culture super-
natants, indicating that most protein is in fact target to the secre-
tory pathway. Furthermore, in pcENSIANC-transfected cells,

83

the NS1 was also found anchored to plasma membrane or
reaching the cell surface via membrane-bound vesicles. These
data confirm previous evidences that the NH, terminus of the
NS2a protein is in fact required for association of the NS1 to cell
membrane, probably via GPI linkage (Jacobs et al., 2000).

All Balb/c mice inoculated with pcTPANSI or pcENSI
developed a homogeneous humoral immune response with high
NSI-specific antibody levels. In contrast, only few pcEN-
STANC-immunized animals presented NS1-specific antibodies,
with heterogeneous levels, in which highest titers were approx-
imately six-fold lower than those found in mice inoculated with
the two other plasmids. Such results might be due to differences
in the NS1 expression patterns since part of the recombinant
protein should be retained in plasma membrane of in vive
pcENS1ANC-transtected cells, similar to data observed in the in
vitro transfections. Consequently, the amount of soluble NSI
available for the immune system to elicit antibodies might be
diminished in these animals. These findings are partially in
agreement with other studies using recombinant vaecinia virus
expressing the DENV-4 NS1 protein and 15% of the NS2a
(Falgout et al., 1990). Animals immunized with such virus
presented low titers of NS 1-specific antibodies, which correlated
to a partial protection against DENV-4. However, in this case,
authors observed that the expressed recombinant NS1 was not
correctly cleaved, leading to aberrant forms of the protein
(Falgout et al., 1990). On the other hand, our expression analysis
results showed that the NS1 was secreted as dimeric forms by
cells transfected with the three plasmids (pcTPANSI, pcENSI
and pcENSIANC), similarly confirming the correct process of
the recombinant protein. Consistent with these findings,
antibodies induced by such plasmids recognized mainly intact
NS1 expressed in insect cells, while the reaction was significant
weakly detected when the protein was heat-denatured, with titers
more than 30-fold lower even for pcENSIANC-elicited
antibodies, during peak 1gG level. Such observations indicate
that these antibodies were predominantly directed to conforma-
tional surface-exposed epitopes and confirmed that all the three
recombinant NS1 expressed in vivo presented a tri-dimensional
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Fig. 9. NSI-specific [gG subclass responses in mice immunized with pcTPANS |
and pcENS1, before and after challenge with DENV-2. Animals were inoculated
with recombinant plasmids or control vector (pcTPA), and serum samples were
harvested and pooled as depicted in Fig. 8. Each column represents the relative
percentage of [gG1 and IgG2a subclasses in each analyzed sample.
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structure similar to the native viral protein, as previously sug-
gested (Costa et al., 2006b).

The protective ability of pcTPANSI and pcENS1 immuniza-
tions was investigated in challenge experiments with Balb/c i.c.
injected with a mouse brain adapted NGC DENV-2. The
pcENSTANC plasmid was not used in these challenge assays
due to the heterogeneous and low NSl-specific antibody
response it elicited. Our results revealed that the pcTPANSI
and pcENS| plasmids conferred high level of protection. These
data are consistent with previous studies supporting that the
flavivirus NSI by itself is able to elicit protective immunity
(Costa et al., 2006a,b; Falgout et al., 1990; Lin et al., 1998;
Schlesinger et al., 1987; Wu et al., 2003). Although not statis-
tically significant, the pcTPANSI plasmid was slightly more
protective than the pcENSI, regarding survival and mainly
morbidity rates. Clinical infection signs appeared 2 days early,
on the 7th day after challenge, in pcENSI-immunized mice
(similar to control groups) when compared to what happened in
pcTPANS 1 -inoculated animals, which presented such signs on
the 9th day. In addition, morbidity rates 21 days post virus
inoculation were almost 3 times higher in pcENS1- than in
pcTPANS1-vaccinated animals (27% and 10% in pcENSI and
pcTPANSI groups, respectively). Furthermore, morbidity and
mortality rates varied among the three challenge experiments in
pcENSl-immunized mice, while vaccination with the
pcTPANSI induced a considerable homogeneous protection in
all performed tests (data not shown). These results confirmed our
previous report with the pcTPANS] plasmid (Costa et al.,
2006b) and other studies with a DN A vaccine encoding the NS1
and the signal peptide derived from C-terminus of the E protein
(Wu et al., 2003). The DNA vaccine constructed in Taiwan (Wu
et al., 2003) is very similar to the pcENS]1, although the signal
peptide contains 19 amino acids, while in the case of the
pcENSI, this signal sequence is composed of 21 amino acids.
Besides, the ns/ gene cloned in the pcENS| was amplified from
the NGC DENV-2 and in the other plasmid this gene came from
a Taiwanese DENV-2 strain. Immunization with the plasmid
DNA constructed in Taiwan also induces protection against
DENV-2, but in lower level (28% of mortality and 30% of
morbidity) when compared to the pc TPANS| (3.3% of mortality
and 10% of morbidity), and similar to the pcENS1 (13.3% of
mortality and 27% of morbidity). Such observations are in
agreement with other findings, which demonstrate that the t-PA
signal sequence is a highly efficient signal peptide for induction
of strong immune responses by DNA vaccines against several
pathogens (Alves et al., 2001; Ashok and Rangarajan, 2002; Li
et al., 1999).

Animals vaccinated with the pcTPANSI] or pcENS1 exhi-
bited a significant increase of NS1-specific antibody levels after
virus challenge, indicating the activation of an immunological
memory with a rapid and strong secondary immune response.
These data also demonstrated that the protective immunity
induced by the NS1-based DNA vaccines were not sterilizing.
Such results were not surprising since the NS1 is not present in
the virion, and therefore the immune response against this
protein can only be protective after initial virus replication in
host cells. Supporting this fact, antibodies raised against NS1 by

immunizations with our DNA vaccines presented no detectable
neutralizing activity (data not shown).

The analyses of NS1-specific IgG subclasses elicited by both
DNA vaccines pcTPANSI and pcENSI revealed distinct
activation pattems of the immune system. Mice vaccinated
with pcTPANSI developed a predominant anti-NS1 IgG1 sub-
class response (more than 80%), while pcENS1 immunization
elicited a mix of IgG1 and IgG2a (approximately 50%), before
and after virus challenge. In contrast, after the DENV-2 ino-
culation, animals in control groups (non-immunized or pcTPA-
injected) presented mainly NSl-specific IgG2a antibodies
(approximately 80%). Previous reports suggested that the NSI
can be protective against flavivirus infections due to the
induction of antibodies that kill infected target cells in a
complement-dependent manner (Henchal et al., 1988; Lin et al.,
1998). However, our results, concerning IgG subclass differ-
ences, cannot specify whether the complement activation is in
fact the major mechanism involved in the protection induced by
the pcTPANS] and pcENSI plasmids. The 1g(G2a subclass is
generally associated with substantial complement fixing activity
(Leatherbarrow and Dwek, 1984), although some studies have
demonstrated that IgGl is also efficient in complement acti-
vating. In humans, the IgG1 subclass was shown to be a good
activator of the classical pathway while IgG2 was the best
subclass for the alternative pathway complement activation
(Lucisano and Lachmann, 1991). On the other hand, Chung et al.
(2006) demonstrated that different monoclonal antibodies
against the NS1 protein from West Nile virus can be protective
through different mechanisms, in a complement independent
pathway. Furthermore, the protective effect of these antibodies
was not dependent on the IgG subelass. Thus, it is probable that
mechanisms other than complement fixing might also play
account for the protection induced by anti-NSI antibodies.
Besides, our results also suggest that the pcTPANS]1 activated a
major Th2-type immune response and the pcENS1 immuniza-
tion led to an equilibrium of the two population cells (Thl and
Th2), while survived animals in control groups, which presented
high paralysis signs, generated a drastically Th1 biased immune
response. Therefore, we cannot discard a possible contribution
of these cellular immune responses, as well as related cytokines,
to the induced protection. Further studies will be necessary in
order to evaluate such questions.

Materials and methods
Virus and cell lines

The dengue 2 virus (DENV-2) strain New Guinea C (NGC
DENV-2) was used for cloning the NS1 sequence and challenge
assays. NGC DENV-2 propagation was carried out in Vero cells
cultivated in medium 199 with Earle salts (E199) buffered with
sodium bicarbonate (Sigma, USA), supplemented with 10%
fetal bovine serum (FBS). For in vitro transfection and recom-
binant NS1 protein expression analyses, baby hamster kidney
cells (BHK-21) were propagated in Dulbecco’s Modified Eagle
Medium (DMEM) (Invitrogen, USA), supplemented with 5%
FBS.
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Construction of recombinant plasmids

Four pcDNA3-based plasmids were constructed encoding
the NS1 sequence from DENV-2, Total RNA from cells infected
with the virus was extracted with Trizol (Invitrogen), according
to the manufacturer’s protocol. The RNA was used as template
for the synthesis of a cDNA performed by reverse transcriptase
M-MLV (Invitrogen) with the antisense primer 5'-CAT AAG
CTT ACA GAG GTT CCC CCA TG-3', which hybridizes to
nucleotides 5943 to 5958 in the NGC DENV-2 genome. Diffe-
rent segments containing the NS1 sequence were then amplified
by PCR using primers shown in Table 1. All sense and antisense
primers contained EcoRV and Xhol restriction sites, respect-
ively. The different PCR products were electrophoresed on a 1%
agarose gel, recovered with glass beads, geneclean (Stratagene,
USA), restricted with EcoRVand Xhol and ligated to the vectors
previously digested with the same enzymes. The pcDNA3
vector (Invitrogen) was used for construction of pcENSI and
pcENSIANC, while the plasmids peTPANS] and pcTPAN-
SIANC were constructed based on the peTPA, a modified
pcDNA3 vector that contains the human tissue plasminogen
activator (t-PA) signal sequence (Costa et al., 2006b). All
recombinant plasmids were screened by restriction mapping and
confirmed by sequencing, using ABI PRISM dye terminator
cycle sequencing core kit (Applied Biosystems, USA). Plasmids
were isolated from transformed Escherichia coli, DH5w strain,
and purified by Qiagen Plasmid Giga Kit (Qiagen, Germany),
following manufacturer’s instruction. DN A concentrations were
determined by measuring optical density at 260 nm, and inte-
grity of plasmids was checked by agarose gel electrophoresis.
Plasmids were suspended in sterile water and stored at —20 °C
until use.

Transfection of BHK cells with different plasmids

BHK cells were transiently transfected with each recombi-
nant plasmid or with control vectors (pDNA3 or pcTPA) and
fixed or harvested 24 h after transfections. For detection of the
NSI protein by immunofluorescence, 2% 10* cells/well were
plated in chamber slides (Nunc, Denmark) with Optimen me-
dium (Invitrogen) and transfected with 0.2 pg of each DNA,

Table 1

using lipofectamine (Invitrogen) under conditions suggested by
the manufacturer. For Western blot and electron microscopy
analyses, 5x10° cells were plated in 25 cm? bottle and
transfected with 2 g of DNA.

Immunofluorescence

Monolayers of transfected cells were washed in 0.1 M
phosphate buffer pH 7.4 (PB), fixed in 4% paraformaldehyde
in PB for 10 min, washed again in PB, permeabilized with
0.6% saponin in PB for 10 min and blocked with 1% bovine
serum albumin (BSA) and 0.2% saponin in PB for 15 min.
All such steps were conducted at room temperature. Cells
were then incubated with DENV-2 hyperimmune mouse
ascitic fluid (ATCC, USA) at a dilution of 1:1500 in PB for
I h at 37 °C, washed tree times with PB and another incu-
bation of 1 h at 37 °C with fluorescein-conjugated goat anti-
mouse lgG (Southem Biotechnology, USA) diluted 1:100 in
PB. Slides were mounted with Vectashield medium (Vector
Laboratories Inc., USA), and cells were visualized in a fluo-
rescence microscope.

Western blotting

Western blotting of transfected whole-cell extracts and
culture supernatants was performed as previously described
(Costa et al., 2006b). Briefly, cell extracts were suspended in
SDS-PAGE sample buffer (Sambrook et al., 1989) and boiled
for 5 min. Culture supernatants were clarified by low speed
centrifugation, concentrated with Centricon YM-3 (Millipore
Corporation, USA), mixed with equal volume of SDS-PAGE
sample buffer without 2-mercaptoethanol and submitted or not
to heat treatment (boiled for 5 min). Proteins were sorted in
SDS-PAGE and transferred onto nitrocellulose membranes.
Dimeric and monomeric forms of NS1 were detected with
DENV-2 hyperimmune mouse ascitic fluid at a dilution of
1:1000 followed by incubation with rabbit anti-mouse immu-
noglobulin G conjugated to horseradish peroxidase (Southern
Biotechnology) diluted 1:4000. Membranes were developed
with the ECL kit (Amersham Biosciences, UK) and exposed to
Kodak X Omat films.

Primers used for amplifications of different DENV-2 NS 1 sequences and construction of recombinant plasmids

Vectors * Primers Amplified reginnsb Recombinant plasmids
pcTPA 5 -GGGGGATATCGATAGTGGTTGCGTTG-3' ¢ NS1 (2422-3477) pcTPANS1
3 GGGGCTCGAGTTAGGCTGTGACCAAG-3'
pcTPA 5'-GGGGGATATCGATAGTGGTTGCGTTG-3"¢ NS1 (2422-3477)+NS2a (3478-3615) pcTPANSIANC
5 -GGGGCTCGAGTTACCCTGTGATCAATG-3
pcDNA3 3 -GGGGGATATCATGCTGTCTGTGTCACTAG-3" E(2359-2421)+NS1 (2422-3477) peENSI
5" -GGGGCTCGAGTTAGGCTGTGACCAAG-3
pcDNA3 53 -GGGGGATATCATGCTGTCTGTGTCACTAG-3" E (2359-2421)+NS81 (2422-3477)+NS2a (3478-3615) peENSTANC

5.GGGGCTCGAGTTACCCTGTGATCAATG-3"

* Vectors used for cloning.
" Genome coordinates (Irie et al, 1989).
© Sense primer.
d ; :
Antisense primer.

85



422 S.M. Costa et al. / Virology 358 (2007) 413-423

Electron microscopy

Monolayers of transfected cells were fixed overnight with 1%
glutaraldehyde in 0.2 M cacodylate buffer, pH 7.2. Cells were
then scraped, washed with the cacodylate buffer, dehydrated
with ethanol and embedded in LR Gold resin (London Resin
Company Ltda, England). Ultrathin sections (60-70 nm) were
collected on gold grids (400 mesh) and incubated for 1 h at room
temperature with DENV-2 hyperimmune mouse ascitic fluid,
diluted 1:1500 in 0.1 M Tris—HCI buffer, pH 7.4, with 0.1%
gelatin, 1% Tween-20 and 1% BSA. Grids were washed in water
and incubated for 1 h at room temperature with goat anti-mouse
colloidal gold conjugated IgG, 10 nm, (Sigma) diluted 1:40 in
the same buffer. Sections were washed in water, double stained
with uranyl acetate and lead citrate, washed again in water and
observed in a transmission electron microscope (EM 10, Zeiss,
Germany).

Immunization procedure

Experiments with mice were conducted in compliance with
Ethical Principles in Animal Experimentation stated in the
Brazilian College of Animal Experimentation and approved by
the Institute’s Animal Use Ethical Committee. Balb/c mice, 4 to
6 weeks old, were inoculated by the intramuscular (i.m.) route
with 50 pg of plasmid dissolved in 50 pL of phosphate buffer
saline (PBS) in each tibialis posterior muscles (100 pg/mice)
using 27-gauge needles. Each animal group (n=10) received
two doses of one recombinant plasmid or control vector, given
2 weeks apart. For time course of NS1-specific antibody res-
ponse evaluation, animals were bled by retro-orbital puncture,
before inoculation (preimmune sera) and at several time
intervals after immunization. Initially, serum samples were
individually tested for reactivity against NS1 protein and then
pooled and stored at —20 °C for subsequent analyses. For chal-
lenge experiments, mice were bled 4 weeks after the first DNA
dose and at the end of experiments (21 days after challenge),
when animals were sacrificed.

Evaluation of NSI-specific antibody response

Mouse sera were tested for the presence of NSl-specific
antibodies by enzyme-linked immunosorbent assay (ELISA).
Wells of MaxiSorp plates (Nunc) were coated for | h at 37 °C
with 0.1 pg (in 100 uL PBS) of a recombinant DENV-2 NS1
protein expressed in insect cells (Hawaii Biotechnology Group
Inc., USA) and blocked overnight at 4 °C with 2% skim milk in
0.05% Tween-20-PBS (PBST). Assays were performed either
with intact or heat-denatured (boiled for 5 min) recombinant
NS protein. Serum samples were serially diluted and added to
wells previously washed with PBST. After | h at 37 °C, plates
were washed with PBST and incubated with goat anti-mouse
immunoglobulins IgG, IgG! or IgG2a conjugated with horse-
radish peroxidase (Southemn Biotechnology) for 1 h at 37 °C.
The secondary antibodies used to determine IgG subclasses were
highly specific and had quantitatively similar reactivity in
ELISA, thus allowing direct comparison between the levels of

each subclass (Alves et al., 1998b). Reactions were measured at
ALso am With ortho-phenylenediamine dihydrochloride (Sigma)
and H-0, as substrate and with a 9 N H,S80, stopping solution.
Titers were established as the reciprocal of serum dilution, which
gave an absorbance above that of the respective preimmune
serum.

DENV-2 challenge in mice

Two weeks after the second DNA dose, mice i.m. immunized
with recombinant or control plasmids were challenged with the
NGC DENV-2, a mouse brain adapted virus. Animals were
anesthetized with a mixture of ketamine-xylazine (Erhardt et al.,
1984) and intracerebrally (i.c.) inoculated with 30 pL of 4.32
log o PFU of DENV-2, which corresponds to 3.8 LDsp, diluted
in E199 medium supplemented with 5% FCS. Immediately after
the challenge procedure, inoculum was back-titered in Vero cells
as described previously (Caufour et al., 2001). Mice were
separated in five groups (n=10) for each test: pcTPANSI-,
pcTPA-, pcENSI- and pcDNA3-inoculated mice and non-
immunized animals, all challenged with the same virus sample.
Animals were monitored for 21 days. Morbidity, mainly the
appearance of hind leg paralysis, and mortality were recorded.
After 21 days, survived animals were sacrificed and blood
samples were collected. Three independent challenge tests were
performed in the same experimental conditions.

