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RESUMO

Dengue ¢ uma importante arbovirose (arthropod-borne virus) e constitui um grave
problema de saude publica ndo s6 no Brasil, mas também nos paises de clima tropical. O Aedes
aegypti € o principal vetor dos virus dengue (DENV) e estd presente na maioria dos paises entre
as latitudes 35°N e 35°S. Neste trabalho, apresentamos quatro estudos. No primeiro estudo,
analisamos os niveis de RNA viral dos DENV-3 e sua correlagdo com o tipo de infec¢dao
(primdria ou secunddria) em casos fatais e ndo fatais por dengue, ocorridos no estado do Rio de
Janeiro, 2002. O grupo de casos fatais apresentou uma média de titulo viral significativamente
mais elevada do que o grupo de casos nao fatais. Considerando que infec¢des primdrias foram
confirmadas entre os casos fatais (52,1%), a teoria da infec¢do seqiiencial por si sé ndo explica
todos os casos graves da doenca. Estes resultados sugerem que altos niveis de DENV-3 podem
ter contribuido para a forma grave do dengue no Rio de Janeiro, 2002.

No segundo estudo, diferentes métodos de diagndstico foram aplicados para investigar a
presenca dos DENV em amostras de tecidos humanos obtidos a partir de casos fatais (n = 29),
ocorridos durante a grande epidemia em 2002 no estado do Rio de Janeiro, Brasil. A combinagdo
de quatro métodos permitiu a confirmacdo da infec¢do por DENV-3 em 26 (89,6%) dos 29 casos
suspeitos. O isolamento viral foi obtido em 2,7% (2/74) das amostras, a partir da inoculacdo em
cultura de células C6/36. A técnica de nested RT-PCR permitiu a identificagdo do DENV-3 em
30,5% (22/72) das amostras analisadas. O método de RT-PCR em tempo real possuiu maior
sensibilidade, detectando o RNA viral em 58,4% (45/77) dos espécimes clinicos, incluindo figado
(n=18), pulmao (n=8), bago (n=8), cérebro (n=6), rim (n=3), medula dssea (n=1) e coracdo (n=1).
A técnica de imunohistoquimica detectou o antigeno viral em 44% (26/59) das amostras
analisadas. A precisdo e eficicia do RT-PCR em tempo real fez desta técnica uma ferramenta
importante no diagnostico rdpido das infec¢des por dengue.

No terceiro estudo, revisamos a filogeografia dos trés principais genétipos do DENV-3 e
estimamos sua taxa de evolucdo, com base na andlise do gene do envelope (E) de 200 isolados,
provenientes de 31 paises ao redor do mundo, durante um periodo de 50 anos (1956 - 2006).
Nossa anélise filogenética revelou uma subdivisdo geografica da populagdao dos DENV-3, com
grupamentos especificos em vérios paises. Os padrOes migratorios dos principais genotipos dos
DENV-3 mostraram que genétipo I circula principalmente na por¢do maritima do Sudeste
Asidtico e no Sul do Pacifico, o genétipo II permaneceu dentro das zonas continentais do Sudeste

Asidtico, enquanto o gendtipo III foi disseminado na Asia, Leste da Africa e Américas. Nio foi
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observada co-circulacdo de diferentes gendtipos em uma tnica localidade, sugerindo que alguns
fatores, além da distincia geografica, podem limitar a continua dispersdo e re-introducdo de
novas variantes de DENV-3. As estimativas das taxas evolutivas ndo revelaram diferencas
significativas entre os principais genotipos do DENV-3. A média da taxa de evolucdo em regides
que sofreram epidemias de dengue desde a década de 70 (por exemplo, Indonésia e Tailandia) foi
semelhante ao observado em regides que presenciam estas epidemias desde a década de 90 (por
exemplo, Américas). Neste estudo, estimamos o ano de origem das atuais linhagens do DENV-3
em torno de 1890, e o surgimento da atual diversidade dos seus principais genoétipos entre
meados de 1960-1970, coincidindo com o crescimento da populagdo humana, urbanizacio,
movimento humano e descri¢io dos primeiros casos de febre hemorrdgica por DENV-3 na Asia.
No quarto estudo, examinamos a atual classificacdo filogenética dos DENV-3 circulantes
no Globo, com destaque para o novo gendtipo (GV) descrito no Brasil. A circulagdo de um novo
genotipo de DENV-3 foi recentemente descrito no Brasil e na Coldmbia, porém, sua classificagdo
exata tem sido controversa. Andlises de distancia nucleotidica do gene E apdia a subdivisdo do
DENV-3 em cinco linhagens distintas, denominadas genétipos (GI-GV), e confirma a
classificacdo deste novo gendtipo na América do Sul como pertencente ao GV. Distancias
genéticas extremamente baixas entre isolados brasileiros pertencentes ao GV e a amostra
protétipo Philippines/LL11423 isolada em 1956 levantam questdes importantes sobre a origem

deste gendtipo na América do Sul.