Statistical analysis

Experimental results on challenge tests were analyzed for
their statistical significance by chi-square test.
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4.11.3 — Resultados ndo publicados

Conforme observado nos artigos 1, 2 e 3 desta se¢do, a imunizagdo com o plasmideo
PCTPANSL foi capaz de gerar protegdo intraespecifica em camundongos BALB/c imunizados
com este plasmideo e desafiados por via intracerebral e intraperitoneal com DENV-2. Assim,
nds também analisamos se a inoculagdo com este plasmideo € capaz de proteger
camundongos BALB/c contra o desafio intracerebral com DENV-1. Para fundamentar este
teste, a similaridades da sequéncia de aminoacidos das linhagens de DENV-1 e DENV-2
utilizadas, foram comparadas.

4.11.3.1 - Desafio com DENV de camundongos imunizados com o plasmideo
pcTPANS1

Inicialmente foi calculada a LDsp da cepa neuroadaptada Mochizuki de DENV-1
inoculada por viai.c. em camundongos BALB/c machos com 8 semanas de idade, para que os
resultados de desafio com esta amostra pudessem ser comparados com 0s obtidos com
DENV-2 NGC. O virus foi inoculado por via i.c. nas diluicdes de 10% a 10° e a mortaidade
dos animais foi acompanhada durante 21 dias. Os célculos indicaram que a amostra de
DENV-1 diluida 10* vezes corresponde a 3,2 LDso. Foi estabelecida, entfo, a utilizagdo de
30 uL daamostrade DENV-1 diluida 10* vezes, para os experimentos de desafio por viai.c..

Sendo assim, camundongos BALB/c (n = 10) foram inoculados por via i.m. com 0s
plasmideos pcTPANSL, ou pcTPA e desafiados por via i.c. com DENV-1, linhagem
Mochizuki. Diferente do observado com DENV-2, os niveis de morbidade e sobrevivéncia
dos animais vacinados e controles desafiados com DENV-1 foram semelhantes, sendo que
todos os animais que apresentaram paralisia, posteriormente morreram. Somente 20% dos
animais vacinados com pcTPANSI, sobreviveram ao desafio, semelhante ao detectado nos
outros grupos (20% e 10% de sobrevivéncia nos camundongos inoculados com pcTPA e néo
imunizados, respectivamente) (Figura 4.4). A cinética do aparecimento dos sinais clinicos e
mortalidade nos trés grupos testados também se mostrou semelhante, com inicio da
morbidade no 8° dia pés-desafio. A partir destes dados, concluimos que a inoculagdo com o
plasmideo pcTPANSL ndo foi capaz de gerar uma resposta imune protetora contra DENV-1,
sugerindo que o antigeno NS1 de DENV-2 ndo é capaz de promover uma protecdo
interespecifica contra DENV-1.
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Figura 4.4: Porcentagem de sobrevivéncia (A) e morbidade (B) em camundongos
BALB/c imunizados com o plasmideo pcTPANSL e desafiados por viai.c. com DENV-1.
Grupos de camundongos (n = 10) foram inoculados por via intramuscular com duas doses de
PCTPANSL ou pcTPA e desafiados 4 semanas ap0ds a primeira dose. O controle representa 0s
animais que foram somente inoculados com DENV-1.
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4.11.3.2 — Andlise do grau de similaridade entre sequiéncias da proteina NS1

A seqliéncia de aminoacidos da proteina NS1 da linhagem utilizada para clonagem do
gene NS1, DENV-2 NGC, e da linhagem de DENV-1 Mochizuki foram alinhadas pelo
programa Clustal W (Figura 4.5). Além destas seqliéncias, outras linhagens de DENV-1 e
DENV-2, assim como linhagens de DENV-3 e DENV-4 foram alinhadas e o grau de

similaridade entre as sequiéncias calculado.

DENV-1  DSGCWNVWKGRELKCGSG FVTNEVHTWIEQYKFQADSPKRL SAAI GKAVWEEGVCA RSA 60
DENV-3  DM3CVI NVKGKELKCGSGA FVTNEVHTWIEQYKFQADSPKRVATAI AGAVENGVCA RST 60
DENV-2  DSGCVWSWKNKELKCGSG FI TDNVHTWIEQYKFQPESPSKLASAI QKAHEEG CA RSV 60
DENV-4  DMSCVASWECKELKCGSG FYWDNVHTWIEQYKFQPESPARLASAI LNAHKDGVCA RST 60

* kk % * kkkkhkkkkk kkkkkkhkhkkkx * % * % * * kkk k%

DENV-1 TRLEN MAKQ SNELNHI LLENDVKLTVWGEDVSAE LAQGKKM GPOPVEHKYSVWKSWEK 120
DENV-3  TRMENLLWKQ ANELNYI LVENDI KLTVWGEDI TGVLEQGKRTLTPQPVELKYSWKTWGEL 120
DENV-2  TRLENLMAKQ TPELNHI LSENEVKLTI MIGDI K@ MQAGKRSL QPOPTELKYSWKTWEK 120
DENV-4  TRLENVMAKQ TI\ELNYVLV\EGGI-D_TVVAG:)VKG\/LTKG(RALTPPVSD_ KYSVWKTWEK 120

** * % * k k% *** * * * % * % * * % *kk k% **

DENV-1  AKI | GADVONTTFI | DGPNTPECPDDQRAVWNI WEVEDYGFG FTTNI WLKLRDSYTQVCD 180
DENV-3  AKI VTAETONSSFI | DGPSTPECPSASRAVWVWEVEDYGFGVFTTNI WLKLREVYTQLCD 180
DENV-2  AKMLSTESHNQTFLI DGPETAECPNTNRAVWSLEVEDYGFGVFTTNI WLKLREKQDVFCD 180
DENV- 4 AKI FTPEARNSTFLI DGPDTSECPNERRAVNSL EVEDYGFGVFTTNI WWKFREGSSEVCD 180

* * k*kk* * *k*% * k k% kkkkkkk*k ****** * * * %

DENV-1  HRLMSAAI KDSRAVHADMGYW ESEKNETVKLARASFI EVKTCVYWPKSHTLWENGVLESE 240
DENV-3  HRLMSAAVKDERAVHADMGYW ESQKNGSVKLEKASLI EVKTCTWPKSHTLWENGVLESD 240
DENV-2  SKLMSAAI KDNRAVHADMGYW ESALNDTVKI EKASFI EVKSCHWPKSHTLWENGVLESE 240
DENV-4  HRLMSAAI KDQKAVHADMGYW ESSKI\QTV‘Q EKASLI EVKTCLWPKTHTLWBNGVLESQ 240

****** * % kkkkkhkkhkhkhkkkkk * ** **kk* * *** kkkkkhkkkkkk*k

DENV-1 M I PKI YGGPI SQHNYRPGYSTQr AGPWHL GKLEL DFDLCEGT TVWVDEHCGNRGPSLRT 300
DENV-3 M | PKSLAGPI SQHNHRPGYHT QrAGPWHL GKLELDFNYCEGT TWI SENCGTRGPSLRT 300
DENV-2 M | PKNFAGPVSQHNYRPGYHT Qr AGPWHL GKLEMDFDFCEGT TVWVTEDCGNRGPSLRT 300
DENV-4  M.I PKSYAGPFSQHNYRQGYAT QI VGPWHL GKLEI DFGECPGTTVTI QEDCDHRGPSLRT 300

*kkk*k *k kkkk Kk *k *kk *kkhkkkkhkhkkhkkikk k% * kkk %k * % kkkkkk*k

DENV-1  TTVTGKVI HEWCCRSCTL PPLRFKGEDGOWYGVEI RPVKDKEENLVKSMVSA 352
DENV-3  TTVSGKLI HEWCCRSCTLPPLRYMGEDGOWYGMVE! RPI NEKEENWKSLASA 352
DENV-2  TTASGKLI TEWCCRSCTLPPLRYRGEDGCOWYGMVEI RPLKEKEENLVNSLVTA 352
DENV-4  TTASGKLVTQNCCRSCTMPPLRFL GEDGOWYGMEI RPLSEKEENM/KSQ\/'I' A 352

* % * % ******* *k k% kkkkkhkkhhkkhkkkkk*k **** * %

Figura 4.5: Alinhamento da seqliéncia de aminoacidos de NS1 dos quatro sorotipos
virais. As sequéncias foram obtidas no GenBank, e alinhadas com o programa Clustal. Aqui
estdo representadas somente 4 sequéncias de cada sorotipo. DENV-1 Mochizuki
(BAB72261); DENV-2 NGC (M29095); DENV-3 (M93130); DENV-4 (AF326825). O

simbolo (*) representa os aminoécidos conservados nas 4 seguéncias analisadas, enquanto

(.) representa os aminoacidos semelhantes nas seqiiéncias de DENV-1 e DEN-2.
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As sequéncias DENV-1 Mochizuki e DENV-2 NGC apresentaram similaridade de
74% (Figura 4.6). O grau de similaridade entre as segquéncias de diferentes sorotipos variou
entre 69% a 78%. Na figura 4.6 esta representada apenas uma sequiéncia de cada sorotipo de

DENV.

DENV -1 DENV-2 DENV-3 DENV-4
DENV-1 - 74 79 69
DENV-2 74 - 73,5 73
DENV-3 79 73,5 - 73
DENV-4 69 73 73 -

Tabela 4.3: Matriz de smilaridade entre as sequiéncias de aminoacidos da proteina NS1
dos 4 sorotipos de DENV. A matriz de similaridade foi obtida com o programa BioEdit. Os
nameros indicam o grau de similaridade (%) entre as seqiiéncias de aminoacidos de DENV-1
Mochizuki (BAB72261); DENV-2 NGC (M29095); DENV-3 (M93130); DENV-4
(AF326825).

4.11.3.3 — Inducédo de lise celular mediada pelo complemento na presenca de

anticorpos contra NS1

Para verificar se anticorpos contra NS1 poderiam causar a lise celular de células
infectadas com DENV-2 através da interacdo com proteinas do complemento, foi realizado
um experimento piloto de citotoxicidade. Duas amostras de soro contendo anticorpos contra
NS1 (uma amostra obtida com a imunizagdo com o pcTPANSL e outra com 0 pcENS1) foram
utilizadas com diferentes concentracfes de proteinas do complemento, obtido em cobaia, e
incubadas posteriormente com células Vero infectadas com DENV-2. Além disso, o0 soro de
um camundongo inoculado com o pcDNA3 também foi utilizado como controle das reactes.
A porcentagem de lise das células Vero se mostrou maior quando estas foram colocadas em
contato com as proteinas do complemento incubadas previamente com os soros anti-NS1

(maiores valores correspondente a aproximadamente 55% de lise) em comparacdo com alise
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ocorrida nas células mantidas somente com o complemento de cobaio (maiores valores
correspondente a cerca de 40% de lise) (Figuras 4.5A e 4.5B). Em contraste, aparentemente a
lise das células incubadas com soro de animais inoculados com o controle pcDNAS3 foi
semelhante na auséncia ou presenca de soro, indicando que esta ndo foi especifica (Figura
4.5C). Resultados semelhantes foram obtidos com duas outras amostras de soro de animais
imunizados com o0 pcTPANS1 e pcENS1 (dados ndo mostrados). Tais dados sugerem a
participacdo do sistema complemento na protecdo gerada pela imunizagdo com estes
plasmideos. Entretanto, novos experimentos serdo necessarios, com um maior nimero de

amostras de soro, para a comprovagdo de tais dados.
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Figura 4.6: Porcentagem de lise de células Vero infectadas com DENV-2 mediada pelo
complemento. Dilui¢bes seriadas do soro de animais inoculados com pcTPANSL (A), pENS1
(B) ou pcDNA3 (C) foram incubadas com diferentes dilui¢bes do complemento de cobaio. A
seguir, esta mistura foi incubada com Células Vero foram infectadas com DENV-2. A lise foi
avaliada por liberagdo da enzima citoplasmatica LDH. O eixo do X indica as dilui¢des de soro
utilizadas. A barra vermelha representa a amostra sem complemento, enquanto as outras

barras referem-se ao soro incubado com diferentes diluigdes de complemento.
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5— DISCUSSAO

Atualmente ndo h& nenhuma vacina contra dengue comercialmente disponivel
capaz de gerar protecdo contra 0s quatro sorotipos virais, apesar dos esforcos de varios
grupos.

As vacinas de DNA compreendem a inoculacdo de um vetor de expressdo
eucariotica contendo o antigeno de interesse, que é sintetizado in vivo pelas células do
organismo inoculado, ativando uma resposta imune humoral e celular especificas e de
longa duracdo (Ulmer et al. 1996; Robinson 1997; Liu & Ulmer, 2005). Uma das
vantagens destas vacinas é a adicdo de sequiéncias sinalizadoras que direcionam a
producéo da proteina recombinante para diferentes compartimentos celulares, afetando
assim a apresentacdo do antigeno e consequentemente alterando a resposta imune
gerada especifica (Rodriguez et al., 1997; Alves et al, 1999; Anwar et al., 2005;
Donelly et al., 2005; Doband et al., 2007).

Muitos grupos tém utilizado as vacinas de DNA como edtratégia para o
desenvolvimento de uma vacina contra dengue. Grande parte destes trabalhos é
direcionada para a construcdo de uma vacina baseada na proteina E, que induza
anticorpos neutralizantes contra os quatro sorotipos virais (Kochel et al., 2000; Putnak
et al., 2003; Motaet al., 2005; Konish et al., 2006; Chen et al., 2007b).

Neste trabalho, foram avaliadas vacinas de DNA baseadas em dois outros
antigenos de DENV, as proteinas NS1 e NS3. A resposta imune humoral contra os
flavivirus € direcionada predominantemente contra as proteinas virais E e NS1
(Chambers et al., 1990; Brinton et al., 1998). Contudo, uma vantagem em usar proteinas
ndo estruturais no desenvolvimento de uma vacina seria a ndo inducéo de anticorpos
envolvidos no fendmeno de aumento da replicacéo viral mediado pela resposta imune,
gue parecem ser direcionados contra a proteina E (Halstead & O’Rourke, 1977;
Halstead, 1979; Stephenson, 2005). Assim, nds optamos pelo desenho de vacinas de
DNA que codifiqguem a proteina NS1, importante alvo da resposta imune humoral, e a
proteina NS3, que parece ser particularmente imunogénica, com uma predominancia de
epitopos dominantes para linfocitos T CD4+ e CD8+, sendo alvo para a agdo de células
T citotdxicas (Mathew et al., 1998; Rothman, 2004). Dessa forma, esta tese se baseou
na hipotese de que o0 uso destas proteinas na congtituicdo de uma vacina para dengue
poderia gerar a combinagcdo de uma resposta imune celular e humoral protetora contra a
infeccdo pelo virus da dengue.
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Neste trabalho foram construidas vacinas de DNA baseadas nas proteinas NS1 e
NS3 de DENV-2. Apesar da andlise dos plasmideos recombinantes indicarem que o0s
plasmideos que contém a regido NS3, assim como trés das construgdes contendo o gene
NS1 sdo capazes de direcionar a expressao in vitro destes antigenos, foram obtidos
resultados mais promissores com a proteina NS1. Deste modo, 0s experimentos
relativos a NS1 progrediram mais rapidamente do que a avaliacdo do antigeno NS3,
compreendendo a maior parte dos resultados desta tese. Sendo assim, esta se¢do serd
dividida em duas partes. a parte 1 aborda os resultados relativos a NS3, enquanto que a
parte 2 compreende os resultados obtidos com o antigeno NSL.

5.1 —Antigeno NS3

A estratégia de criacdo de vacinas de DNA baseadas na proteina NS3 levou em
consideracdo a presenca dos dominios funcionais desta proteina que atuam durante o
ciclo de replicagdo do virus da dengue. Na por¢do C-terminal da NS3 est&o localizados
os dominios helicase/NTPase/RTPase, enquanto que sua regido N-terminal compreende
um dominio serino protease que, quando associado a proteina viral NS2B, promove a
clivagem de alguns sitios da poliproteina viral precursora durante areplicacdo (Valle &
Falgout, 1998; Li et al., 1999; Murthy et al. 1999; Niyomrattanakit et al., 2004; Xu et
al., 2005; Sampath et al., 2006; Qi et al., 2008). Além disso, a proteina NS3 pode ser
clivada naturalmente em células infectadas pelo virus da dengue (Arias et al., 1993; Teo
& Wright, 1997). Baseado nestas informacgOes e na possibilidade de alguns destes
dominios poderem modificar o metabolismo da célula hospedeira, foram construidos 5
plasmideos recombinantes contendo sequiéncias que codificam a proteina NS3 inteira de
DENV-2 ou partes desta, visando estudar o seu potencial imunogénico e protetor.

De acordo com a andlise por imunofluorescéncia de células transfectadas com as
construgdes pcTPANS3, pcTPANS3P, pcTPANS3H, pcTPANS3N e pcTPANS3C,
esses plasmideos foram capazes de mediar a expressdo das proteinas recombinantes.
Contudo, apesar de ndo termos quantificado tais expressdes, em todas as transfecgdes
observamos, por imunofluorescéncia, um niimero reduzido de células expressando NS3,
guando comparado aos resultados obtidos com NS1 (dados ndo mostrados). Ta fato
pode estar relacionado a uma toxicidade destas proteinas contendo dominios funcionais
capazes de alterar a fisiologia das células transfectadas, ocasionando a sua morte. De
fato, alguns trabalhos sugerem que a proteina NS3 pode induzir apoptose em células
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infectadas (Duarte dos Santos et al., 2000; Shafee & AbuBakar, 2003). Esses
plasmideos podem futuramente serem utilizados em estudos para avaliacdo da
participacdo da proteina NS3 na apoptose celular.

Os plasmideos contendo o0 gene NS3 geraram diferentes niveis de protecéo
contra DENV-2 nos testes de desafio por via i.c. Entretanto, nenhuma dessas
construcdes induziu niveis aceitaveis de protecdo, quando os parametros de morbidade
foram considerados. A inoculacdo dos plasmideos pcPTANS3N e pcTPANS3C, que
correspondem as regides N-terminal e C-terminal da proteina NS3 geraram os maiores
niveis de sobrevivéncia, contudo grande parte destes animais apresentou quadros de
paralisia. Resultados semelhantes foram observados com o plasmideo pcTPANS3H,
sendo que os niveis de sobrevivéncia foram ainda menores. Por outro lado, quando
avaliamos a construcdo pcTPANSS, que codifica a proteina NS3 inteira, os niveis de
protecdo, tanto em termos de morbidade quanto de mortalidade, foram bem mais baixos.
O plasmideo pcTPANS3P, que codifica o dominio protease na por¢cdo N-terminal da
proteina, ndo gerou qualquer nivel de protecdo, uma vez que os valores de morbidade e
sobrevivéncia dos animais inoculados com este plasmideo foram semelhantes aos
obtidos nos animais controle, sugerindo que determinantes de protecdo concentram-se
principalmente na por¢cdo contendo os dominios helicase/NTPase/RTPase. Essa
construcdo contém somente os 185 aminoacidos do N-terminal da proteina NS3 e pode
ndo ser téo efetiva na inducdo de uma resposta imune. De fato, segundo Brinton e
colaboradores (1998), a maioria dos epitopos para células B e T, em humanos, esta
localizada a partir do aminoécido 200 de NS3.

Os niveis insatisfatorios de protecdo gerados pelas vacinas de DNA com NS3
podem estar relacionados a baixa eficiéncia de expressao das proteinas recombinantesin
vivo, semelhante a0 que observamos in vitro, o que levaria a uma fraca resposta imune
no hospedeiro. Além disso, esses plasmideos contém a seqiiéncia do peptideo sinal
t-PA, que leva a secrecdo das proteinas recombinantes. Apesar da secregdo de proteinas
mediada por vacinas de DNA ser eficiente para induzir uma resposta imune humoral,
tais vacinas podem ndo ser ideais para a ativagdo de uma resposta imune celular.
Portanto, como a NS3 é uma proteina que se localiza no citoplasma das células
infectadas e possui principalmente epitopos indutores de linfocitos T (Kurane et al.,
1998; Mathew et al., 1996; Mathew et al., 1998; Rothman, 2004), os plasmideos
construidos no presente trabalho podem ndo ser os mais adequados para mediar a
expressdo da NS3 em um compartimento celular, de maneira a induzir uma resposta
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imunoldgica apropriada. Além destes plasmideos, também construimos outros vetores
semelhantes aos primeiros sem a segiéncia sinal t-PA. Entretanto, ndo foi possivel
detectar a expressdo in vitro de NS3 mediada por tais plasmideos, provavelmente,
devido as caracteristicas toxicas desta proteina (dados néo mostrados).

Em um estudo realizado com uma vacina de DNA com o gene NS3 do flavivirus
TBE também ndo foi observada protecdo em camundongos, apesar de terem sido
detectados anticorpos contra NS3 (Morozova et al., 1999). Em outro estudo, de
Imunizag8o passiva com anticorpos anti-NS3 de DENV-1, Tan e colaboradores (1990)
observaram um nivel muito baixo de protecdo, baseado no aumento do tempo de
sobrevida de camundongos. Em contradicdo com a maioria dos estudos com NS3, que
indicam que esta proteina induz primordial mente uma resposta imune celular, esses dois
trabalhos se basearam na protecdo mediada por anticorpos, 0 que parece ndo ser a
melhor abordagem.

Portanto, para uma maior compreensdo de uma possivel protecdo mediada pela
proteina NS3, serdo necessarios novos experimentos visando a avaliacdo das respostas
imunes celulares induzidas pelas vacinas de DNA descritas na presente tese.

5.2 —Antigeno NS1

A proteina NS1 € indicada como um antigeno promissor para o desenvolvimento
de uma vacina contra a dengue. Estudos com NS1 de diferentes flavivirus, expressa in
vitro em E. coli e baculovirus, ou in vivo, por virus recombinantes e vacinas de DNA,
observaram que esta proteina é capaz de induzir uma resposta imune humoral protetora
mediada por anticorpos néo-neutralizantes (Qu et al., 1993; Lin et al., 1998, Aleshin et
al., 2005; Chung et al., 2006; Lin et al., 2008). Os dados apresentados no presente
trabalho indicam que a imunizag&o com uma vacina de DNA baseada na proteina NS1
de DENV-2 é capaz de gerar altos niveis de protecao intraespecifica em camundongos.

Durante a infeccdo viral, a glicoproteina NS1 é encontrada tanto no interior das
células infectadas quanto associada a membrana plasmética destas células, na forma de
dimeros. Além disso, a NS1 também € secretada para 0 meio extracelular sendo
encontrada em formas oligoméricas como hexameros. A regido C-terminal da proteina
E atua como peptideo sinal para translocagcdo da NS1 pelo reticulo endoplasmatico
(Winkler et al 1989; Pryor and Wright, 1993; Flamand et al., 1999; Y oung et al., 2000).

Por outro lado, antes dos nossos achados, alguns estudos ja sugeriam gque a associagdo
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da proteina NS1 a membrana da célula se dava provavelmente via a sequéncia
hidrofébica que corresponde a porcdo C-terminal da proteina NS2A, que parece
funcionar como sequéncia sinal para ligacdo via ancora GPI (Falgout et al., 1989;
Jacobs et al., 2000). Com o objetivo de mimetizar as formas de NS1 produzidas durante
ainfeccdo do virus da dengue, foram construidos 4 plasmideos recombinantes contendo
0 gene NS1 fusionado a diferentes seqiiéncias sinalizadoras a jusante e a montante deste
gene. Duas construcdes codificam o peptideo sinal natural utilizado pela proteina NS1
para sua secrecdo durante a infeccdo viral, pcENS1 e pcENSIANC. Uma destas
construcfes contém, a jusante ao gene NS1, a sequiéncia que codifica os primeiros 46
aminoécidos da proteina NS2A (pcENS1ANC). Os outros dois plasmideos
recombinantes (pcCTANS1 e pcTANSIANC) sdo semelhantes aos primeiros, porém
contém a seqiiéncia que codifica o peptideo sinal heterdlogo t-PA, ao invés da sequiéncia
gue codificaaregido C-terminal da proteina E.

A expressdo in vitro da proteina NS1 codificada por esses plasmideos variou
bastante. Somente 3 construcdes (pcTPANSL, pcENSL e pcENS1ANC) foram capazes
de mediar a expresséo da proteina NS1. Por outro lado, aparentemente a presenca das
sequiéncias hodrofébicas t-PA e ANC em uma mesma construgdo (pcTPANSIANC) se
mostrou incompativel. E possivel que estas duas seqiiéncias levem a uma conformag&o
gue impossibilite 0 seu processamento correto e conseguiente esta proteina se acumule
na célula, tornando-se téxica. Foi observado que a proteina NS1 codificada pelo
PcENSIANC migrou um pouco mais lentamente no gel contendo o extrato das células
transfectadas. Tal diferenca deve-se a presenca da seqiiéncia ANC nesta proteina
recombinante.

Os plasmideos pcTPANSL, pcES1 e pcENSIANC também foram capazes de
mediar a secrecdo da proteina recombinante, encontrada na forma dimérica no
sobrenadante das culturas celulares. Estes resultados demonstram que tanto o peptideo
sinal natural da NS1 quanto o peptideo heterdlogo t-PA foram eficientes em direcionar a
proteina NS1 pela via do reticulo endoplasmatico e sua posterior secrecdo. De fato,
estudos mostram que a secrecdo desta proteina é dependente da sua dimerizacdo
Somado a isso, a formacdo de dimeros da proteina NS1 sugere que esta proteina foi
corretamente glicosilada, uma vez que a estabilidade destes dimeros é influenciada pela
adicdo dos grupamentos de aclcar (Pryor & Wright, 1993; Pryor & Wright, 1994,
Flamand et al., 1999). As analises por microscopia eletrdnica demonstraram a presenca

de NS1 na membrana plasmética somente nas células transfectadas com o plasmideo
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PcENSIANC, confirmando que a regido N-terminal de NS2A é importante para a
associacdo de NS1 a membrana plasmética de células infectadas por DENV.

Para avaliar o potencial imunogénico destas vacinas, camundongos BALB/c
foram inoculados com os plasmideos recombinantes. Inicialmente, o protocolo a ser
adotado nos experimentos de imunizagdo e desafio foi avaliado, utilizando imunizagtes
pelas vias i.d. ou i.m., com duas ou trés doses do plasmideo pcTPANSL. As
imunizagdes por via i.m. induziram maiores niveis de anticorpos, com um menor
nimero de doses (2 doses). Apesar da administragdo i.m. de trés doses de DNA ter
gerado titulos maiores de anticorpos durante o pico da resposta imune humoral (62
semana), a partir da 82 semana do experimento, 0s niveis de anticorpos gerados com
duas ou trés doses, se mostraram semelhantes e permaneceram estéveis até a 102
semana. Deste modo, optamos por administrar duas doses de DNA por via i.m.,
utilizando assim menor quantidade de DNA.

A inoculagdo dos plasmideos pcTPANSL e pcENS1 induziu uma resposta imune
humoral homogénea, com altos titulos de 1gG contra NS1 em todos os camundongos
imunizados. Os niveis desses anticorpos foram mais altos do que os observados por
Lemes e colaboradores (2005) no soro de pacientes com infeccdo primaria ou
secundaria por DENV, utilizando o mesmo antigeno (proteina NS1 produzida em
cultura de células de drosofila) e protocolo semelhante de ELISA (Anexo 1). Esses
dados estdo de acordo com estudos que indicam que a presenca de peptideos sinais, que
direcionam a proteina recombinante para via do reticulo endoplasmético e a sua
secrecdo, induzem altos niveis de anticorpos (Inchauspe et al., 1997; Alves et al., 1999,
Alveset al., 2000).

Por outro lado, os camundongos inoculados com pcENSIANC apresentaram
uma resposta imune humoral mais baixa e heterogénea, em que somente metade dos
animais produziram niveis detectéveis de anticorpos. Essa diferenca na resposta de
anticorpos contra NS1 pode estar relacionada as caracteristicas de expressdo da proteina
NS1 em células transfectadas pelo pcENSIANC. Parte da proteina NS1 produzida por
estas células é retida na membrana plasmastica, conforme observado nos experimentos
de expressdo in vitro, disponibilizando assim uma quantidade menor de proteina
soltvel. Além disso, apesar de ndo ter sido realizada a quantificagdo de proteinas nestes
experimentos, foi perceptivel que a quantidade de NS1 presente no extrato celular e
sobrenadante da cultura de células transfectadas com pcENS1ANC se mostrou menor
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do que a observada, nas mesmas condi¢des, para os outros dois plasmideos
recombinantes, pcTPANSL e pcENSL.

A cinética de resposta imune humoral apds aimunizagdo com os trés plasmideos
recombinantes mostrou-se semelhante, com picos da resposta duas semanas apés a
segunda dose da vacina, seguida de niveis constantes de anticorpos até a décima semana
do experimento. Contudo, conforme esperado, os niveis de anticorpos induzidos com
pPCENSIANC foram menores do que com os gerados com pcTPANSL e pcENSL. Em
todas as imunizacdes, os anticorpos gerados reconheceram principalmente epitopos
conformacionais da proteina NS1, uma vez que a reacdo contra NS1 desnaturada foi
cerca de 30 vezes mais baixa quando comparada ao reconhecimento da proteina nativa.
Resultados semelhantes foram observados quando avaliamos a reatividade dos
anticorpos presentes no soro de animais imunizados com o plasmideo pcTPANSL
contra a proteina NS1 produzida em E. coli. Neste sistema de expressdo ndo ocorre a
glicosilacdo das proteinas e consequentemente a NS1 produzida ndo adquire a
conformacdo semelhante a observada durante a infeccdo viral. A NS1 produzida por
células infectadas com o virus da dengue € uma glicoproteina, cuja conformacdo
tri-dimensional e secrecdo séo influenciadas pela sua correta glicosilagéo (Pryor &
Wright, 1994). Portanto, nossos resultados sugerem que a NS1 expressa em
camundongo, mediada pela transfeccéo de células do hospedeiro com tais plasmideos,
deve estar sendo glicosilada e apresentada ao sistema imune de forma similar a que
ocorre na infecgdo por DENV.

A deteccdo de anticorpos em camundongos inoculados com os plasmideos
PCTPANSL e pcENSL 56 semanas apds 0 inicio do experimento, mostra que a
imunizagdo com estes plasmideos é capaz de gerar uma resposta imune de longa
duracéo. Somado aisso, ainoculagdo de uma dose reforco induziu um aumento de mais
de 17 vezes nos titulos de anticorpos, indicando a presenca de células de memoria.

A auséncia de um modelo animal que reflita as formas cléssica e severa da
dengue tem sido um obstéculo para estudar alguns aspectos da patogénese da doenca e a
capacidade protetora de vacinas. A adaptacdo do virus ao modelo animal é uma forma
util para avaliar a protecéo conferida por candidatos avacina. Assim, as fasesiniciais de
testes pré-clinicos com vacinas contra dengue e outros flavivirus utilizam
principalmente desafios por via intracerebral com virus neuroadaptados (Gould et al.,
1986, Falgout et al., 1990; Lin et al., 1998; Wu et al., 2003; Bente & Rico-Hesse, 2006;
Chen et al., 2007; Guy & Almond, 2007; Lazo et al, 2007). Apesar da utilidade deste
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modelo, os sinais clinicos avaliados, como paralisia dos membros posteriores, ndo
refletem os sintomas ocorridos durante a infeccdo viral por DENV. Neste trabalho, nés
avaliamos a inducdo de protecdo pela inoculagdo da vacina pcTPANSL tanto pelo
desafio de camundongos por via intracerebral, quanto através de um modelo proposto
por Paes e colaboradores (2006) (Anexo 2), em que camundongos BALB/c foram
inoculados por via intraperitoneal com DENV-2 ndo adaptado a camundongos. Neste
modelo, os animais apresentam danos focais no figado, caracterizado por analises
histopatolégicas e bioguimicas, assim como em outros 6rgdos, com o pico da viremia
ocorrendo no sétimo dia de infeccdo. Esses danos correlacionam-se com o observado na
infeccdo em humanos (Anexos 2 e 3).

A imunizagcdo com o pcTPANSI foi capaz de gerar protegdo nos dois modelos
murinos avaliados. No desafio por via intraperitoneal, os dados histopatdlogicos
evidenciaram uma diminui¢cdo tanto na intensidade quanto na extensdo dos danos no
figado dos animais vacinados, em comparacdo com o0s controles. Tais resultados
indicam que a vacinade DNA pcTPANSL, que contém o gene NS1 da cepa Nova Guiné
de DENV-2, é capaz de induzir prote¢do contra uma linhagem de virus circulante no
Brasil.

Nos testes de desafio por via i.c., além do pcTPANSL, também foi avaliada a
protecdo gerada pelo pcENSL. O plasmideo pcENS1IANC ndo foi utilizado devido ao
fato deste DNA ter gerado uma resposta imune humoral muito heterogénea. A
imunizagdo com os plasmideos pcENSL ou pcTPANSL foi capaz de gerar uma resposta
imune protetora contra DENV-2. Observamos que cerca de 87% e 97% dos
camundongos vacinados com pcENSL e pcTPANSL, respectivamente, sobreviveram ao
desafio. O alto nivel de protecéo também foi observado quando avaliamos a morbidade.
Somente 10% e 27% dos animais imunizados com pcTPANSL e pcENSI,
respectivamente, apresentaram algum sinal clinico. Essas frequéncias foram bem
diferentes das observadas nos animais controles, em que 90% dos camundongos
apresentaram paralisia ou morreram apos o desafio. Além disso, a gravidade da paralisia
desenvolvida pelos animais controles foi muito maior, com acometimento das duas
patas posteriores, quando comparada com a observada nos animais vacinados, em que
geralmente s um dos membros posteriores era levemente afetado (dados néo
mostrados). Houve também um atraso no aparecimento dos sinais clinicos dos animais
imunizados com pcTPANSL (9° dia ap6s o desafio), em relagcdo ao grupo controle e aos
animais vacinados com pcENSL1 (7° dia). Esses dados sugerem que a imunizagdo com o
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pPCTPANSL é levemente mais protetora do que a inoculagéo com o pENSL, apesar das
diferencas entre os dois plasmideos ndo terem sido estatisticamente significantes.

Wu e colaboradores (2003) também avaliaram uma vacina de DNA baseada no
gene NS1 de uma linhagem de DENV-2 isolada de Taiwan e demonstraram protecéo
em experimentos de desafio. Neste trabalho, camundongos C3H foram inoculados com
uma vacina semelhante ao pcENSL, diferindo deste pela auséncia de dois aminoécidos
no peptideo sinal correspondente a porcdo C-terminal da proteina E. Além disso, o
protocolo de experimentacdo utilizado por tais autores foi um pouco diferente, com a
inoculagdo por viai.m. de 3 doses de 80ug do plasmideo recombinante, no intervalo de
1 semana, e desafio por via intravenosa com DENV-2. Os autores observaram que a
inoculagdo com avacina de DNA induziu 82% de sobrevivéncia, em contraste com 30%
detectado no grupo controle. Tais valores se mostraram semelhante ao observado nos
NOSSOS experimentos com 0 pcENSL.

A avaliagdo da resposta imune humoral, antes e ap06s o desafio com DENV-2,
por via i.c., mostrou que houve um aumento de mais de 5 vezes nos titulos de 1gG
contra NS1 ap0s o desafio. Esse aumento sugere que ocorreu algum nivel de replicacdo
viral nos animais desafiados. Na realidade, é esperado que a protecdo via NS1 ndo segja
neutralizante, visto que esta proteina ndo estd presente na particula viral e O é
produzida apds a célula ter sido infectada pelo virus. Consequentemente, a protecéo via
NS1 sb pode ocorrer apos areplicacdo inicial do virus. De fato, conforme o esperado, os
soros dos animais vacinados com pcENS1 ou pcTPANS1 ndo foram capazes de
neutralizar a entrada de DENV-2 em células Vero (dados ndo mostrados).

A andlise do perfil de imunoglobulinas antes e apds o desafio com DENV-2
mostra a inducdo de perfis diferentes de resposta imume induzida pelos plasmideos
PCENSL e pcTPANSL. Enquanto o pcTPANSL induziu preferencialmente anticorpos
anti-NS1 da subclasse IgG1, ainoculagdo com pcENSL levou aum equilibrio de IgG1 e
IgG2a. Por outro lado, os animais que receberam somente o virus e sobreviveram ao
desafio, a maioria destes apresentando grave paralisia dos membros posteriores,
produziram niveis maiores de 1gG2a. Esta variacdo na resposta imune induzida pelas
diferentes vacinas pode estar relacionada a maior protecéo gerada pelo pcTPANSL.

Também foi avaliada a inducdo de protecéo interespecifica em camundongos
imunizados com o plasmideo recombinante pcTPANSL (DENV-2) e posteriormente
desafiados por viai.c. com DENV-1. A cinética de morbidade e mortalidade nos grupos

de animais vacinados e controles se mostraram semelhantes, com o inicio dos sinais
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clinicos e mortalidade sendo detectados concomitantemente em ambos 0s grupos. Esse
resultado demonstra que a inoculagdo com o plasmideo pcTPANSL ndo foi capaz de
gerar uma resposta imune protetora contra DENV-1, sugerindo que umavacinade DNA
utilizando como antigeno a proteina NS1 e baseada em apenas um sorotipo viral ndo é
capaz de proteger contra todos outros sorotipos do virus da dengue. Por outro lado, tais
dados indicam que, apesar de ndo protetora, a vacina pcTPANS1 ndo levou ao
agravamento da doenca gerada por DENV-1.