ABSTRACT

Dengue is an important arbovirus (arthropod-borne virus) and constitutes a serious
problem of public health not only in Brazil but also in the major tropical countries. Aedes aegypti
is the main vector of dengue virus (DENV) and is present in most countries between latitudes
35°N and 35°S. In this manuscript, we present four distinct studies. In study 1, we examined
levels of dengue virus type 3 RNA in association with the type of infection (primary or
secondary) in patients with fatal and nonfatal outcomes in Rio de Janeiro State, 2002. Subjects
with fatal outcomes had mean virus titers significantly higher than those who survived. Because
primary infections were confirmed among the fatal cases (52.1%), antibody-dependent
enhancement alone did not explain all the cases of severe disease in this study population. These
findings suggest that high levels of DENV-3 may have contributed to the severe form of dengue
in Rio de Janeiro, 2002.

In the second study, we investigate by different diagnostic methods dengue virus in
human tissue specimens obtained from fatal cases (n=29) during a large-scale dengue fever
epidemic in 2002 in the State of Rio de Janeiro, Brazil. The combination of four procedures
provided diagnostic confirmation of DENV-3 infection in 26 (89.6%) out of the 29 suspected
fatal cases. Dengue virus (DENV) was isolated from 2/74 (2.7%) tissue samples, inoculated into
C6/36 cells and identified as DENV-3, nested RT-PCR accusing 22/72 (30.5%) samples as
DENV-3. Real-time RT-PCR yielded the highest positivity rate, detecting viral RNA in 45/77
(58.4%) clinical specimens, including the liver (n=18), lung (n=8), spleen (n=8), brain (n=6),
kidney (n=3), bone marrow (n=1) and heart (n=1). Immunohistochemical tests recognized the
DENYV antigen in 26/59 (44%) specimens. Given the accuracy and effectiveness of real-time RT-
PCR in this investigation, this approach may play an important role for rapid diagnosis of dengue
infections.

In the third study, we revisited the phylogeography of the three of major DENV-3
genotypes and estimated its rate of evolution, based on the analysis of the envelope (E) gene of
200 strains isolated from 31 different countries around the world over a time period of 50 years
(1956 to 2006). Our phylogenetic analysis revealed a geographical subdivision of DENV-3
population in several country-specific clades. Migration patterns of the main DENV-3 genotypes
showed that genotype I was mainly circumspect to the maritime portion of Southeast-Asia and
South Pacific, genotype II stayed within continental areas in South-East Asia, while genotype II1

spread across Asia, East Africa and into the Americas. No evidence for rampant co-circulation of
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distinct genotypes in a single locality was found, suggesting that some factors, other than
geographic proximity, may limit the continual dispersion and reintroduction of new DENV-3
variants. Estimates of the evolutionary rate revealed no significant differences among major
DENV-3 genotypes. The mean evolutionary rate of DENV-3 in areas with long-term endemic
transmissions (i.e., Indonesia and Thailand) was similar to that observed in the Americas, which
have been experiencing a more recent dengue spread. We estimated the origin of DENV-3 virus
around 1890, and the emergence of current diversity of main DENV-3 genotypes between the
middle 1960s and the middle 1970s, coinciding with human population growth, urbanization, and
massive human movement, and with the description of the first cases of DENV-3 hemorrhagic
fever in Asia.

In the fourth study, we re-examined the current phylogenetic classification of DENV-3
strains, with emphasis on the new genotype (GV) described in Brazil. Circulation of a new
DENV-3 genotype was recently described in Brazil and Colombia, but the precise classification
has been controversial. Phylogenetic and nucleotide distance analyses of the envelope (E) gene
support the subdivision of DENV-3 strains into five distinct genotypes (GI to GV), confirming
the classification of this new genotype in South America as GV. The extremely low genetic
distances of Brazilian GV strains to the prototype Philippines/LL11423 strain isolated in the 1956

GV sample raise important questions regarding the origin of this genotype in South America.
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1. INTRODUCAO

O dengue € uma doenca infecciosa aguda causada por um virus de genoma RNA, do qual
sdo reconhecidos quatro sorotipos (DENV-1, DENV-2, DENV-3 e DENV-4), transmitidos pelo
Aedes aegypti seu principal vetor. Esta doenga constitui um dos principais problemas de satide no
mundo (Gubler, 1998), pois o nimero de casos notificados estd em ascensdo, assim como a
mortalidade.

Existe uma explosdo de dengue? Pergunta Halstead em carta enviada ao Lancet em 1999.
A resposta veio do britanico Jacobs, em janeiro de 2000, referindo-se a emergéncia do dengue
como um problema global de satide publica ao constatar que pelo menos 20 milhdes de infec¢des
ocorrem no mundo a cada ano, assim como varias centenas de milhares de casos das formas
graves e potencialmente mortais como é a Febre Hemorragica do Dengue e a Sindrome do
Choque por dengue (FHD/SCD). E ainda, que o espaco geografico do dengue tem se ampliado e
o dengue hemorrdgico estd se apresentando em novas dreas com maior incidéncia (Halstead,
1999; Jacobs, 2000; Werner, 2001). Dessa forma, contribui também para o aumento da carga
global de infec¢des transmitidas por vetores (Molyneux, 2001).

O fendmeno universal da globalizacdo também inclui doencgas infecciosas em geral e o
dengue em particular (Chastel, 1997; Nuttal & Gould, 1998). E penoso reconhecer, porém ha
mais de dez anos ji se estimava que o dengue e suas formas graves como a FHD/SCD, se
reafirmariam no futuro como um problema mundial de saide (Le Duc, 1994; Gubler & Clark,
1995). E de fato, € o que observamos hoje na maioria dos paises de clima tropical ou subtropical.

Os fatores de maior importancia para a extensdao e o aumento das epidemias de dengue
estdo relacionados com mudangas na ecologia humana, as quais propiciam um maior contato com
0 Ae. aegypti. Nessa complexa interacdo participam fatores virais, do hospedeiro, do vetor, do
ambiente e do clima (Monath, 1994). Todos estes fatores sd@o importantes, porém os fatores
sociais e a qualidade de vida das populagdes sdo determinantes (Marzochi, 1994).

Ressaltou W. Ledermann: “Nao esque¢camos que o patdgeno interage com o homem — e
0s animais — através do meio ambiente ou entorno, tendo como Unica arma a adapta¢do ou a
mutagdo. O homem pode higienizar o meio, erradicar ou limitar os vetores e usar armas
(antimicrobianos, soros e vacinas) contra os microbios, porém, por melhor que a conduta humana
consiga controlar seu entorno, hd fatores naturais que escapam a sua vontade, como os fatores
climaticos” (Ledermann, 1999).

Entre os fatores virais que influem na emergéncia ou reemergéncia de doengas, sdo

consideradas as variacdes e evolucdes dos proprios virus. Isso pode determinar a emergéncia de
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uma nova doenca viral, o aumento da patogenicidade dos virus ja conhecidos ou alteracdes
antigénicas sofridas por um determinado virus que o permitam infectar populagdes ja imunes a
cepas progenitoras do mesmo virus (Murphy & Nathanson, 1994).

As mesmas cepas virais podem ter variagdes genéticas e ndo se exclui a possibilidade de
que aumentam sua viruléncia ou patogenicidade. Por exemplo, em uma epidemia pelo DENV-2,
na Taildndia, observou-se que amostras de pacientes com DC compararando-se com casos de
FHD apresentavam substitui¢cdes do aminoécido de I (isoleucina) para R (arginina) na proteina
prM (pré-membrana), enquanto que nos isolados de pacientes com SCD houve a substituicdo do
aminodcido D (4cido aspértico) para G (glicina) na proteina ndo-estrutural 1 (NS1) do DENV-2
(Igarashi, 1997).

Com o objetivo de contribuir para a compreensdo dos fatores virais relacionados a
patogenia, sitios de replicac@o e evolu¢do molecular dos virus dengue tipo 3, apresentamos neste
trabalho os resultados de quatro estudos: 1) Quantificagdo dos virus dengue tipo 3 (DENV-3) em
casos fatais e casos cldssicos, com o objetivo de correlacionar a viremia e a gravidade da doenga.
2) Pesquisa dos virus dengue em diferentes tecidos provenientes de casos fatais, com vistas a
investigar os diferentes sitios de replicacdo viral. 3) Estudo sobre os aspectos evolutivos do
DENV-3 no Globo; e 4) Filogenia dos DENV-3 circulantes no Brasil.

A seguir, descrevemos alguns aspectos gerais sobre os virus dengue — da classificacdo
atual a prevencdo e controle — fornecendo base para a compreensdo dos temas abordados neste

estudo.

1.1 Classificacdo

Os virus dengue pertencem a familia Flaviviridae e ao género Flavivirus. Do ponto de
vista epidemioldgico, os DENV sio classificados como arbovirus, sendo mantidos na natureza
por um ciclo de transmissdo envolvendo hospedeiros vertebrados e mosquitos hemat6fagos do
género Aedes, sendo o homem, o tnico hospedeiro capaz de desenvolver as formas clinicas da
infec¢do (Gubler, 2002).