A NS1 é uma proteina conservada entre os flavivirus. Se ndo considerarmos
possiveis mudancas que possam ter ocorrido na seqiiéncia desta proteina durante as
passagens de DENV-1 pelo cérebro de camundongos, o alinhamento das seqiiéncias de
aminoacidos de NS1 das linhagens DENV-2 Nova Guiné e DENV-1 Mochizuki mostra
gue estas proteinas apresentam 74% de similaridade. Tal nivel de variabilidade é
encontrado geralmente entre seqiiéncias de NS1 dos diferente sorotipos de dengue
conforme observado neste trabalho e descrito por Deubel et al. (1988). Portanto, €
esperado que também ndo ocorra protecdo cruzada em experimentos com outros
sorotipos virais. Nossos resultados estéo de acordo com Schlesinger e colaboradores
(1987), que mostraram gque camundongos imunizados com a proteina NS1 de DENV-2
néo apresentaram protecao em testes de desafio com DENV-1.

Alguns trabalhos sugerem que anticorpos contra NS1 podem ter um papel
patogénico na infeccdo por DENV. O complexo formado por NS1 e anticorpos contra
esta proteina em uma infeccdo secundaria poderiam ativar o complemento de forma a
levar a0 extravasamento vascular. Esses anticorpos poderiam também reagir de forma
cruzada com antigenos presentes na superficie de células endoteliais e induzir apoptose,
levando a danos vasculares que favoreceriam a patogénese da doenca (Avirutam et al.,
1998; Falconar, 1999). Contudo nos experimentos de desafio por via i.p., em que as
vacinas de DNA induziram altos niveis de anticorpos conta NS1, ndo foi observado um
agravamento dos danos vasculares nos animais imunizados somente com o plasmideo
pPcTPANSL. Além disso, a cinética da presenca de anticorpos contra NS1 no soro de
pacientes infectados por DENV durante e ap0s a fase aguda da infeccdo viral ndo se
correlaciona com o tempo de extravasamento de plasma, que ocorre nos casos mais
severos da doenca (Stephenson, 2005; Green & Rothman, 2006). Portanto, a hipétese de
gue anticorpos contra NS1 que possam levar a danos vasculares ndo se mantém, quando
levamos em consideracdo esses dados.
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Ainda ndo esta estabelecido de que forma a proteina NS1 é capaz de gerar
protecdo nos modelos animais. Diversos estudos de imunizacgdo passiva demonstram
gue anticorpos contra NS1 de dengue ou de outros flavivirus sdo capazes de proteger
contra desafios com doses letais desses flavivirus (Schlesinger et al., 1986, Schlesinger
et al., 1987; Gould et al., 1986; Falgout et al., 1990; Jacobs et al., 1992; Lin et al.,
1998; Aleshin et al., 2005; Chung et al., 2006; Lin et al., 2008). Esses trabalhos
evidenciam que a resposta de anticorpos contra a proteina NS1 tem papel importante na
protecdo. Entretanto, ndo ainda se sabe 0 mecanismo de protecdo desempenhado por
esses anticorpos.

A lise de células infectadas mediada pelo complemento é o mecanismo mais
aceito para explicar protecdo gerada por anticorpos contra NS1. Tal explicacdo é
baseada nas observaches iniciais de que anticorpos com atividade de fixagcdo do
complemento da febre amarela podem proteger parcialmente camundongos contra o
desafio com o virus (Schlesinger et al., 1985). Outros trabalhos utilizando proteinas
NS1 de diferentes flavivirus confirmaram a participagdo do sistema complemento na
protecdo gerada por esta proteina (Schlesinger et al., 1987; Falgout et al., 1990; Qu et
al., 1993; Lin et al., 1998). Contudo, alguns estudos de imunizagdo passiva em animais
deficientes de proteinas que fazem parte do sistema complemento, utilizando os virus
TBE, febre amarela e WNV, sugerem que a protecdo via anticorpos contra NS1 néo
depende do complemento (Schlesinger et al., 1993; Jacobs et al. 1994; Chung et al,
2006a).

Portanto, com o objetivo de estudar se anticorpos presentes no soro dos animais
imunizados com pcENS1 ou pcTPANSL podem levar a lise celular dependente do
complemento, foi realizado um teste inicial de avaliagdo de lise celular, baseado no
trabalho de Lin e colaboradores (1998). O estudo destes autores mostrou que 0 soro de
animais imunizados com uma vacina de DNA contra o virus da encefalite japonesa
(JEV) baseada na proteina NS1 apresentou atividade citolitica contra as células
infectadas, de maneira dependente do complemento. Em nosso experimento piloto foi
observada a lise celular, quando o soro de animais inoculados com o pcENS1 ou o
pcTPANSL foi colocado em contato com células Vero infectadas com DENV-2, na
presenca do complemento de cobaio. Por outro lado, 0 soro dos animais controles néo
gerou lise especifica na presenca deste complemento. Tais resultados sugerem que a lise
de células infectadas, mediada por anticorpos contra NS1 e dependente do sistema

complemento, pode ser um dos mecanismos envolvidos na protecdo gerada pela
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imunizagdo com os plasmideos pcENS1 e pcTPANSI. Entretanto, sd0 necessarios
novos experimentos, com um ndmero maior de amostras de soro, para confirmar estes
dados.

Por outro lado, Chung e colaboradores (2006b) demonstraram que a NS1 de
WNYV se liga a uma proteina reguladora do complemento, proteina fH, interferindo com
a funcdo de C3b. Os autores sugerem que este pode ser um mecanismo utilizado pelo
patégeno para evadir do sistema imune do hospedeiro. Se tal mecanismo realmente
ocorrer, anticorpos contra NS1 podem bloquear a interacdo desta proteina com fH,
minimizando uma possivel funcdo imunomoduladora da NS1 (Schlesinger, 2006).
Apesar de aparentemente anticorpos contra NS1 de diferentes flavivirus terem acéo
protetora, ndo se sabe se outros mecanismos poderiam também estar envolvidos nesta
protecdo, como por exemplo, a ativagdo de uma resposta imune celular envolvendo
células T citotdxicas.

Em resumo, nosso trabalho demonstrou que as vacinas de DNA pcENSI e
pPcTPANSL, baseadas na proteina NS1 de DENV-2, sdo capazes de induzir altos titulos
de anticorpos especificos contra essa proteina e conferem protecéo intra-especifica em
camundongos desafiados com DENV-2. Os resultados estimulam a utilizagdo da
proteina NS1 em uma abordagem utilizando vacinas de DNA contra a dengue. Sendo
assim, temos como perspectivas para a continuagdo deste trabalho, a construgéo e
andlise de vacinas de DNA contendo o gene NS1 dos outros sorotipos virais, assim

como a avaliagéo dos mecanismos de protecéo gerados por estas vacinas.
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CONCLUSOES
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6 — CONCLUSOES

- Todas as vacinas de DNA codificando a proteina NS3 ou seus dominios foram
capazes de mediar a expressao in vitro das proteinas recombinantes.

- Asvacinas de DNA baseadas no antigeno NS3 ndo foram capazes de gerar uma
protecéo satisfatéria em camundongos desafiados por viai.c. com DENV-2

- A maioria das vacinas de DNA baseadas em NS1 (pcTPANSIL, pcENSL e
PcENS1ANC) foram capazes de mediar a expressao in vitro da proteina NSL1.

- O plasmideo que codifica a NS1 franqueada pela seqiiéncia sinal t-PA e a
sequéncia N-terminal da NS2A (pcTPANSIANC) nédo foi capaz de mediar a

expressao in vitro de NS1.

- As seqiiéncias t-PA e E funcionaram como peptideos sinais nas construcdes
PCTPANSL, pcENSL e pcENSI1ANC, direcionando a secrecdo da proteina NS1

para o meio extracelular na forma de dimeros.

- A expressdo de NS1 associada & membrana plasmética das células transfectadas
foi obtida somente com a construcdo pcENS1IANC confirmando a importancia
da seqliéncia N-terminal da proteina NS2A nestainteracéo.

- As inoculagdes com pcTPANSL ou pcENSL foram capazes de induzir altos
niveis de anticorpos especificos contra epitopos conformacionais da proteina
NS1, em todos 0s animais imunizados.

- A resposta de anticorpos gerada com o plasmideo pcENS1IANC se mostrou
muito heterogénea, e somente metade dos animais apresentou niveis detectaveis

de anticorpos contra NS1.

- A imunizagdo com o pcTPANSL conferiu protecdo em camundongos inoculados
por viai.p. com uma linhagem de DENV-2 circulante no Brasil, ndo adaptada a

camundongos.

- A imunizacdo com o plasmideo pcTPANSL ou pcENSL foi capaz de induzir
protecdo contra doses letais de DENV-2 neuroadaptado inoculado por via i.c.
Estes plasmideos induziram a producdo de subclasses diferentes de 1gG contra
NS1.
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- A vacina de DNA baseada em NS1 de DENV-2 pcTPANS1 nd&o promoveu
resposta protetora cruzada para DENV-1

- Os anticorpos gerados com as imunizagbes com o pcTPANSL ou o0 pcENSL
foram capazes de levar a lise de células infectadas com DENV-2, em um

mecanismo dependente de proteinas do complemento.
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Abstract

The dengue virus (DV) causes one of the most important arthropod-borne human viral diseases throughout the tropical and subtropical
countries. However, the morbidity and mortality of DV infections could be reduced with an early hospitalization care and a rapid risk
identification of developing the dengue haemorrhagic fever (DHF). The nonstructural glycoprotein 1 (NS1) has been pointed as a reagent for
immune-assay diagnostic test optimization. To evaluate this potential, recombinant DV2-NS| proteins (rNS1) were produced from Escherichia
coli (NS1EC) and insect cells (NS1IC) expression. The tests were performed by analysis of a human serum panel reacted against different
INS1 forms. The results demonstrated high correspondence between the DV positive sera and the assay results using native or refolded forms
of either NS1IC or NS1EC. Also, the IgG and IgM anti-rNS| level profiles showed distinct distribution, depending on protein form and disease
status. However, the [gM anti-rNS1 reactions did not show sensibility to detect the DV in primary infections. The data obtained from the
paired serum samples reactivity comparison suggested a heterogeneous human immune response and absence of correspondence between the
IgG and IgM profile levels. Moreover, a patient with negative reference test could be detected by specific [gG anti-rNS| assays presented here.
Therefore, these results sustain the usefulness of dengue nonstructural proteins, in particular the NS1, in diagnostic tests as a complementary
reagent.
© 2004 Published by Elsevier B.V.

Keywords: Dengue; Flavivirus; NS1; Recombinant NS

1. Introduction to classic dengue fever (DF), to the life threatening dengue

hemorrhagic fever (DHF) and dengue shock syndrome (DSS)

Dengue has been considered a serious public health
threat in tropical and subtropical countries (Halstead, 1990;
Monath, 1994). The infection is caused by dengue virus (DV),
which belongs to the Flavivirus genus and comprises four
antigenically related serotypes. The disease spectrum of clin-
ical illness range from asymptomatic or mild febrile illness
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(Gluber, 1998; Halstead, 1989). Often, the disease severity
has been associated with heterotypic secondary infections
(Rothman and Ennis, 1999), and circulating DV antibody
levels, early in illness, has been correlated with the risk of
developing DHF (Vaughn et al., 2000).

The DV nonstructural glycoprotein NS1 is expressed in
mammalian cells in both membrane-associated and secreted
forms and may present different molecular mass depending
on glycosylation and distinct monomeric associations that
change the protein conformational status (Flamand et al.,
1999). Efforts have been done to determine the role of this
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protein in the dengue pathogeny and its potential as DHF pre-
dictor. Some data, in the current literature, suggest conflicting
results. In one hand, several reports suggest that the DV-NS1
protein might play an important role in the pathogenesis of
DHF and DSS, due to cross-reaction of antibodies generated
against NS1 with self proteins (Falconar, 1997; Valdés et al.,
2000). In the other hand, studies indicated that raised lev-
els of antibodies anti-NS1 may confer protection against DV
(Henchal et al., 1988; Schlesinger et al., 1993). In fact, it has
been frequently observed that circulating IgG and IgM anti-
bodies against DV-NSI could be found in patient sera with
primary and secondary infections, in different concentrations
(Huang et al., 2001; Kuno et al., 1991; Libraty et al., 2002;
Young et al., 2000). These data pointed this glycoprotein as a
potential reagent to optimize the specificity of DV immune-
assay tests. However, as proposed above, different results
could be observed depending on the protein characteristics.
The present study aimed to evaluate the potential of differ-
ent forms of recombinant D2V-NS| proteins in the dengue
infection diagnostic. The analysis was done detecting the an-
tibodies anti-rNS1 in a Brazilian serum panel, from patients
with both primary and secondary infections. For this purpose,
recombinant D2V-NS1 protein was expressed in bacteria and
insect cells, purified and used in its native, refolded or dena-
wred forms. The analyses were performed by rNS1-specific
ELISA tests. Results revealed significant differences in the
specificity and sensibility of the assays.

2. Materials and methods
2.1. Serum samples characterization

The serum samples analysed in this study was obtained
from the collection of the Laboratory of Flavivirus at OQs-
waldo Cruz Foundation, Fiocruz, Brazil. Sixty samples were
chosen at random from the collection, including specimens
of the acute and convalescent phases. These specimens were
obtained from the first to fourth days and from the second to
fourth weeks that came after the disease onset, respectively.
The first day was defined as the day when the first symp-
toms began. Primary and secondary DV infections were de-
termined by IgM/lgG ELISAs and hemagglutination inhibi-
tion assays. All the tests were performed with paired plasma
specimens, according to previous established serologic crite-
ria (Innis etal., 1989; Miagostovichetal., 1999; WHO, 1997).
Complementary DV identification was done by the virus iso-
lation into Aedes albopictus C6/36 cell line (Gubler et al.,
1984; Igarashi, 1978), by reverse transcriptase polymerase
chain reaction (RT-PCR) (Lanciotti et al., 1992) and by 1gM
capture enzyme-linked immunosorbent assay (MAC-ELISA)
(Kunoetal., 1987). All positive DV infection specimens were
obtained from patients with symptoms of classical DF. The
laboratorial serum characteristics are listed in Table 1. The
samples are classified in the following groups: A and B, that
comprised the samples from primary and secondary infec-
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tions, respectively, with specimens collected only from one
of the disease phases; P and S, samples from primary and sec-
ondary infections respectively, including, specimens of each
patient collected from both acute and convalescent phase; C,
the control group, composed by hospitalized individual sera
with DV negative test; D, the control group composed by
samples from healthy yellow fever vaccinated (Yfv) individ-
ual sera.

2.2. Virus, cell lines, plasmid and proteins

D2V New Guinea C strain was propagated into 4. albopic-
tus clone C6/36 cell line with RPMI 1640 (Sigma, USA)
medium containing 2% fetal calf serum (Sigma, USA).

TherNSI expressed in insect cells (NS11C) was purchased
from Hawaii Biotechnology Group Inc. (USA). These pro-
teins, used either in native or heat-denatured form (10 min
at 100 °C), were named NS11Cn and NS11Cd, respectively.
To produce the NS expressed in bacteria, Escherichia coli,
MI5 strain, and the vector pET23b (Novagen, USA) was
used. The D2V-NS1 gene was amplified by RT-PCR, us-
ing total RNA extracted from mosquito-infected cells using
appropriated primers (available upon request), and cloned
in pET23b. The recombinant plasmid, pETNSI, was se-
quenced and checked with data on GeneBank (M29095). E.
coli strain BL21(DE3) was transformed with the pETNS1
plasmid and grown to obtain the recombinant protein. The
NS expression was then induced with 0.25 mM isopropyl-p-
thiogalactopyranoside for4 h. Bacterial culture was harvested
and stored at —70 “C until use. The pellet, resuspended in ly-
sis bufter (10mM Tris, pH 8; 0.1% Triton 100X; 0.5 mM
PMSF; 1% lysozyme and 5 mM imidazole), was sonicated,
in ice bath, throughout four cycles of 15s at 200 W, with in-
tervals of 15 s and centrifuged. The recombinant protein was
then purified by Ni-NTA super flow column (Qiagen, Ger-
many) according to manufactures instruction. The protein
was eluted in 4 M urea salt buffer with 60 mM imidazole and
dialyzed in saline phosphate buffer, pH 7.4. Part of such puri-
fied protein was denatured by heat and named as NS1ECd, the
other part was submitted to a refolded process, as described
by Huang et al. (2001), and was designated as NS1ECr.

2.3. Electrophoresis and Western blot analysis

To determine the concentration and purity, the proteins
were analysed by reagent assay (Bio-Rad, USA) and SDS-
PAGE stained with silver nitrate 10% (Morrisey, 1981).
Electrophoresis for the NS1ICn and NSIECr were done
in nondenaturant conditions, omitting the SDS and the 2-
mercaptoethanol in the gel and in the sample buffer. Each
recombinant protein was reacted with ascitic fluid of anti-
D2V New Guinea C (NIH-V375 701 562) and monoclonal
antibodies (MAbs) against D2V-NS|1 linear epitopes, 1H7.4,
1A12.3 and 1G5.3 (Falconar et al., 1994) kindly gifted by Dr.
Falconar.
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Table 1
Diagnostical characteristics of the DV infected patient serum panel

Patient group IgM* IeG? Isolation® PCRY Sample time (days)*
A (primary) (n=17) + T DVior2 2-17
B (secondary) (n=13) + T DV1or2 2-17
Plol - <40 DV1 ND 3
+ 10240 20
P10z - <40 DV1 ND 4
+ 160 15
P201 - <40 DV2 ND 1
+ 10240 3
P202 - <40 DV2 ND 4
+ 160 15
P301 - <40 - DV3 4
+ 10240 20
P302 - <40 - DV3 2
+ 640 9
siol + <40 DV1 ND 3
+ 163840 20
S102 - <40 DV1 ND 1
- 40960 15
8201 - 2560 Dv2 ND 2
+ 163840 15
8202 + 160 Dv2 ND 3
+ 163840 15
8203 - 2560 Dv2 ND 3
+ 40460 20
8204 - 160 DV2 ND 2
+ 163840 17
8301 - 160 DV3 ND 2
+ 163840 14
S302 - 2560 Dv3 ND 3
+ 163840 14
8303 - 160 Dv3 ND 4
+ 163840 17
D = DV negatives (n =20) - - - - 2-20
YFv (n=20) - - - - ND
* [gM titer obtained by MAC-ELISA (Kuno etal., 1987).
® Titer detected by IgG ELISA (PanBio, Australia).
¢ Isolation and identification of the viral serotype (Gubler et al., 1984).
4 Amplification of viral sequence by PCR (Lanciotti et al., 1992).
e

Days afier of the disease symptoms onset, when the serum samples were collected. Patient groups: A, nonpaired serum samples from individuals with

primary infection; B, nonpaired serum samples from individuals with secondary infection: P, paired serum samples from primary infection; S paired serum
samples from secondary infection; C, control reference group with DV negative serum samples; YFv, sera from yellow fever vaccinated healthy individual. T,

IgG or IgM titers in accordance to the disease status: ND: not determined.