Sao virus RNA fita simples, polaridade positiva e com propriedades antigénicas distintas,
caracterizando quatro sorotipos especificos denominados DENV-1, DENV-2, DENV-3 e DENV-
4 (Sabin, 1952; Hammon et al., 1960; Westaway et al., 1985).



1.2 Morfologia

Sao virus esféricos, envelopados e com cerca de 40 a 50 nandmetros de didmetro. O
virion consiste de RNA de fita simples (ssRNA) de polaridade positiva e envolto por um
nucleocapsideo de simetria icosaédrica, composto por uma Unica proteina, a proteina de capsideo
(C) e circundada por uma bicamada lipidica associada as proteinas de membrana (M) e envelope

(E) (Figura 1.1).

Virion Imaturo* Virion Maturo*
|

i
Muclaccapsid (C)

Figura 1.1: Particula viral e composicdo dos DENV. Particula imatura com projecdes (2
esquerda). A direita, particula matura lisa e ao centro a composicio esquemdtica dos DENV (M —
Proteina de membrana, prM — Proteina pré-membrana, E — Proteina de envelope). As cores
representam dominios diferentes (adaptado de Heinz & Allison, 2001; Kuhn er al., 2002 e
Mackenzie et al., 2004).

1.3 Caracteristicas fisico-quimicas

A densidade de flutuagdo dos Flavivirus € de 1.22 — 1.24 g/cm em Cloreto de Césio e 1.18
— 1.20 g/cm em sacarose. O coeficiente de sedimentacdo para os DENV em sacarose € de 175-
218 S (Brinton, 1986). Os virus sdo rapidamente inativados a 50°C com infectividade
decrescendo 50% a cada 10 minutos nesta temperatura. E também sensivel a inativagdo por raios
ultravioletas, detergentes i0nicos e ndo i0nicos e digestdo por tripsina. A infectividade dos DENV
¢ mais estdvel em pH 7 a 9 e mantendo-se por 5 anos a —70°C ou liofilizado e conservado a 4°C

(Guzman, 1980; Brinton, 1986).

1.4 Estrutura do genoma

O RNA fita simples de polaridade positiva é infeccioso, portando-se como um RNA
mensageiro (RNAm) quando utilizado em experimentos em condi¢cdes adequadas. O genoma dos

Flavivirus possui cerca de 11.000 nucleotideos (nt) e apenas uma fase aberta de leitura (ORF)
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codificando uma poliproteina que é posteriormente clivada em proteinas estruturais (C, prM, M e
E) e ndo estruturais (NS1, NS2a, NS2b, NS3, NS4a, NS4b, NS5) (Chambers et al., 1990) (Figura
1.2).

Estruturais | Nao-Estruturais |

C prM/M E NS1  NS2A NS2B NS4A NS4B

" S ISy S

Figura 1.2: Organizacio do genoma dos Flavivirus (adaptado de Chambers et al., 1990).

1.5 Replicacdo

Os DENV podem infectar muitos tipos de células, incluindo tecidos do sistema vascular,
muscular e hematoldgico, causando diversos sinais clinicos e patolégicos (Seneviratne et al.,
20006). Estudos com pacientes que desenvolveram FHD/SCD, revelaram a presenca do antigeno
(Ag) e do RNA viral em tecidos como o figado, bago, cérebro, linfonodos, timo, rins, pulmdes,
coracdo, pele e medula 6ssea (Bhamarapravati et al., 1967; Boonpucknavig et al., 1979; Yoskan
et al., 1983; Hall et al., 1991; Bhoopat et al., 1996; Miagostovich et al., 1997; Jessie et al., 2004;
Aratjo et al., 2009¢).

Wu e colaboradores demonstraram a replicagdo dos DENV em células de Langerhans,
células dérmicas e dendriticas intersticiais (Wu et al., 2000).

O processo de interacdo virus-célula tem inicio com a ligacio do DENV a receptores
presentes na superficie celular do hospedeiro, endocitose das particulas virais, que ¢ mediada pela
rede de clatrinas, formando a vesicula endocitica. A medida que a vesicula vai sendo
transportada, seu interior é gradualmente acidificado. Ao atingir a faixa de pH 6.2 — 6.0 (Post,
1996), ocorre uma mudanca conformacional das proteinas E do envelope viral. Essa mudanca
conformacional desencadeia a fusdo do envelope viral com a membrana da vesicula endocitica
(Monath & Heinz, 1996; Rice, 1996), e subseqiiente liberagdo do nucleocapsideo no citoplasma
da célula. Nesse ambiente, o genoma viral € traduzido como um RNAm da célula numa atividade
poliribossomal, inicialmente livre no citoplasma, dando inicio a sintese da proteina C.

Continuando a traducdo do RNA viral (RNAv), quando s@o incorporados os aminodcidos
hidrofébicos da seqiiéncia sinal da poliproteina, esta seqiiéncia é reconhecida pela proteina
reconhecedora de sinal (PRS) constitutiva da célula. A PRS interage com o complexo formado
pelo peptideo nascente, ribossoma e RNAm e bloqueia a tradu¢do, enquanto desloca o conjunto

até encontrar o seu receptor (receptor de proteina reconhecedora de sinal — RPRS). Esse receptor
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estd ancorado na face citoplasmaética do reticulo endoplasmatico. A sintese da proteina continua e
o transporte € iniciado para o limem do reticulo (Albert et al., 1994; Lehninger et al., 1997).

As proteinas NS2B e NS3 neo-formadas, agregam-se em heterodimeros com atividade de
serina protease que, clivando a extensdo subseqiiente da poliproteina, liberam as NS4A, NS4B e
NS5. Os dominios conservados na regido N-terminal da proteina NS5 sdo reconhecidos pela
proteina NS3, para a formagdo de um complexo que, em seguida, interage com a proteina NS2A.
Quando ligada ao complexo, a proteina NS2A € capaz de reconhecer a por¢io 3’NC do RNA
viral (RNAv). O complexo NS2A-RNA-NS3-NS5 € transportado até a membrana do reticulo
endoplasmdtico onde estd inserida a proteina NS4A que, por sua vez, estd associada a proteina
NS1 (Lindenbach & Rice, 1997; 1999). Como conseqiiéncia da interacdo dessas proteinas, ocorre
a alteracdo alostérica na proteina NS5, provavelmente, no dominio de interacdo com o RNA,
dando origem ao chamado complexo de replicacdo (RC). O RC promove a sintese de novas
moléculas de RNA.

Os novos RNAv produzidos, depois de traduzidos, geram proteinas que se acumulam.
Dentre essas, a proteina C que, devido a sua natureza altamente bdsica, interage com os RNAv,
formando as estruturas precursoras dos nucleocapsideos (Rice, 1996). Essas, por sua vez, sio
deslocadas para a membrana do complexo de Golgi. Nesse processo de constru¢do dos DENV, os
nucleocapsideos neo-formados interagem com as espiculas prM e E, que estdo inseridas na
membrana dessa organela, com imediata liberacdo das novas particulas para o limem do
complexo de Golgi (Mackenzie & Westaway, 2001; Beeck er al., 2003) ou para o interior das
vesiculas pds-Golgi. As proteinas prM e E foram instaladas no reticulo endoplasmaético sob a
forma de dimeros (Murphy, 1980; Wengler & Wengler, 1989; Allison et al., 1995). A clivagem
de prM em M parece ser catalisada nas vesiculas pos-Golgi (Muylaert et al., 1997), por proteases
do tipo furina ou de atividade semelhante (Stadler et al., 1997). Essa clivagem distingue os
virions das particulas de virus incompletas (Shapiro et al., 1972). As particulas virais, assim neo-
formadas, sdo transportadas em vesiculas até a membrana plasmdtica e, por processo semelhante
a exocitose, sdo liberadas para o ambiente extracelular.

A seguir, descrevemos algumas caracteristicas e funcdes de cada proteina dos DENV.

A proteina C (13,0 - 14 kDa) é uma proteina ndo glicosilada. Ao interagir com o RNA
genOmico, forma o nucleocapsideo que interage com a proteina E (Murphy, 1980; Mackenzie &

Westaway, 2001).



A proteina M (22,0 kDa) € sintetizada sob a forma imatura, denominada prM. E uma
proteina de transmembrana que interage com a proteina E (Muylaert et al., 1997). Sob a forma de
prM, a proteina E ndo exerce atividade fusogénica (Stadler et al., 1997; Heinz & Allison, 2001).

A proteina E (51,0 - 60 kDa) ¢ uma glicoproteina com atividade fusogénica dependente de
pH (Post, 1996). Forma projecdes de 5-10nm de comprimento com terminacdes arredondadas de
cerca de 2nm de didmetro, ao longo da superficie externa do virus. E a principal e maior proteina
estrutural do virus, sendo responsdvel por atividades biolégicas do ciclo viral, tais como a
montagem da particula, a interacdo com receptores celulares e a fusdo de membrana; além de ser
o principal alvo para anticorpos neutralizantes e possuir atividade hemaglutinante.

As anélises estruturais da proteina E tém definido trés dominios estabilizados por ligacdes
dissulfeto. O dominio I, regido central da molécula, compreende os aminodcidos da regido amino
(N-) terminal da glicoproteina e esta relacionado com eventos de endocitose viral. O dominio II
contém epitopos neutralizantes especificos de sorotipo e de reacdo cruzada com outros membros
da familia Flaviviridae. O dominio III estd composto de um “loop” livre de ligacdo dissulfeto e
contém sitio de glicosilagdo no aminoédcido 157 da proteina (Chambers et al., 1990; Allison et al.,
2001).