2.4. Enzyme-linked immunosorbent assay (ELISA)

Immunomicrotiter plates (Nunc Maxisorp, Denmark)
were coated with 100 uL of an antigen suspension of each
recombinant protein (200 ng/well) diluted in PBS for 1h at
37°C. Plates were blocked with 200 uL of PBS contain-
ing 1% of slim milk, incubated overnight at 4 °C, and then

washed five times with PBST. Human sera (100 uL/well),
diluted 1:100 in buffer (PBST, 1% bovine serum albumin,
0.01% normal goal serum), were added and the plates were
incubated for 1 hat 37 °C, followed by washing as described
above. Antibodies were detected by adding 100 wL/well of
1:2000 diluted HRP-conjugated goat anti-human [gM or anti-
human IgG immunoglobulin (Sigma, USA). Plates were in-
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A (primary) (n=17) + T DVior2 2-17
B (secondary) (n=13) + T DV1or2 2-17
Plol - <40 DV1 ND 3
+ 10240 20
P10z - <40 DV1 ND 4
+ 160 15
P201 - <40 DV2 ND 1
+ 10240 3
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+ 163840 14
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+ 163840 14
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+ 163840 17
D = DV negatives (n =20) - - - - 2-20
YFv (n=20) - - - - ND
* [gM titer obtained by MAC-ELISA (Kuno etal., 1987).
® Titer detected by IgG ELISA (PanBio, Australia).
¢ Isolation and identification of the viral serotype (Gubler et al., 1984).
4 Amplification of viral sequence by PCR (Lanciotti et al., 1992).
e

Days afier of the disease symptoms onset, when the serum samples were collected. Patient groups: A, nonpaired serum samples from individuals with

primary infection; B, nonpaired serum samples from individuals with secondary infection: P, paired serum samples from primary infection; S paired serum
samples from secondary infection; C, control reference group with DV negative serum samples; YFv, sera from yellow fever vaccinated healthy individual. T,

IgG or IgM titers in accordance to the disease status: ND: not determined.

2.4. Enzyme-linked immunosorbent assay (ELISA)

Immunomicrotiter plates (Nunc Maxisorp, Denmark)
were coated with 100 uL of an antigen suspension of each
recombinant protein (200 ng/well) diluted in PBS for 1h at
37°C. Plates were blocked with 200 uL of PBS contain-
ing 1% of slim milk, incubated overnight at 4 °C, and then

washed five times with PBST. Human sera (100 uL/well),
diluted 1:100 in buffer (PBST, 1% bovine serum albumin,
0.01% normal goal serum), were added and the plates were
incubated for 1 hat 37 °C, followed by washing as described
above. Antibodies were detected by adding 100 wL/well of
1:2000 diluted HRP-conjugated goat anti-human [gM or anti-
human IgG immunoglobulin (Sigma, USA). Plates were in-
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protein were obtained (Fig. 3). The 1gG anti-rNS1 level pro-
file was significantly different, depending on the recombinant
protein used in the assays. High antibody levels were detected
in the reaction against the NS1IC protein, mainly with the
native form (Fig. 3A and B). Such differences were more re-
markable in the reactions of secondary sera against NS11Cn,
which presented the highest values (Fig. 3A). The assays us-
ing NS1EC, in general, showed values lower than the earlier.
The tests that were performed with the protein expressed in
bacteria could not distinguish the DV infections status, even
with the refolded form (Fig. 3C and D). Few cross-reactions
with both proteins, NS11C and NS 1EC, were observed within
the control and the YFv samples. These later, did not show
positive reactions against the NS11Cn (Fig. 3).

Analyses of the IgM anti-rNS1 levels were also investi-
gated. The reactions against the NS11Cn and NS1ECr pro-
teins presented high intensity in secondary sera and the data
suggests the presence of two distinet groups: one composed
by individuals that presented low reactivity and another com-
posed by individuals that showed high reaction intensities
(Fig. 4A and B). Besides, the reactions with NSI1ECd, pre-
sented the lowest absorbance values, even in those sera con-
sidered positive by the IgG assays.

3.3. Profiles of NSl-specific IgG and IgM in a paired
serum panel

Levels of IgG and IgM anti-rNS1 were compared in six
primary and nine secondary DV paired serum samples (listed
in Table 1). No significant correlation (+ = 0.49) was observed,
in primary panel, between the level distributions of such im-
munoglobulins (Fig. 5A and B). In this panel, only two pa-
tients, P201 and P202, presented raised IgG levels of anti-
NSIICn and anti-NSIECr from the acute to convalescent
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Fig. 3. Distribution of individual serum reaction values in the INS1-specific
lgG ELISA tests. A panel of primary (O) and secondary (M) sera from
DV infected patients as well as negative control (4#) and YFv, yellow fever
vaccinated healthy individuals () serum samples. The cut offextinction (- -
-)was determined as described in Fig. 2. Each spot represent the average from
two individual experiments with duplicate for each serum sample (P < 0.03).

phase (Fig. 5A). In contrast, secondary serum samples, ex-
cept for one of these patients, showed significant increase of
the anti-NS11Cn IgG levels from the acute to the convalescent
phase (Fig. 5B). Although several samples from secondary
convalescent phase had higher levels of IgG anti-NSIECr
when compared with the acute phase, the reactions against
NSI1EC were, in general, weaker than those against NS1IC.

The IgM anti-rNSI levels were negative in almost all
the primary samples, except from the convalescent speci-
men P102, that reacted against the NS1ECr, and the speci-
mens P202 and P302, that reacted against NS11Cn (Fig. 5C).
Again, the IgM levels obtained with the secondary sera were
significantly higher than those obtained with primary ones
(Fig. 5D).

The results revealed no correlations between the levels of
IgM and IgG against any rNS1 forms, either in primary or sec-
ondary serum panels. Despite some specimens (P102, S101,
$102 and S201) have revealed high intensity reactions in the
IgM assays performed with NS1ECr, in the IgG assays, the
strongest reactions were detected against another INS1. The
samples S301 and S303 presented weak or negative values
of IgM anti-rNS|1 levels but intense reactions of IgG against
NSI1ECr and NSI1ICn (Fig. 5). Moreover, the sample P301,
that presented, in the acute phase, low anti-DV titers and
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negative virus isolation, could be detected in the IgG anti-
rNS1 assays (Table | and Fig. 5A).

4. Discussion

Several reports have detected high levels of either, anti-
bodies anti-NS1 and the NSI antigen in sera from patients
infected with dengue virus (Alcon et al., 2002; Libraty et al.,
2002; Young et al., 2000). Both of then have been suggested
to be used for dengue diagnostic tests. However, the results
obtained by distinct procedures could differ in levels of speci-
ficity and sensibility. To evaluate the potential use of the NS
proteins to optimize DV assays, a serum panel from Brazilian
patients experiencing primary and secondary DF infections
was analyzed by ELISA using four rNS|1 forms. As expected,
those proteins revealed differences on the electrophoretical
patterns (Fig. 1). Such differences are related to the protein
sources and their processing way, which interfered in their
conformation and, consequently, in their electrophoretic mo-
bility. It was interesting to note that all the rNS1 forms, in-
cluding the NSI1IC in its native conformation, reacted with
the specific NS1 monoclonal with different intensities (data
not shown). Considering that those MAbs were described as
recognizing linear epitopes (Falconar et al., 1994), such data
revealed the possibility of these proteins to expose epitopes
able to react with those immunoglobulins independent on
their conformation.

The reactions against the NS1ICn presented the highest
correlation with the DV positive specimens, suggesting that
antibodies anti-NS| prevalent in the sera were those that rec-
ognized epitopes on the glycosylated NS1 form. However,
our results also demonstrated that NSI1ECr, a nonglycosy-
lated refolded form studied by Huang et al. (2001), could
be recognized by some serum specimens that did not react
against the NS1ICn. These data points a heterogeneous pat-

tern of human response to D2V-NSI antigen. In fact, the
present analysis showed a large diversity in the immune re-
sponse elicited by each DV infected individual. Most of the
sera contained antibodies that recognized the rNSI proteins
with different intensities.

When considered together, the results of the 1gG assays
performed by NS1ICn and NSIECr proteins detected al-
most 90% of DV positive samples from the secondary panel
(Fig. 1). However, the reaction intensities of the same patient
differ significantly depending on the infection phase and on
which rNS1 form was used. The samples that showed strong
reactions against one of this proteins, did not present, nec-
essarily, the same reaction level against the other (Fig. 5).
Moreover, the reaction patterns showed variations for each
immunoglobulin isotype with each different protein forms.
The serum panel used in this study included several samples
DV positive with [gM negative, mainly specimens from the
acute infection phase. These results are in agreement with
Kuno et al. (1998) that reported 5% of IgM negative speci-
mens in positive dengue samples from individuals with both
primary and secondary infections. Further, analysis to de-
tect the appearance of the specific-DV IgM in human plasma
found adelay of about 3 days after the symptoms onset(Alcon
et al., 2002). The same authors reported the circulation of the
antigen insamples at the first clinical symptoms, up to 9 days.
Therefore, based on these data, it is clear that the infection
stage is extremely relevant when collecting serum samples
and this could have interfered in some of our results. How-
ever, several samples (S102, 8201, S204 and S302), collected,
respectively, at days | and 3 after the onset of illness, revealed
specimens MAC negative with significant [gM anti-rNS|1 lev-
els. Moreover, the correspondence between specimens MAC
positive, from primary infections, and the IgM anti-rNS1 as-
says, reinforce the previous reports, that pointed the NS1
presence in patient plasma early in the dengue infections as
being presumably the cause of the early antibodies anti-NS1.
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Aremarkable absence of correspondence between the [gG
and [gM levels in several serum samples was also observed.
In the primary serum panel, the sample P202 showed spec-
imens of the acute and convalescent phase with high lev-
els of IgG against both proteins, NS1ICn and NS1ECr, but
the [gM levels were undetectable in most of the reactions.
Other samples (P102 and P302) that presented a later IgM
response to one of the rNS1 sustain the evidence of the
D2V-NSI1 to elicit a large range of human immune response
and this must be considered for future DV antibody assay
optimization.

Asexpected, the prevalence of antibody isotype anti-rNS1,
in samples from secondary infections, showed a significant
shift from IgM to IgG. In addition, only among the sec-
ondary convalescent sera were observed a significant cor-
relation between the IgG anti-NS11Cn levels and the disease
status. These discrepancies could be analysed considering
the interferences due to the protein source or to the patient
inherent characteristics. About the protein, Se-Thoe et al.
(1999) also detected different reaction patterns depending on
cell source. About the human immune response, previous re-
ports found significant differences in the DV-NS1 antibody
levels in patient sera from different countries. This was as-
sociated with the local DHF incidence (Kuno et al., 1990;
Kurane and Takasaki, 2001). Some authors suggested that
these results could be associated with the population ethni-
cal characteristics. Actually, Brazil shows low incidence of
DHF/DSS, and its population is composed by a large eth-
nical miscegenation, which could explain the diversity of
the immune response pattern observed in this study. Further-
more, it was possible that our results were underestimated
since no immune—complex-dissociation procedure was used
during the sample processing assays. Koraka et al. (2003)
demonstrated the relevance of those methods to early diag-
nosis of DV infections. Indeed, our results, even under the
present study conditions, demonstrated that a significant per-
centage of samples from the secondary serum panel changed
the their immune response profile depending on protein form
and/or disease phase. These results induce us to question
the relevance of such tests as a prognostical assay for de-
velopment of DHF. Are the circulating antibodies anti-NS1
definitively associated with the dengue morbidity, a cause ora
consequence?

Several authors have proposed the DV-NS1 and the spe-
cific circulating anti-NS1 as factors associated with the ADE
and the development of the DHF and DSS (Falconar, 1997;
Shu et al., 2000; Valdés et al., 2000; Young et al., 2000).
However, the literature presents conflicting data concerning
to the role of this antigen and its correspondent antibodies
in the severe clinical symptoms. Henchal et al. (1988) re-
ported that NS1-raised antibodies might confer protection
against DV. These proposal seems to have been confirmed
by a prospective study that established a relationship of pre-
existing DV neutralizing antibodies with lower viremia and
milder disease (Endy et al., 2004). In spite of these reports,
another works point different possibilities. In previous anal-

ysis, using monoclonals generated against D2V-NSI, it was
suggested the potential of those antibodies for trigger the
hemorrhagic phenomenon (Falconar, 1997). More recently,
Libraty etal. (2002) demonstrated that free levels of secreted
NSI in plasma could be correlated with viremia levels and
it was found a predictive value for the development of DHF.
As pointed above, all our samples, from the secondary serum
panel, that showed high levels of anti-rNS1 were from pa-
tients that presented symptoms of classical dengue with any
hemorrhagic signals. Such observation might reflect differ-
ences in pathophysiological roles due to the presence of cir-
culating anti-NS1. In fact, all samples tested in the present
work, even those with high levels of anti-NS11Cn and anti-
NSI1ECr, contained low levels of anti-NS1ECd and presum-
ably to linear epitopes. [f'we accept the possibilities proposed
by Falconar (1997) that antibodies anti-NS1 that reacted with
those epitopes that cross-react with human blood structures
might contribute with the hemorrhagic symptoms, so its pos-
sible speculate that the absence of this kind of antibodies
could prevent the severity of dengue infections. There are no
evidences whether the patients, target of the present study
that showed high anti-NS1 levels, also experienced an in-
fection with high levels of serum circulating NS1 antigen or
did not. In order to confirm this hypothesis, further analysis
will be necessary amplifying the cohort with paired serum
samples, including samples collected from individuals with
DHEF, the patient anamnesical data, genetical characteristics
and previous medical history.

Although the correlation between NS1-specific antibod-
ies, the presence of circulating NSI protein and the severe
disease symptoms is far from being definitely established, our
results sustain evidences that reinforce the use of the antibod-
ies anti-NS1 as a tool for the improvement of dengue diag-
nostic tests. The rNS1 proteins used in our study was isolated
from D2V and showed similar reaction patterns with the sera
collected from patients infected with other DV serotypes (1
and 3) in 1gG assays. However, the number of sample size of
DV positive patients infected with other serotypes was rather
small and we are not able to perform a statistical analysis.

Finally, our observation emphasizes the usefulness of non-
structural proteins, in particular the rNS1, in diagnostic tests
as a complementary reagent. However, further knowledge
advances are necessary concerning to the role of this protein
in the establishment of the disease and the use of different
recombinant NS1 forms to optimize the dengue diagnostic
assays.
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Abstract

The goal of this study was to test the feasibility of BALB/c mice as an experimental model in the study of dengue disease. BALB/c mice
were intraperitoneal infected with DENV-2 obtained from a human patient. Histopathological analysis of infected animals revealed liver
mjury with viral antigens detection. In imitial stages, the most prominent lesions were vacuolization and diffuse steatosis in hepatocytes.
Serum levels of ALT and AST increased progressively, reaching the highest values 7 days p.i. and decreasing at the 14th day. Since levels of
circulating virus were very low, viremia was analyzed in C6/36 cells. Virus presence was detected by ultrastructural analysis, confirmed by
RT-PCR assays. Period of viremia was analyzed by flow cytometry with cells incubated with mouse-infected sera collected in different days,

revealing peak virus levels at the 7th day p.i. All such data correlate to the development of the disease described in humans.

© 2005 Published by Elsevier Inc.

Keywords: DENV-2; Mouse: Liver: Viremia; Histopathology: Transaminases

Introduction

Dengue is an acute disease caused by the infection of
dengue virus (DENYV), which consists of four distinct
antigenic types (DENV-1 to -4). The disease presents a
wide range of clinical symptoms, including a mild self-
limiting acute febrile illness (DENV fever) and hemorrhagic
fever and/or shock syndrome (DHF/DSS) (Halstead, 1989).
The clinical features of DHF include plasma leakage, a
tendency to bleed, and liver involvement (Rothman and
Ennis, 1999), which can progress to DSS and death
(Henchal and Putnak, 1990). Although the liver is not a
major target organ, the involvement of the liver in the
pathogenesis of dengue virus infection, in particular con-
ceming the development of DHS, was demonstrated by the
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abnormal liver function, tissular injury, presence of viral
antigens, and RNA in human liver tissue (Bhamarapravati
and Halstead, 1964; Bhamarapravati et al., 1967; Burke,
1968; Kalayanarooj et al., 1997; Kuo et al., 1992; Miagos-
tovich et al., 1997; Nguyen et al., 1997; Rosen et al., 1989,
1999; Wang et al., 1990).

In general, most experimental studies dealt with suckling
or young mice inoculated by the intracerebral route of a
mouse-adapted DENV-2 (Nath et al,, 1983; Raut et al.,
1996). Animal responses to virus infection (clinical signs
and/or degree of injury) varies according to mice strain,
although these experimental models normally show that
mice are susceptible for DENV infection. The full DHF/
DSS manifestations, however, do not seem to occur in
standard laboratory mice.

Some studies are based on other inoculation routes, such
as intraperitoneal and intravenous, which resembles more to
the natural infection in human population. Huang et al.
(2000a, 2000b) showed that A/] mice inoculated intra-
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venously with a non-adapted DENV-2 presented a transient
thrombocytopenia and anti-platelet antibodies. Such alter-
ations were remarkable reduced when BALB/c or B6 mice
were used (Huang et al., 2000a, 2000b). In nude mice,
petechial and gastrointestinal hemorrhages have been
observed (Raut et al., 1996). In the model of infection
developed in SCID mice submitted to the transplantation of
human hepatocarcinoma cell line (HepG2) foci of tissular
hemorrhagy, hemoconcentration and fluid extravasation,
thrombocytopenia, and prolonged partial thromboplastin
time were achieved (An et al., 1999). This model takes
advantage of the fact that HepG2 cells, a human hepatoma
cell line, which conserved numerous characteristics of
differentiated hepatocytes (Knowles et al., 1984), is
permissive for DENV infection and replication. HepG2
cells transplanted into SCID mice are able to restock liver,
and after viruses inoculation became the major target for
their replication. Infected cells die by an apoptotic mech-
anism as a direct consequence of the viral infection
(Marinneau et al., 1998). Moreover, these animals devel-
oped a hind-leg paralysis, liver injury, and renal dysfunc-
tion. Viremia in this model peaked at 8-day post-infection
(p.i.) but viruses were already seen in 60% of mice at day 5.
Viruses were detected in the hepatic tissue, brain, and blood
(An et al., 1999).

The present study has been undertaken to characterize a
mouse model of DENV-2 infection by intraperitoneal
inoculation of a non-adapted virus isolated from a human
patient. BALB/c mice developed an apparently mild
infection, but with liver injury characterized by histopatho-
logical aspects and biochemical tests. Viral antigens were
detected in focal areas of the damaged liver, confirming the
presence DENV-2 in such tissue. Viremia was analyzed by
flow cytometry with C6/36 cells incubated with mouse-
infected sera collected in different times, which revealed
peak virus levels at the 7th day p.i. in most animals. All such
data correlate to what is observed in the human disease and
therefore demonstrate that BALB/c mice strain is a
susceptible animal to DENV-2 and can be used as an
experimental model for the study of the pathogenesis of
dengue disease.

Results
Mice infection

All mice inoculated with DENV-2 survived to the
infection and did not present clinical signs, although some
tissue pathological alterations could be detected. Liver of
control mice, inoculated only with culture medium, did not
exhibit any modification in their structure (Fig. la).
However, hepatic injury was seen in all DENV-2-infected
mice beginning from the 2nd until the 17th day p.i. (Figs.
1b—j). At the 2nd day p.i., hepatic plates maintained its
architecture and were generally constituted by mono-

nucleated hepatocytes, although some of them were
binucleated. Some hepatocytes were slightly enlarged due
to vacuolization while others were diminished. Hepatocyte
vacuolization was observed all over the hepatic acini, but
was more prominent in the zone II of the liver acini where
cells were sparse. Slight variation in hepatocyte size could
be observed (midzonal, Fig. 1b). At the 3rd day p.i,
diffuse steatosis were noted in hepatocytes around the
central vein area, mainly in sinusoidal side. Numerous
hyperplastic Kupffer cells were detected in sinusoids
capillary (Fig. lc¢) and an increase of monocytes cells
was observed in sinusoids (Fig. 1d). At the 7th day p.i., an
intense area of edema was evident around the hepatocytes
nucleus, causing a progressive increase of necrosis area in
focal parenchyma. Sinusoid capillaries presented several
monocytes and lymphocytes (Fig. le). Diffuse necrose of
hepatocytes was also observed surrounding portal areas
with increased monocyte infiltration (Fig. 1f). At the 13th
day p.i., hepatocytes exhibited changes in their nuclear
content and lipid-like nuclear inclusions were occasionally
seen in vacuolated cells (Fig. 1g). Rare isolated or grouped
inflammatory cells (mononuclear cells) were focally seen
inside sinusoids at the 13th day p.. Inflammation in
hepatic lobuli was characterized by the presence of
polymorphonuclear cells surrounding tumefacted hepato-
cytes with an intense cytoplasmic clarification (Fig. 1h). At
the 17th day p.i., apoptotic cells were seen at the
sinusoidal space as well as necrotic hepatocytes (Fig. 1i).
Although at this time point hepatocytes seemed to be
regenerated, focal rarefaction of sinusoidal cells and
sinusoidal disappearance were occasionally seen at the
17th day p.i. (Fig. 1j).

The semiquantitative analysis demonstrated that in
general at the 2nd day p.i., hepatocytes did not change
their diameter in relation to control mice (P > 0.05).
However, at the 13th day p.i., their diameter was
significantly increased (P < 0.05) (Fig. 2a). Sinusoidal
capillaries had a diminished diameter ( P < 0.05) at the 2nd
day p.i. and became significantly enlarged later on (P <
0.05) (Fig. 2b). Analysis of sinusoidal cells revealed a
significantly decrease of the number such cells in all time
points ( P < 0.05) (Fig. 2c).

Detection of viral antigen in the liver of infected mice

In order to confirm the presence of DENV-2 in liver
tissue, immunohistochemistry assays were performed using
amonkey polyclonal anti-DENV-2 antibody. At the 2nd day
p.i.,, viral antigens were detected in focal hepatocytes (Fig.
3¢) and in the capillar endothelium of the central lobular
vein (Fig. 3d). The antigens were also detected in the
hepatocytes around the portal space (Fig. 3e). At the 13th
day p.i., virus antigens were also detected in focal zones
(Fig. 3g), although in a large extension as compared to the
2nd day p.i. Antigens were observed in plates of hepato-
cytes, in the same areas that exhibiting hepatic injury (Fig.
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Fig. 1. Histological analysis of liver sections of control and DENV-2-infected mice, HE staining. (a) Liver section of a mouse inoculated with L-15 medium,
presenting hepatocytes, sinusoid capillars, and a central vein without alterations (scale bar = 30 pm): (b) liver of a mouse at the 2nd day p.i., showing
vacuolization (V) of hepatocytes and dilatation of sinusoid capillars around the central vein (scale bar = 20 um); (¢ and d) liver of a mouse at the 3rd day p.i.
with diffuse steatosis at the sinusoidal side of hepatocytes and increase of the number of Kupffer cells (KC), observed around the central vein (c), and
microvesicular steatosis noted in the portal space and monocyte cells (MO) observed inside the sinusoids (d) (scale bars = 30 pm); (e and f) liver of a mouse at
the 7th day p.i. with necrosis of hepatocytes and tissue edema (E) and an increase of the number of monocytes (MO) and lymphocytes (LY) inside the sinusoid
capillaries (e), and hepatocyte necrosis (asterisk) with the presence of monocytes (MO) observed in portal areas (f) (scale bars = 30 pm); (g and h) liver section
of a mouse at the 13th day p.i. in which lipid-like nuclear inclusions may be observed in vacuolated (V) and tumefacted (asterisk) hepatocytes (scale bar = 8 um
and 15 pm in panels g and h, respectively): (i and j) liver section of a mouse at the 17th day p.i. with apoptotic cells (Apc) occurring inside the sinusoidal
capillar space (i) and the disappearance of sinusoidal cells (SC) (j) (scale bars = 6 pm).
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Fig. 2. Semiquantitative analysis of hepatocyte (a), sinusoidal capillars (b),
and sinusoidal cells (c). (a) Hepatocytes in liver injury did not change their
diameters in relation to control mice (P > 0.03), at the 2nd day p.i., while
their diameters were significantly increased ( P < 0.03) at the 13th day p.i.;
(b) sinusoidal capillar had a diminished diameter ( P < 0.05) at the 2nd day
p.i. and became enlarged significantly (P < 0.05) in late infection; (c) the
number of sinusoidal cells diminished at the 2nd day p.i. and increase in
late infection ( P < 0.05).

3g). As expected, negative control, constituted of liver of
non-infected mice reacting with anti-DENV-2 antibodies,
did not present any virus antigen (Fig. 3a). Furthermore,
livers of infected mice at the 2nd and 13th days p.i. also did

not present any reaction with the anti-human IgG conjugate
(Figs. 3b and f, respectively).

Transaminase level quantifications in serum samples of
DENV-2-infected mice

In order to investigate whether the hepatic injury detected
in infected mice correlates to alterations in transaminase
levels, semiquantitative analyses of alanine aminotransfer-
ase (ALT) and aspartate aminotransferase (AST) were
performed. In general, at the 7th and 14th days p.i., levels
of ALT and AST increased in most of the tested serum
samples as compared to control sera (Fig. 4). Apparently,
both transaminases presented peak level at the 7th day p.i.
The statistical analysis of the data, however, showed no
significance with the P = 0.051 at the 7th day p.i. The lack
of significance was probably due to a considerable inter-
individual variation.

Detection of DENV-2 in the C6/36 cell line inoculated with
sera from infected BALB/c mice

Since levels of circulating virus in infected mice were
very low (data not shown), for further analysis, C6/36 cells
were used in order to amplify the amount of DENV-2
particles obtained from serum samples collected from these
animals. Cells inoculated with mouse sera from the 2nd and
the 1lth days p.i, examined 15 days after incubation,
presented viral particles inside the cisternae of the rough
endoplasmic reticulum (Figs. 5c¢ and d, respectively).
Vacuolization was also observed in these cells, similar to
those detected in positive control cells, infected with DENV-
2 (Fig. 5b).

Derection of DENV-2 viral genome by RT-PCR
amplification of the NS1 gene sequence

One DNA fragment of 1.1 kb, corresponding to the NS1
gene sequence, was detected in extracts of cells inoculated
with mouse sera collected at the 2nd and the 11th days p.i.
No amplification was observed in control samples cultivated
with non-inoculated mouse sera (Fig. 6). These results
confirmed the presence of DENV-2 in serum samples of
infected mice and indicated that such virus is still able to
infect other cells.

Detection of the period of viremia in serum of BALB/c mice
infected with DENV-2 and inoculated in C6/36 cells (flow
cyiometry)

In an attempt to quantify the degree of infection in the
present mouse model, flow cytometry techniques were
applied. A DENV-2 hyperimmune mouse ascitic fluid was
used for the quantification of the virus in the cultures treated
with sera of infected animals. The serum was purchased in
three different time periods after infection (3, 7, and 14
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Fig. 3. Detection of DENV-2 antigens in liver of infected mice. (a) Negative control obtained with liver of a non-infected mouse (scale bar = 10 pm); (b) liver of
an infected mouse at the 2nd day p.i., incubated only with anti-human IgG-horseradish peroxidase conjugate, central vein (scale bar = 10 um); (c—e) liver of an
infected mouse at the 2nd day p.i., incubated with anti-DENV-2 antibodies and anti-human IgG-horseradish peroxidase conjugate. Note the positive reaction in
hepatocytes in focal midzonal (c) and portal space (&) areas (asterisk) (scale bar = 5 pm), and in endothelium capillar (d) (scale bar = 1 pm), biliar duct (BD); (f
and g) liver of an infected mouse at the 13th day p.i., incubated only with the secondary antibody (f) or with primary and secondary antibodies (g) (scale bars =

10 pm). Note the positive reaction in several hepatocytes (asterisk).

days). Fig. 7a shows original histograms of one sample at
the three different time periods illustrating the clear reaction
of this antibody. Anti-DENV-2 was significantly positive in
cells incubated with serum collected 7 and 14 days after
infection, where a clear shift to the right side of the graph
was observed. The peak of viremia was detected using the
flow cytometer, revealing a ten-fold increase in the
percentage of positive cells for the anti-DENV-2 antibodies
7 days after infection, followed by a subsequent decline of
viremia at day 14th p.i. (Figs. 7a and b). A considerable
individual variation, however, was determined. Six out of
the 8 animals studied were positive to anti-DENV-2 (Figs.
7b and c¢). Four positive animals achieved the peak of
viremia at day the 7th day p.i., whereas two animals
behaved differently, one reaching its highest level of
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infection at the 14th day p.i. and the other at the 3rd day
p.i. (Figs. 7b and c).

Discussion

Dengue is an intriguing disease and the mechanisms
involved in the pathogenesis of DHF/DSS are yet poorly
understood. In an attempt to understand the disease and/or
to test new drugs or vaccines, several studies suggested the
use of murine models (Atrasheuskaya et al., 2003; Huang et
al., 2000a, 2000b; Shresta et al., 2004), although none of
them reproduce the exactly symptoms observed in humans.
In the present report, we evaluated the use of BALB/c
as an experimental mouse model for DENV-2 infection. A
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DENV-2 isolated from a serum sample obtained from one
patient, followed by cultivation in mosquito cells, was
directly inoculated in mice by the intraperitoneal route.
Animals did not present clinical signs of the infection,
significant hepatic alterations were observed. Histopatho-
logical analysis revealed focal injury in lobular parenchyma
in hepatocytes. These results correlate to what is observed in
humans, in which liver seems to be one target organ. The
biology and clinical aspects of hepatitis is a well-known
feature of human dengue infection (Innis, 1995; Rosen et
al., 1989), although DENV can lead to a mild degree of
hepatic involvement. However, it has been reported in
recent years a severe involvement of the liver, including
cases of fulminant hepatitis with high mortality (Lum et al.,
1993).

The hepatic injury observed in the present mouse model
began 2 days p.i.,, and at the 3rd day p.i. hepatocytes
presented diffuse steatosis in midzonal areas. Necrosis of
hepatocytes and a strong flux of edema was observed at 7
days p.i. The descriptions of liver histopathology in humans
infected with DENV is yet scarce. The study of a dengue
fatal case in human also showed diffuse hepatitis with
midzonal necrosis and steatosis recruitment of inflammatory
cells into hepatic parenchyma (Huerre et al., 2001). The data
reported in this study correlated with our results. The
observed hepatic injury was similar to that of early stages of

vellow fever infection. An increase of plasma was reported
when infection occurred through the intraperitoneal route.
Simultaneously an increase in the transaminase levels, fatty
changes in hepatocytes, Kupffer cell hyperplasia, and
centrilobular and midzonal necrosis was observed (Innis,
1995; Kuo et al., 1992). The inflammatory infiltrate
presented monocytes and lymphocytes in sinusoids of focal
areas of the portal space. In accordance to this observations,
in our model, mice infected with DENV-2 also presented
numerous hyperplastic Kupffer and monocytes cells into
sinusoids capillar and portal space, respectively. Some
reports have shown that endothelial and Kupffer cells were
susceptible for DENV replication (Hall et al., 1991; Innis,
1995) suffering, therefore, viral cytopathic effects, which
may explain the hyperplasia observed. In fact, in the present
work, viral antigens were detected in capillar endothelium
of the central lobular vein confirming its susceptibility to
virus replication, as well as in several hepatocytes. How-
ever, such antigens were not verified in Kupffer cells. In
humans, antigens of DENV-2 have been detected in liver
tissue, either in Kupffer’s cells or in hepatocytes, spleen,
lymph nodes, pulmonary alveolae, blood mononuclear cells,
peripheral B cells, and thymic cortex (Couvelard et al.,
1999; Hall et al., 1991; Huerre et al., 2001; Innis, 1995; Kuo
et al., 1992; Monath, 1986; Nguyen et al., 1997; Rosen et
al., 1999; Scott et al., 1980; Waterman et al., 1985). Further
studies will be necessary in order to analyze or evaluate the
extension of injury in other organs in mice, with the
presence of viral antigens.

Apoptosis is a major feature of viral hepatitis (Galle et
al., 1995) and also participates of the DENV pathological
spectrum. In our work we could note the presence of
apoptotic cells, mainly at the sinusoidal space, in later stage
of infection, at the 17th day p.i. This apoptosis is probably
related to focal rarefaction of sinusoidal cells and sinusoidal
endothelial. In vitro, various cell lines susceptible for
DENV, such as HepG2 and a mouse neuroblastoma cell
line (Neuro2a), exhibited apoptotic cell death when infected
with DENV (Despres et al., 1996; Marianneau et al., 1997).
In humans, apoptosis could also occur in endothelial and
Kupffer cells, therefore leading to the focal sinusoidal
denudation demonstrated herein. Probably the sinusoidal
denudation seen in DENV-2 infection may cause the
microvascular barrier derangement and may be pivotal in
the development of parenchymal damage, contributing to
the microvascular disruption caused by cytokines secreted
by activated cells (Dhawan et al., 1990; Khanna et al.,
1990).

The degree of hepatocytic viral injury induced in DENV
infection could also be observed in the transient liver
dysfunction depicted by enzyme levels. Serum levels of the
alanine aminotransferase (ALT) and aspartate aminotrans-
ferase (AST) can be significantly higher in humans infected
with any of the DENV serotypes. In general, DF is usually
associated with mild to moderate elevations of such
enzymes, while in patients with DHF/DSS ALT and AST
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Fig. 5. Electron microscopy of C6/36 cells incubated with sera from DENV-2-infected mice. (a) Negative control of C6/36 cell (scale bar =1 pum); (b) positive
control of C6/36 cell infected with DENV-2. Note the virus particles (arrow) (scale bar = 0.2 pm); (¢ and d) C6/36 culture cells inoculated with sera from mice
collected at the 2nd (c) and 11th days p.i. (d). Note the virus particles inside vesicles and vacuoles (arrows) (scale bar = 0.5 pm).

levels became remarkable higher (Kuo et al., 1992; Souza et
al.,, 2004). Peak levels of the transaminases normally
occurred at the 7th day p.i. and decreased in the following
2 weeks. Similar results were observed in the experimental
mouse model here presented, in which levels of both hepatic
transaminases (ALT and AST) increased in most of the
tested serum samples, with peak levels at the 7th day p.i.
Moreover, AST levels in mice were higher than ALT, which
is also verified in humans (Nguyen et al., 1997).

Another parameter for evaluation of DENV infection is
the viremia, which correlates to transaminase levels and
other hepatic damage. In most experimental mouse models,
viremia could not be characterized, probably due to the fact
that circulating DENV is found in a very low level in such
animals, which stands below the sensibility assays for
normal virus titrage and/or isolation (Bhamarapravati and
Halstead, 1964; Boonpucknavig et al., 1981; Nath et al.,
1983; Shresta et al., 2004). In order to amplity the amount
of DENV-2 particles obtained from mouse sera, we
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inoculated C6/36 cells with serum samples collected in
different time points during the animal infection. Viral
particles could be detected inside those cells by ultra-
structure analysis and its presence was confirmed by PCR
assays. Such results indicated that in fact DEN V-2 particles
were circulating in blood samples of infected mice and that
such virus maintains its capacity to replicate in different
cells.