A proteina NS1 (48,0 kDa) € associada ao folheto interno da membrana e é uma
subunidade do complexo de replicacdo (Lindenbach & Rice, 1997). A NS2A € uma proteina de
transmembrana de 20,0 kDa. Esta proteina reconhece a por¢do 3’NTR do RNA gendmico e é
uma subunidade do complexo de replicacdo (Khromykh et al., 1999). A proteina NS2B (14,5
kDa), quando ligada a NS3, exerce uma atividade proteolitica na biossintese viral (Rice, 1996).

A proteina NS3 (70,0 kDa) catalisa a clivagem da por¢dao amino terminal da proteina C e
das jungdes NS2B-NS3, NS3-NS4A e NS4B-NS5 (Rice, 1996); reconhece a por¢ao N-terminal
da proteina NS5 para montagem do complexo de replica¢do (Lindenbach & Rice, 1997; 1999); é
a maior proteina viral e € altamente conservada entre os Flavivirus.

A proteina NS4A (16 kDa) promove a interagcdo do complexo NS5-NS3-NS2A-RNA a
proteina NS1, que se encontra no limen do reticulo endoplasmaético, além de ser uma subunidade
do complexo de replicacdo (Lindenbach & Rice, 1999). A proteina NS4B (24,0 kDa) encontra-se
dispersa na membrana citoplasmdtica e, possivelmente, no nudcleo. Sua funcdo ainda ¢é
desconhecida (Westaway et al., 1997).

A proteina NS5 (105,0 kDa) é uma subunidade do complexo de replicacio e apresenta em
sua seqiiéncia o dominio caracteristico de RNA polimerase RNA dependente (Khromykh ef al.,

1999).



Quando a infec¢cdo por Flavivirus ocorre em células deficientes de furinas, as novas
particulas liberadas apresentam prM na sua constituicio e, dessa forma, sdo capazes de
desencadear a atividade fusogénica mediada pelas espiculas E, quando expostas ao ambiente de
pH 4cido (Stadler et al., 1997).

A andlise da seqiiéncia nucleotidica e da provdvel estrutura secunddria da regido nao
traduzivel (NTR), do terminal 3" do RNAv, revelou a existéncia de uma seqiiéncia conservada de,
aproximadamente, 90 bases, em forma de “hairpin” (Hahn et al., 1987). A necessidade dessa
estrutura para a replicacdo viral foi demonstrada por Bredenbeek et al. (2003), com experimentos
de delecdo. Proximo a regido do “hairpin” do genoma dos Flavivirus, existem duas regioes
conservadas, denominadas CS1 (26nts) e CS2 (24nts), separadas entre si por 22 nucleotideos.
Todos os Flavivirus apresentam uma regido conservada, denominada CS, que estd localizada
poucos nucleotideos apds o cddon inicial da traducao.

Hahn ef al. (1987) relataram a existencia de uma complementariedade entre as seqii€ncias
conservadas dos terminais 5(CS) e a 3°(CS1), resultando na interacdo intramolecular no RNA
dos flavivirus, com a ciclizacdo do RNAv em uma estrutura semelhante a uma “panhandle”. Os
mesmos pesquisadores sugeriram que essa estrutura estaria envolvida na modulagdo da tradugdo
dos genomas virais, em células infectadas por flavivirus. Esse tipo de pareamento foi,
posteriormente, demonstrado por Khromykh et al. (2001) como sendo essencial para a replicagdo
do genoma dos virus Kunjin.

Ensaios “in vitro”, realizados por You et al. (2001), demostraram o mesmo tipo de
fenomeno para os DENV. Essa regido de pareamento apresenta uma mesma seqiiéncia de oito
nucleotideos e, provavelmente, é reconhecida pelos elementos da maquinaria de replicacdo do
RNA. E possivel que a fungido das outras bases da regidio de pareamento seja estabilizar a
molécula, de forma que a dupla fita, formada pelo core de oito nucleotideos, seja reconhecida

pela replicase (Corver et al., 2003).

1.6 Diversidade genética

Baseados nas diferencas genéticas detectadas inicialmente por fingerprinting (Trent et al.,

1983) e, mais recentemente, por sequenciamento do genoma viral, os quatro sorotipos de DENV

foram agrupados em diversos gendtipos. Atualmente, na tentativa de esclarecer e unificar a atual

classificacdo de gendtipos, estudos de filogenia tem demonstrado 5 genétipos para o DENV-1

(gendtipos I-V) (Ong et al., 2008), 6 gendtipos para o DENV-2 (gendtipos Asidtico 1, Asiatico 2,

Asiatico/Americano, Americano, Cosmopolita e Selvagem) (Ong et al., 2008; Zaki et al., 2008),
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5 gendtipos para o DENV-3 (gendtipos 1-V) (Aratjo et al., 2009a) e 3 gendtipos para o DENV-4

(gendtipos Indonésia, Maldsia e Sudeste Asidtico) (Rico-Hesse, 2003).