In an attempt to detect the period of viremia in these
animals, C6/36 cells were incubated with mouse serum
samples purchased in different times and analyzed by flow
cytometry. Peak of viremia was observed at the 7th day p.i.
in most animals followed by a subsequent decline at the
14th day p.i. In humans, the peak of viremia is also verified
around the 7th day p.i. with a decrease after | week (Kuo et
al., 1992; Mohan et al., 2000). Huang et al. (2000a, 2000b)
also detected viremia in blood samples of A/J mice by RT-
PCR but not in BALB/c mice. However, virus could only be
detected 2 days after inoculation by the intravenous route
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Fig. 6. The DENV-2 NSI gene amplified by PCR and electrophoresed in

1% agarose gel stained with ethidium bromide. Serum samples collected

from mice infected with DENV-2 were added to C6/36 cells and PCR
reactions were performed using cDNAs made from extracts of such cells.
Lanes: (1) standard marker of 2 DNA digested with HindIII; (2) extract of
cells cultivated with mouse sera collected 2 days following virus infection;
(3) extract of cells cultivated with mouse sera collected 11 days following
virus infection; (4) negative control with extract of cells cultivated with
non-infected mouse sera; (5) positive control with extract of cells infected
with DENV-2; and (6) standard marker of & x 174 DNA digested with
Haelll.

and it disappeared in the following days. Similar results
were described by Atrasheuskaya et al. (2003), using young
BALB/c mice inoculated with DENV-2 by the intraperito-
neal route, in which viremia was detected by PCR after the
2nd day p.i. These experiments, nevertheless, were con-
ducted with a previous mouse brain adapted. In our work,
assays were performed with a DENV-2 isolated from a
patient serum, cultivated in mosquito cells, and directly
infected in mice by the intraperitoneal route.

In our mouse model we found: hepatic alterations,
including liver histopathological injury with the presence
of viral antigens, elevated levels of transaminases, mainly
at the 7th day p.i., and a correlation between the peak of
viremia, and ALT and AST levels. Our results revealed
the ability of a DENV-2 circulating in a human population
to infect BALB/c mice and are therefore a relevant
physiological approach. Moreover, in conclusion, they
demonstrated that this mouse model is feasible for the
study of DENV disease. Furthermore, studies of exper-
imental drugs or vaccines might be performed using the
BALB/c mice.

Material and methods
Virus
DENV-2 was isolated from a patient serum during an

outbreak of the virus in the state of Rio de Janeiro, in 1995
(Nogueira et al., 1995), kindly provided by the Flaviviruses

Laboratory of the Department of Virology, Fiocruz, RI.
Virus had not undergone any passage in mouse brain. It was
propagated in dedes albopictus mosquito cell line mono-
layers (C6/36), in 10 ml tubes, with L-15 medium (Sigma,
USA) supplemented with 1% non-essential amino acids,
10% tryptose phosphate broth and 10% fetal bovine serum,
and maintained at 28 °C for 15 days.

Animals and experimental protocol

All experiments with mice were conducted in compli-
ance with Ethical Principles in Animal Experimentation
stated in the Brazilian College of Animal Experimentation
and approved by the Institute’s Animal Use Ethical
Committee. Adult male BALB/c mice (age of 2 months),
weighing 25 g, obtained from the mouse colony maintained
in the Department of Virology of the Instituto Oswaldo
Cruz, were submitted to an infraperitoneal inoculation with
DENV-2 (10* TCIDsp/0.2 ml). For histopathological
analysis and biochemical tests, mice, anesthesiated with
4% chloral hydrate (0.4 ml/25 g of animal), were sacrificed
by total cardiac puncture, while for viremia detections
blood samples were collected several times by partial
cardiac puncture. Control animals consisted of non-infected
or L-15 medium inoculated mice, sacrificed as described
above.

Histological study of liver (light microscopy)

Five DENV-2 inoculated animals were sacrificed at the
2nd, 3rd, 7th, 13th, and 17th days p.i. Liver slices were
fixed in Millonig’s fixative, dehydrated in ethanol, and
paraffin embedded. Sections (5 pum thickness) were stained
with hematoxylin and eosin (HE).

Morphomertrical analysis

Hepatocyte, sinusoidal density surface, and sinusoidal
cells numerical density were obtained in HE stained
slides, from animals at the 2nd, 13th, and 17th days p.i.
A hundred and thirty images of liver parenchyma
avoiding portal spaces were obtained in a NIKON Eclipse
104 light microscope (40x objective camera) and
digitalized by a NIKON Coolpix 990 digital camera.
From each images, diameters of 20 hepatocytes and 10
sinusoidal spaces, as well as sinusoidal cells counting,
were achieved using a public software Scion (ScionCorp,
USA). Data were submitted to statistical analysis using 7
test or Mann—Whitney rank sum test considering signifi-
cance at £ < 0.05.

Immunoperoxidase technique for the detection of viral
antigen in mice liver

Paraffin-embedded sections of the liver of infected and
confrol animals were deparaffinized with three washes in

154



244 M.V, Paes et al. / Virology 338 (2005) 236-246

a
A
b
o . 80 ey
5,24% 3 70 ——B
3 days & s N\ —+C
a
2 A D
E 50
© ——E
T 40 ——F
g’ao « M/ G
§ ——H
s - 3
& 10 v —
< G a 0 ‘%—4—"_—%
100 10 107 107 10 3 - 14 Days
8
]
=
o
=
o
o c
Animals Time
3days 7days 14 days
A 2,69 1,18 5,28
B* 2,95 2,42 38,4
7.4% c* 34,47 67,6 5,34
14 days
D* 524 53,94 7.4
E* 17,82 9,06 nv
F 1 3,49 2,87
G* 6,82 29,57 16,38
R R H* 136 33,66 13,39
>

Anti-DENV-2

Fig. 7. FACs analysis of C6/36 cells inoculated with sera collected from DENV-2-infected mice at different time points. (a) Original FACs histograms showing
the time-dependent positivity for the anti-DENV-2 antibody in C6/36 cells treated with sera of one infected animal. Anti-DENV-2 = gray color/histogram, 2nd
antibody = transparent overlaid histogram. Percentage of dengue virus and time of the analysis are shown at the right top of each histogram. (b) Graph showing
the kinetic of infection for all animals studied as percentage of anti-DENV-2-positive cells. Each line represents one animal and each point represents the day of
analysis. Day 1 of infection :! . (c) Table containing the values for anti-DENV-2-positive cells for all infected animals in all studied days. Asterisk/bold*
letters showing that in the majority of the animals studied the infection was detected using this experimental model (nv = no value).

xylol and serial washes in 100%, 90%, and 70% ethanol
followed by a final wash in PBS. For detection of DENV
antigens, samples of liver from 2 and 13 days p... were
incubated over night at 4 °C with an anti-DENV-2 serum
raised in monkey (gently provided by Dr. R. Galler,
Laboratory of Molecular Biology of Flavivirus, Department
of Biochemistry and Molecular Biology, Fiocruz, RJ). After
washing with Tris—HCI (0.05 M pH 7.6), the sections were
further incubated with rabbit anti-human IgG-horseradish
peroxidase conjugate (Sigma) for 30 min at 37 °C. The
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slices were revelated with DAB (Sigma) and were counter-
stained with Mayer’s hematoxylin. Controls were stained
with the secondary antibody only.

Biochemical analysis of serum hepatic enzyme

Five infected mice were bleed at the 2nd, 3rd, 7th, until
the 14th days p.i. and serum samples were obtained after
centrifugation at 400 rpm for 5 min and stored at =70 °C.
Levels of alanine aminotransferase (ALT) and aspartate
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aminotransferase (AST) were detected by the UV optimized
(IFCC) method (Karmen, 1955), using commercial kits
(Clm, Brazil).

Statistical analysis

Experimental results on biochemical tests were ana-
lyzed for their statistical significance by ¢ Student and
Kruskal-Wallis test P = 0.051.

Detection by transmission electron microscopy of DENV-2
in C6/36 cell line inoculated with sera from infected BALB/c
mice

Serum samples (100 pl) collected from DENV-2-infected
mice at the 2nd and 11th days p.i. were added to monolayers
of C6/36 cells, grown as described above. Cells were daily
observed for viral cytopathic effects for 15 days. Positive
and negative controls consisted of DENV-2 (107 TCIDsy/
0.1 ml) infected and non-infected C6/36 monolayers, res-
pectively. Cells were fixed in 1% buffered glutaraldehyde,
dehydrated and embedded in epoxy resin for electron
microscopy observations. Ultra-thin sections of 50-70 nm
thickness were obtained using a diamond knife, double
stained with uranyl acetate and lead citrate, and observed in
a Zeiss EM-900 transmission electron microscope.

Detection of the NSI DENV-2 gene by PCR amplification in
C6/36 cell line inoculated with sera from infected BALB/c
mice

C6/36 cells were used in order to increase virus titer. The
cells were incubated with mice sera collected at the 2nd and
11th days p.i., as described above, and were used for the
detection of the DENV-2 non-structural protein 1 (NSI).
PCR reactions were performed using ¢cDNAs made from
extracts of such cells, and total RNAs were then extracted
with Trizol (Invitrogen, USA), according to the manufacturer
protocol. The RNA was used as template for the synthesis of
a ¢cDNA, carried out with the oligonucleotide antisense
primer 5'-CAT AAG CTT ACA GAG GTT CCC CCA TG-
3, which hybridize between nucleotides 1422 and 1438 in
the NS3 gene. The cDNA was then used for amplification of
the NSI gene sequence by Nested PCR. The first PCR
reaction was made with two oligonucleotide primers (sense
5'-G GGG GAT ATC ATG CTG TCT GTG TCA CTA G-¥
and antisense 5'-G GGG CTC GAG TTA CCC TGT GAT
CAA TG-3'), which anneals between nucleotides 1425 and
1441 and between nucleotides 125 and 141 in the E and
NS2A protein genes, respectively. The oligonucleotide
primers sense -GGG GGA TAT CGA TAG TGG TTG
CGT TG-3' and antisense 5'-GGG GCT CGA GTT AGG
CTG TGA CCA AG-3" were then used for the amplification
of the NSI gene sequence in the second PCR reaction was.
The two PCR reactions were programmed as follows: 94 °C
for 2 min, 40 cycles of 92 °C for | min, 55 °C for 1 min,

72 °C for 2 min, and an extension step at 72 °C for 5 min at
the end of the cycle. The amplified products were electro-
phoresed on a 1% agarose gel, stained with ethidium
bromide, and photographed with Polaroid film.

Viremia detection by flow cytometry

Eight BALB/c mice were inoculated with DENV-2 as
described above and serum samples of each animal were
collected at the 3rd, 7th, and 14th days post-infection and
stored at —70 °C. C6/36 cells were incubated with the serum
and maintained for 10 days at 28 °C. Infected and non-
infected cells were analyzed by a FACScalibur (Becton
Dickinson). Performance control of the flow cytometer was
accomplished on a regular basis using Calibrite Bead
(Becton Dickinson). All analyses were performed with
intracellular labeling techniques using a PBS/Saponin
solution (0,05%) with preceding cell fixation (fixing
reagents Paraformaldehyde 1%). Primary antibody used
was a DENV-2 hyperimmune mouse ascitic fluid (ATCC,
USA) and the second antibody was a fluorescein-conjugated
goat anti-mouse IgG (Southern Biotechnology, USA). The
standard incubation time with the first antibody was | h
at 4 °C and samples underwent a supplementary 30-min
incubation step with the second antibody.
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SUMMARY - The difficuley in studying dengue virus (DENV) infection in humans and in developing a virus vac-
cine is the absence of a suitable animal model which develops the full spectra of the Dengue haemorrhagic fever
(DHF) and Dengue shock syndrome (DSS). Despite the fact that viruses have been found in various animal tissues,
we isolated DENYV from tissues of adult BALB/c mice, inoculated with DENV serotype 2 (DENV-2) obtained from
human secum. Viruses were ultrastructurally identified and immunolocalized by immunofluorescence techniques in
C6/36 mosquito cell cultures, inoculated with tissues (liver, lung, kidney and cerebellum) macerate supernatant from
mice, 48 h post-infection {p.i.}. These organs, collected at the same stage of infection, were examined histologically.
The histopathological analysis revealed focal alterations in all tissues examined. Liver contained focal ballooned hepa-
tocytes, but withour modifying the average diameter of the majority of hepatocytes. Sinusoidal lumen was significane-
ly diminished ar this stage but portal and centrolebular veins became congested. Lungs exhibited hemorrhagic foci in
the alveolar space, vasc‘zf:rcongesrion and focal alveolitis, Cerebellar tissue showed rare foci of neuronal compactation
(Purkinje cells) and perivascular oedema. In kidneys it was observed an increase in glomerular volume with augment-
ed endocapillary and mesangial cellularity, with reactivity to anti-IgM in all glomeruli of infected mice. In conclusion,
DENV-2 was found in all tissues examined early in the evolution of infection. Presence of viruses in tissues has main-
ly led to hemodynamic alterations with generalized vascular congestion and increased permeabiliry, and mast cell

recruitment in lungs, The latter could participate in the vascular modifications in tissues,

Key WORDS Dengue-2 viras - mouse - C6/36 cell line - tissue macerates - wltrastructure -

histapashology

INTRODUCTION

Dengue fever (DF) is a common disease in tropical countries.
It is caused by four serotypes (dengue virus serorype 1
[DENV-1], DENV-2, DENV-3, DENV-4) of DENV {fami-
ly Flaviviridae) transmitted to humans by some Aedes mos-
quitoes (Monath and Heinz, 1996). DENV-2 was first isolat-
ed in Brazil, during an outbreak in 1990 (Nogueira ez 2/,
1990). The World Health Otganization estimates the num-
ber of annual dengue cases to be about 100 millions, DHF
and DSS$ are the major complications that cause fatality in

Mdiﬁng address: Prof. Débora Ferrcira Barreto, Departamento de Virologia,
Institueo Oswaldo Cruz, FIOCRUZ, Av. Brasil 4365, 21045-900 Rio de Janeico,
Brazil; e-mail: barreco@ioc fiocruz.br

159

about 30,000 infected individuals per year (Knudsen, 1997).
Considerable effort has been pur to understand the patho-
genetic mechanisms of dengue (DEN) infection and in vac-
cine development, but difficulties exist because of the lack of
an appropriate small animal model (Bhamarapravati, 1993}
which could mimic the DHF/DSS manifescations. In general
mice are susceptible for DENV infection but inbred mice
strains, in particular the C57BL/6 strain, was the most sus-
ceptible (Raut ez al, 1996). Despite the fact that signs of dif-
ferent severity were observed in these animals, viremia was
not detected in these strains by routine method of virus titra-
tion, except in nude animals (Hotta er /., 1981). However,
presence of vital antigens has been demonstrated in several
organs such as mesenteric lymph nodes, spleen, liver, and
brain {Boonpucknavig ¢z 4/., 1981; Hotra er al., 1981; Nath
et al., 1983). Until now the great majority of mice models of
DEN infection has dealt with suckling or young mice infect-
ed by an intracerebral route of inoculation (Nath ez af., 1983;
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Raur er al., 1996) of mouse-neuroadapied DENVY (Després
et al., 1998; Acrasheuskaya er af., 2003). Response of animals
(clinical symptoms and/or degree of injury) varied according
to the mice strain; however, the full DHF/DSS manifesta-
tions did not seem to occur in standard laboratory mice. In
nude mice, petechial hemorrhages and gastrointestinal hem-
" orrhage have been observed (Raut ¢z a/, 1996) while a tran-
sient thrombocytepenia and anti-platelet antibodies were
detected in A/] mice and in a mild extent, in BALB/c and B6
mice (Huang er al., 2000). Moreover, foci of tissular hemor-
rhage, hemoconcentration and fluid extravasation, thrombo-
cytopenia, and prolonged partial thromboplastin time were
for the first time achieved in the model of infection devel-
oped in SCID mice, submitted to the transplantation of
human hepatocarcinoma cell line (HepG2} (An er 4/, 1999).
HepG2 cells, a human hepatoma cell line, retain numerous
characreristics of differentiated hepatocytes (Knowless et al.,
1984) and further, are permissive for DENV infection and
replication. HepG2 cells transplanted into SCID mice are
capable to repovoated liver, and after viruses inoculation
became the major target for their replication. The infected
cells, in turn, die by an apoptotic mechanism as a direct con-
sequence of the viral infection (Marianneau ef a/., 1998).
Moreover, these animals developed a hind-leg paralysis, liver
injury, and renal dysfunction. Viremia, determined by
plaque-assay on a Vere cell monolayer, in this model peaked
at 8 day post-infectinn, viruses were already seen in 60% of
the mice ar day 5. Viruses were only detected in the hepatic
tissue, brain, and blood (An ef 2/, 1999). In the majority of
animal models in which viremia was successfully character-
ized, viremia was obtained from RT-PCR of blood samples
(Huang er al., 2000; Atrasheuskaya et af., 2003). These exper-
iments were characterized by the use of either a mouse-adapt-
ed DENV strain in inbred young BALB/c mice
(Arrasheuskaya er 4i., 2003) or local virus isolate (DENV-2)
in A/] mice strain (Huang ez /., 2000).

The present study was conceived to characterize the inirial
injury caused by DENV in liver, lung, kidney and cerebellum
of BALB/c mice infected with DENV-2, and viruses presence
at 48 h pi. Differing from the majority of mice models,
DENV-2 was obtained from a patient serum, propagated in

Aedes albopicrus mosquito cell line (C6/36) and was inoculat-
ed by a peripheral route (intraperironeally). Presence of
DENYV antigen and virus particles, in monolayers of C6/36
cells inoculated with macerated tissue supernatants, was inves-
tigated by using light and electron transmission microscopy.

MATERIALS AND METHODS
Virus

The viruses used in our experiments were isolated from a
patient serum during an epidemic of DENV-2 in the scate
of Rio de Janeiro in 1995 and propagated in the Aedes
albopictus mosquito cell line (C6/36). The serum was tested
by the indirect immunofluorescence technique using a type
specific DENV-2 monaclonal (3HS, DENV-2) antibody. '
The virus had not undergone passage in mouse brain. The
titer of the virus (104 TCID4,/0.1 mL) was calculared by
the mechod of Reed and Muench (1938}, The mice were
inoculated with doses of 10,000 TCID;4/0.2 mL.

Cells

The isolation of the DENV was in virus-sensitive clone
C6/36 from Singh's Aedes atbopictus cells (Singh, 1967).

Animals

Adulr male BALB/c mice, aged 2 months and weighing 25 g,
were obtained from the mouse colony maintained in the
Department of Virology of the Instituto Oswaldo Cruz,
FIOCRUZ. Mice wete peritoneally inoculated with DENV-2
{dose of 10,000 TCIDs/0.2 mL) and sacrificed after 48 h.
Non-infected mice and mice inoculated with L-15 medium
were used as controls and sacrificed at the same time.

Morphology of the tissues
The animals were peritoneally anaesthetized with 4% chlo-

ral hydrate (0.4 mL/25 g of animal) and tissue (liver, lung,
kidney and cerebellum) fragments were collected from

FIGURE 1a-f () Nocmal liver of BALB/c mice. Central medzonal area. Note centrolobular vein (CV) with hepatocytes (H) around, sinusoidal cap-
illary (5C), endothelial cell (EC). Bar = 50 pm. (5) Normal liver of BALB/c mice inoculated with L-15 medium. Central medzonal

trolobular vein (CV) with hepatocytes (H} around, sinusoidal capillary (SC), endothelial cell (EC). Bar=0.03 pm. {¢) Liver of BALB/c mice infected
with DENV-2, 48 h ?I Central medzonal area. Note swollen (star), vacuolization (asterisk) and division (%) of hepatocyte cells (H) and hyperplasia

of Kupﬂer cells (KC|

nal area. Note cen-

Sinusoidal capillary (SC}, endothelial cells (EC). Bar=0.03 pm. (d) Analysis of surface density of hepatocytes, 48

pi
Heparacytes in liver did not change in their diameters (p > 0.05) in relation to liver control. (¢) Analysis of surface density of sinusoidal capillary, 48

h p.i. Surface densiry of sinusoidal ca ill;;? in liver significantly decreased (p < 0.05) in relation to liver control.
ﬁcr sinusoidal cells in liver significantly decreased (p < 0.05} in relation to liver control.

of sinusoidal cells, 48 h p.i. The num
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infecred (48 h p.i.) and non-infected mice. Samples were
fixed in Millonig’s fixative, dehydrated in ethanol and paraf-
fin-embedded. Sections (5 pm thickness) were stained with
haematoxylin and eosin and toluidine Perez blue (only lung,
tissues).

Morphometrical analysis

Liver - The surface density of hepatocytﬁ, and sinusoidal cap-
illaries and cells numerical densicy were obtained from histo-
logical sections stained with haematoxilyn and eosin. A hun-
dred and thirty images of the non-infected animals and a hun-
dred and thirty images of the infected animals of liver
parenchyma, avoiding porral spaces, were obtained in a 40X
objective camera, From each image, 20 hepatocytes and
10 sinusoidal spaces were measured using a public software
Scion (ScionCerp., USA), and all sinusoidal cells on each

image were quantified.

Lung - Numerical density of mast cells were obrained from
histological sections stained with taluidine Perez blue lung
fragments. Thisty four images of non-infected animals and
thirty four images of infected animals of pulmonary
parenchyma, were obtained in 20X objective camera and
all mast cells on each image were quantified.

Spleen - Numerical density of glomerular cells were
obrained in histwological sections stained with haematoxilyn
and eosin. Seventy images of non-infected animals and sev-
enty images of infected animals of kidney were obtained in
20X objective camera and all glomerular cells on each
image surface were quantified.

All images were obtained with a NIKON Eclipse 104 light
microscope and digiralized using 2 NIKON Coolpix 990
camera. Data were submitted to staristical analysis using t-test
or Mann Whitney rank sum test considering p << 0.05.

Direct i offuorescence for i globulins - Frozen sec-
tions of kidney of infected, L-15 medium inoculated and
normal mice were tested for the presence of immunoglobu-
lins using anti-mouse IgM canjugated with FITC (Calcag,

USA). In brief, 5 pm sections were fixed with iced acetone
and incubated with antibodies (dilution: 1:50) and observed
in a confocal laser microscope.

Lolation of DENV-2 in C6/36 cell line inoculated with super-
natant of tissue macerates from infected BALB/c mice - Tissue
(liver, lung, kidney and cerebellum) fragments were washed
in phosphate saline buffer (PBS, pH 7.2) and macerated in
Leibovitz medium (L-15), supplemented with antibiotics.
The suspension was incubared for one hour for antibiotic
action, ccntri.ﬁ.lged ac 1400 g for five minures in a refrigerate
centrifuge and the supernarant was collected. The cell mono-
layers were inoculated with 100 pl of supernatant and incu-
bated for 1 h ac 28°C for virus adsorption. Subsequently,
monolayers were grown in L-15 medium supplemented with
1% non-essential aminoacids, 10% tryptose phosphate broth
and 10% feral bovine serum. The tubes were kept at 28°C
and observed daily for viral cytopathic effects for fifteen days,
when cultures were collected for morphological analyses. As
negative control, were used C6/36 normal monolayers, while
positive control consisted of monolayers inoculated with
DENV-2 ar the same concentration as used to infect mice.
Both monalayer controls were kept in culture for the same
period as done for test monolayers.

Indivect immungfluorescence - C6/36 monolayers were tested
for presence of the viral aniigen using type-specific serotype
2 monoclonal (3HS, DENV-2) antibody.

Transmission electron microscopy - C6/36 monolayers were
fixed in 1% glutaraldehyde in cacodylare buffer (0.2 M, pH
7.2), dehydrated in acetone, post-fixed with 1% buffered
osmium tetroxide, embedded in epoxy resin and polymer-
ized ar 60°C during three days. Ulteathin sections of 50-70
nm cthickness were obtained using a diamond knife
(Diatome) adapted to a Reichert-Jung Ultracut E micro-
tome. The sections were picked up onto copper grids and
stained wich uranyl acetare and lead citrate (Reynolds,
1993) and observed in a Zeiss EM-900 transmission elec-
tron microscope.

FIGURE 2a-f {a) Normal lung of BALB/c mice. Note a bronchiole (BC) with alveolar spaces (A} around. Alveolar septa (5} and alveolar sac (AS).
Bronchiolar epithelium (BE). Bar =50 pm. {$) Lung of BALB/c mice infected with DENV-2, 48 b p.i, Note swollen atveolar septa (S) and hem-

orrhagic foci (h). Bar=100 pm. (<) Lung of BALB/c mice infected with DENV-2, 48 h p.i. Note mast cells (MC) in peribronchiolar space.
Bronchiole {BC). Bar=50 pm. {#) Analysis of numerical density of mast cells. The number of mast cells in lung, 48 h p.i. was significandy
increased (p < 0.05) in relation to lung control. (¢} Normal kidney of BALB/c mice. Cortical area. Note proximal convolured rubules (PCT},
glomeruli (G) with some capillaries {C). Bar=0.02 pm. (f) Kidney of BALB/c mice infected with DENV-2, 48 h p.i. Cortical area. Note increase
of glom:rular cells. Glomeruli {G). Proximal convoluted tubules (PCT}. Bar=0.02 pm.
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RESULTS
Clinical signs

The infected BALB/c mice did not show cither signs or
increased mortality.

Histopathology and morphometry of tissues

At 48 h post-infection, tissues {live, lung, kidney and cere-
bellum) were focally injured.

Heparic tissue had, in general, a histological aspect similar o
the controls (normal and 1-15 medium-inoculared)
(Fig. 14,8} with only some focal mild alterations (Fig. 1¢).
Heparic plates showed no significant modifications in rela-
tion to their surface density (p > 0.05) (Fig, 14), contrasting
with its increase ar 13 days post-infection (data not shown),
Scarse binucleated cells, or cells with enlarged nuclei were
seen. Rare swollen cells or vacuolated hepatocytes were
observed all over the liver parenchyma but more evident at
the zone II of the liver acini (midzonal area) (Fig. 1c).
Sinusoids, on the other hand, were significantly diminished
(p<0.05) in relation to normal liver as demonstrated by
quanitative analysis of its surface density (Fig. 1¢) as well as
the numerical density of sinusoidal cells (p < 0.05) (Fig. Lf).
Lung from infected animals exhibited a slight thickening of
alveolar septa due to the presence of engorged capillaries and
a mononuclear inflammatory infiltrate (Fig. 26), when com-
pared to the control (Fig. 24). In rare focal zones, parenchy-
mal hemorrhage was observed (Fig. 26), as also accumula-
tion of alveolar macrophages. Mast cells were found in an
increased amount (p<C0.05) {Fig. 24} in peribronchiolar
areas (Fig. 2¢) in infected animals. In these areas it was veri-
fied the presence of a small amount of interstitial oedema.
Kidneys of infected animals exhibited only an increase in
glomeralar volume with augmented endocapillary (Fig. 2f)
and mesangial cellularicy (p < 0.05) (Fig. 34) when com-
pared to the control (Fig. 2¢). Presence of immunoglobulins
1gM in glomeruli (Fig. 3¢) was observed in infected ani-
mals. Presence of immunoglobulins was not ohserved in
glomeruli of animals control (Fig. 34).

Cerebellar tissue was slightly damaged. A pericapillary oede-
ma (Fig. 3¢) was present, and sometimes was associated to an
interstitial oedema with rare neuronal retraction (Purkinje

FIGURE Ja-f (2} Analysis of numerical density of mesangial cells, 48 h
g>< 0.05) in relation ro kidney cantrol. (#) Normal kidney of BALB
A

neuron) {Fig. 3f), and cytoplasmic condensation, when
compared to the control (Fig. 34).

Lsolation of DEN-2 virus in the C6/36 cell line

The syncytial cytopathic effect started to be visible around
the 13th day p.i. in monolayers of the C6/36 cells of posi-
tive control and in the cultures inoculated with the super-
natant of tissues.

At 15th day p.i. monolayer cells of the negative control
showed no morphological alterations, exhibited neither
DENV-2 antigen (Fig. 44) nor virus particles (Fig. 4¢).

In cell culrures of the positive controls and in monolayer
culrures inoculated with the supernatant of the tissues, the
DENV-2 antigen (Fig. 44-f )} was observed by indirect
immunofluorescence technique. Presence of syncytial cyto-
pathic effect was observed in all monolayers.
Ultrastructural observations of cell culcures of the positive
controls and in monolayer cultures inoculated with the
supernatant of the tissues, showed virus particles inside cys-
terns of the rough endoplasmic reticulum (Fig. 44-/). In
some monolayers, virus particles presented abnormal features,
frequently lacking nucleocapsids (Fig, 47).

DISCUSSION

The knowledge about DEN infection is mainly derived
from the findings found in humans in autopsy marerial and
blood samples. Therefore, pathogenesis of DEN remains dif-
ficult to study because of the lack of an adequate znimal
model. The great majority of models use suckling or young
mice inoculated with a neuroadapted mouse DENV strain
(Nath er ai., 1983; Raut ez al., 1996). Response of animals
(clinical signs and/or degree of injury) varied according to
the mice strain but in general these experimental models
showed that mice is susceptible for DENV infection
{Meiklejohn ez af, 1952; Lin ez /., 1998; Johnson and
Rochrig, 1999). However, the full DHF/DSS manifestations
did not seem to occur in standard laboratory mice (Huang
et al., 2000}. The suscepribilicy of BALB/c mice inoculated
with neurcadapted mouse DENY strain, by intraperitoneal
routc has been demonstrated (Arrasheuskaya ez 2/, 2003). In
our studies, male BALB/c mice, demonstrated to be permis-

i. The number of mesangial cells in kidney was significantly increased

mice. Carrical area, Presence of immunogiobulin was not observed.

r=0.02 pm. {c} Kidney of BALB/c mice infected with DENV-2, 48 h p.i. Corrical area. Note presence of immunoglebulin IgM in glomeruli
{G). Proximal convoluted tbules (PCT). Bar = 0.02 pm. () Normal cerebellum of BALB/c mice. Note molecular layer (ML), Purkinje neuron
layer (PNL) and granular layer (GL). Capillary (C). Bar=0.02 pm. {e,f) Cerebellum of BALB/c mice infected wich DENV-2, 48 h p.i. Note peri-
capillary oedema (o) and retraceion of Purkinje neuron (PN). Molecular layer (ML), granular layer (GL), capillary (C). Bar=1.6 pm.
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FIGURE 4a- (a-f) Detection of DENV-2 antigen in monolayers of C6/36 by immunofluorescence technique. (4) Negative control. (b) Positive
control. (¢) Monolayer infected with macerate of hepatic tissue supernatant. (d) Monolayer infected with macerate of lung supernatant. (e)

Monolayer infected with macerate of kidney supernatant.(f) Monolayer infected with macerate of cerebellum supernatant. Bar= 50

pm. (g-))

Detection of DENV-2 particles in monolayers of C6/36 by electron microscopy technique. (g) Negative control. Bar=1, 25 pm. (#) Positive con-
trol. Bar = 0.23 pm. (4) Monolayer infected with macerate of hepatic tissue supernatant. Bar=0.35 pm. (j) Monolayer infected with macerate of
Jung supernatant. Bar=0.26 pm. (£) Maonolayer infected with macerate of kidney supernatant. Bar=0.3 pm. (/) Monolayer infected with macer-

ate of cerebellum supernarant. Bar=0.09 pm. Virus particles (arrows).

sive hosts for DENV-2 (virus non-adapted in mouse brain),
when infected by intraperitoneal route.

Histopathological observations of lung, liver and cerebel-
Jum of animals 48 h p.i., exhibited mild modifications of
their scructure. Despite the fact that a widespread mild
injury was detected in these animals, no signs of disease
were observed, probably mimicking what occurs in the
majority of human cases (Burke ez al., 1988; WHO, 1999).
The histopathological alterations observed in our animals
are very mild when compared with observations of other
animal models (Raut et al., 1996). In these animal models
the mice were inoculated by intravenous route with a neu-
roadapted mouse DENV strain.

In hepatic tissues few binucleated cells or with enlarged
nuclei, scarce thickened or vacuolized hepatocytes observed.
The sinusoidal capillary was compressed when compared
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with hepatic tissues of non-infected mice. The alterations
observed in liver of mice in our experiments were less severe
than observed in other animal models and in human cases.
Virus particles and antigen of DENV were detected in
monolayers of C6/36 cells inoculated with supernatant of
liver macerate of infected animals. Studies with BALB/c mice
infected by intraperitoneal route, dilatation of sinusoidal cap-
illary, hyperplasia of Kupffer cells, infiltrate of inflammarory
cells, focal disorganization of the endothelial lining, vac-
uolization of hepatocytes and alteration of levels of aspartate
(AST) and alanine (ALT) transaminase enzymes were
observed (Paes et al., 2002). Presence of DENV antigen in
Kupffer cells was observed in studies with atymic nude
BALB/c mice (Horta et al., 19815). Severe damage in hepatic
tissues has been observed in studies with BALB/c mice infect-
ed with neuroadapted mouse DENV strain (Arrasheuskaya




et al., 2003). The histopathological alterations observed in
these animals were similar at DHF and DSS. The DENV has
been isolated of the liver of fatal cases of DHF and the
DENV antigen has been detected in Kupffer cells and hepa-
tocytes (Fresh ez al., 1969; Rosen ez af., 1989; Innis, 1995;
Bhamarapravati, 1997; Couverland ez al., 1999; Rosen ez al.,
1999). Researchers postulate thar hepatocytes and Kupffer
cells can be target cells in DENV replication (Burke, 1968;
Huerre et al., 2001). This face suggest that the liver can be
target organ in the DE DHF and DSS and that virus can
replicate in liver cells causing hepatic injury.

Mulrifocal interstitial pneumonia with rare areas of hemor-
rhage was observed in lung tissue of our animals. Virus par-
tickes and antigen of DENV were detected in monolayers of
C6/36 cells inoculated with supernatant of lung macerate of
infected animals, Qur results are similar to those shown in
other groups of mice and in human necropsy studies (Burke,
1968; Hotta et al., 19814; Bhamarapravaci, 1989). Increase
of mast cells in peribronchiolar space and in the interalveolar
septa in lung of mice of our expertments, probably con-
tributes to the permeability changes seen in this organ.
Tissue mast cells probably are also invelved in DEN injury,
since they are usually found in normal and abnormal alveo-
lar wall (Fox et al.,, 19814}, They produce a series of vasoac-
tive mediators, including histamine and histamine-like prod-
ucts. Histamine causes increased capillary permeability by
opening the intercellular junctions (Khanna et al., 1990).
Russel (1971) suggested that the hisramine can be the medi-
ator of the vascular permeabilicy in DHF and in DSS. In
studies with cases of DHF and DSS, increase of levels of his-
tamine in urine was observed (Tuchinda et 4/, 1977),
Studies with mice inoculated with cytotoxic factor obtained
from spleen of mice infected by DENV showed alterations
in blood-brain barrier, leading to ocdema, which was medi-
ated via liberation of histamine {(Charurvedi ef 4Z, 1991).
Histopathological alterations in kidney of mice infected by
DENY have been poorly described. In our experiments was
observed increased volume of glomeruli that could be relat-
ed to the increased cellularity in glomeruli as well as due 1o
the vascular congestion and immunoglobulins (IgM) pres-
ence in glomerular vessels. Virus particles and antigen of
DENYV were detected in monolayers of C6/36 cells inocu-
lated with supernatant of kidney macerate of infected ani-
mals. According to Boonpucknavig ez 4/. (1981), in swudies
with Swiss albino mice inoculated intraperitoneally with a
mouse-adapted strain of DENV, mononuclear cell infiltra-
tion was seen at 14 days p.i. DENV anrigen antibody com-
plement complexes were lacated in the glomeruli, but with-
out significant effect on glomerular function. In human
cases of DF, increase of mesangial cells was observed
(Bhamarapravati, 1997). Ours findings differ from studies
with BALB/c mice infected with neuroadapted mouse
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DENYV strain, where any histopathological alteration was
observed in kidney (Atrasheuskaya ez al., 2003).

In our studies, cerebellum tissue showed focal alterations in
the Purkinje neuron layer and oedema in the gray matter.
Virus particles and antigen of DENV were detected in mono-
layers of C6/36 cells inoculated with supernatant of cerebel-
lum macerate of infected animals. DENV has been shown to
lack the ability ro invade the cenrral nervous system from the
ptriphcry (Nathanson and Cele, 1970), but there are reports
of definirive development of cerebral oedema in cases of
DF/DHF/DSS (Halstead, 1981) and the anrigen of DENV
has been detected in brain of human fatal cases of DEN
(Miagostovich er al., 1997; Nogueira es al., 2002). During
DENV-2 infection of mice, the blood-brain barrier is dam-
aged, resulting in leakage of protein-bound Evans blue dye
and radiolabeled mouse red blood cells into the brain sub-
stance (Chaturvedi et al., 1991). In studies with atymic mice
and BALB/c mice, virus particles and antigen of DENV were
detected in neuron cytoplasm (Hotta er 4/, 1981). Viral RNA
has been demonstrated in cytoplasm of glial cells and in
macrophages of brain of ICR mice, infected by intracerebral
route (Lucia and Kangwanpong, 1994). Ours findings differ
from studies wich BALB/c mice infected with neuroadapted
mouse DENV strain, whese any histopathological alteration
was observed in cerebellum (Atrasheuskaya er @/, 2003},

In our studies the presence of DENV antigen and viral par-
ticles in C6/36 cell cultures inoculated with supernatant of
the tissues (liver, lung, kidney and cerebellum), macerates of
BALB/c mice, 48 h post-infection, by intraperttoneal route,
is an indirect proof of the DENV-2 infection, and confirms
that BALB/c mice tissues are susceptible for DENV-2.
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