1.7 Dengue Cldssico e Dengue Hemorrdgico

As caracteristicas clinicas variam em intensidade de acordo com as caracteristicas do
hospedeiro e do virus. O periodo de incubacdo ¢ em média de 4 a 7 dias. As infec¢des pelos
DENYV apresentam um amplo espectro clinico, variando desde infec¢des assintomaticas a formas
graves denominadas febre hemorrdgica do dengue e sindrome do choque por dengue
(FHD/SCD). A maioria dos pacientes apresenta a forma branda da doenca, conhecida como
dengue classico (DC) (WHO, 1997).

A fase aguda da doenga pode variar de 3 a 7 dias, mas a fase de convalescenca pode ser
prolongada por semanas e pode estar associada a fraqueza e/ou depressdo, especialmente nos
adultos. Ao final do quadro febril, exantema com aspecto maculo-papular pode ser observado em
30% dos casos, as vezes com aparéncia escarlatiniforme nas dreas de confluéncia acompanhado
de prurido generalizado. Descamacgdo nas regides palmares e plantares podem ocorrer (Souza,
1992; Gubler, 1998).

Segundo a Organizacdo Mundial de Saide (OMS) a FHD apresenta-se com diferentes
graus de gravidade: I, II, III e IV e € caracterizada por uma didtese hemorrdgica, aumentando a
permeabilidade vascular e hipovolemia.

Laboratorialmente caracteriza-se por apresentar contagem de plaquetas inferior a
100.000/mm’ e hemoconcentragio, refletida por um aumento de 20% do hematécrito. Os graus I
e II sdo considerados formas mais brandas da FHD, enquanto os graus III e IV representam a
evolucdo da doenga para o estagio de choque (WHO, 1997).

A Sindrome do Choque por Dengue (SCD) resulta em uma perda critica do plasma com
sinais de insufici€éncia circulatdria tais como: pele fria e congestionada, inquietacdo e baixa
pressdo do pulso (<20 mm Hg). O choque € curto e pode levar o paciente a 6bito em um periodo
de 12 a 24 horas, caso ndo seja iniciado o tratamento apropriado. A convalescenga de pacientes
com FHD/SCD ¢€ rapida e sem maiores complicacdes (WHO, 1997).

Os critérios da Organizagdo Mundial de Satide (OMS) para a distincao de DC e os quatro

graus de FHD estdo resumidos na Tabela 1.1



Tabela 1.1: Critérios para a distingdo do dengue cldssico (DC) dos graus de febre hemorrigica

do dengue (FHD).

Extravasamento Plaquetas Insuficiéncia Teste do  Sangramento
do plasma' (ub circulatéria torniquete
DC Ausente Variavel Ausente Variavel As vezes
FHD graul  Presente < 100.000  Ausente Positivo Ausente
FHD grau Il  Presente < 100.000  Ausente Positivo Presente
FHD grau IIl Presente <100.000 PP <20mmHg Varidvel As vezes
FHD grau IV Presente <100.000  PA’ndo detectavel  Varidvel As vezes

" Identificado por um hematécerito 20% acima do normal.
? Pressio do pulso.
? Pressio arterial.

Os critérios atuais propostos pela OMS tiveram como base a experiéncia pedidtrica das
epidemias de dengue no Sudeste Asidtico. No entanto, com a disseminacdo da doenga para paises
tropicais e subtropicais do globo, observaram-se diferentes perfis clinicos e epidemioldgicos.

Bandyopadhyay e colaboradores (2006) em uma revisdo de trinta e sete trabalhos
discutiram a experiéncia e as dificuldades na aplicagdo dos critérios da OMS em diferentes
paises. Muitos estudos aplicaram rigorosamente os critérios da OMS, entretanto, outros grupos,
devido as dificuldades em classificar seus pacientes entre os quatro critérios da FHD, optaram
pela utilizacdo de uma classificacio modificada. Em casos de FHD, a trombocitopenia foi
observada em 8,6-96%, extravasamento de plasma em 6-95% e manifestacdes hemorragicas em
22-93%. Os autores observaram que a dificuldade da classificacdo da FHD pode ser devido a:
ndo repeti¢do de testes ou exames fisicos no tempo apropriado; falta da administracao de fluidos
intravenosos e uma considerdvel sobreposicdo de manifestacdes clinicas por diferentes sorotipos
(Bandyopadhyay et al., 2006).

Contemplando ainda este aspecto, outros trabalhos sugerem uma forma simplificada para
classificar as diferentes formas clinicas do dengue (Balmaseda et al., 2005; Deen et al., 2006;
Rigau-Pérez, 2006).

No Brasil, o Ministério da Saide (MS) tem considerado as seguintes apresentacdes do
dengue: dengue cldssica (DC), febre hemorrédgica da dengue (FHD) e dengue com complicagcdes
(DCC) (MS, 2008).

A dengue clédssica € caracterizada por febre, inicio abrupto, associada a cefaléia,
prostracdo, mialgia, artralgia, dor retroorbitéria, exantema maculopapular acompanhado ou ndo
de prurido. Anorexia, nduseas, vomitos e diarréia podem ser observados. No final do periodo
febril, podem ser observadas manifestacdes hemorrdgicas como epistaxe, petéquias,

gengivorragia, metrorragia.



As manifestagdes clinicas iniciais da dengue hemorrigica sdo as mesmas descritas para a
dengue cléssica, até que ocorra a defervescéncia da febre, entre o terceiro e o sétimo dia, € a
sindrome se instale. Evidenciam-se o surgimento de manifestacdes hemorrdgicas espontaneas ou
provocadas, trombocitopenia (plaquetas <100.000/mm’) e perda de plasma para o terceiro
espaco.

Dengue com complicagdes sdo casos que ndo se enquadram nos critérios de FHD, e
quando a classificacdo de dengue cldssica € insatisfatoria. Nessa situacdo, a presenca de um dos
achados a seguir caracteriza o quadro: alteracoes graves do sistema nervoso; disfungdo
cardiorrespiratéria; insuficiéncia hepética; plaquetopenia igual ou inferior a 50.000/mm’;
hemorragia digestiva; derrames cavitdrios; leucometria global igual ou inferior a 1.000/mm’ e
6bito (MS, 2008).

Manifestagdes clinicas do sistema nervoso, presentes tanto em adultos como em criangas,
que podem surgir no decorrer do periodo febril ou mais tardiamente na convalescenga, incluem:
delirio, sonoléncia, coma, depressdao, irritabilidade, psicose, deméncia, amnésia, sinais
meningeos, paresias, paralisias, polineuropatias, sindrome de Reye, sindrome de Guillain-Barré e
encefalite (MS, 2008).

Os dados de anamnese e exame fisico sdo utilizados para estadiar os casos e para orientar
as medidas terap€uticas cabiveis, dividido em quatro niveis denominados grupos variando de A-
D. Resumidamente, sdo apresentados caracteristicas relacionadas a cada grupo, encontrando-se
em anexo a conduta para cada um deles. No grupo A, incluem-se 0s casos com sinais € sintomas
de dengue, auséncia de manifestacdes hemorrdgicas e de sinais de alerta. Nestes casos estaria
indicado hidratacdo oral e acompanhamento ambulatorial. O grupo B comporta os casos com
manifestacdes hemorrdgicas induzidas (prova do laco) ou espontaneas sem repercussao
hemodinamica e auséncia de sinais de alerta, podendo o paciente ser tratado ambulatorialmente
dependendo dos exames complementares. Nos grupos C e D estdo incluidos os casos mais
graves, com sinais de alerta e/ou choque. Exigem hidratacdo venosa imediata e observacdao em
leito ou hospitalar (MS, 2005).

A dengue € uma doenga dindmica, o que permite que o paciente evolua de um estagio a
outro rapidamente. O manejo adequado dos pacientes depende do reconhecimento precoce de
sinais de alerta, do continuo monitoramento e reestadiamento dos casos e da pronta reposi¢ao
hidrica. Os sinais de alerta e o agravamento do quadro costumam ocorrer na fase de remissao da

febre (MS, 2005).
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Nao ha tratamento especifico para a dengue, o que o torna eminentemente sintoméatico ou
preventivo das possiveis complicagdes. As drogas antivirais, o interferon alfa e a gamaglobulina,
testada até o momento, ndo apresentaram resultados satisfatorios que subsidiem sua indicacao
terapéutica.

Manifestagdes nao usuais, ocorrendo nas formas cldssica e hemorrdgica da doenca tem
sido descritas, inclusive no Brasil (Chimelli ef al., 1990; Lum et al., 1993, 1996; Patey et al.,
1993; Row et al., 1996; Miagostovich et al., 1997; Angibaud et al., 2001; Nogueira et al., 2002;
Aratjo et al., 2009c). Elevacdo dos niveis séricos das aminotransferases (AST e ALT) e faléncia
hepética fulminante foram demonstradas (Kuo et al., 1992; Nguyen et al., 1997; Souza et

al.,2005).

1.8 Patogenia

A inexisténcia de um modelo animal que reproduza clinicamente a infec¢do tem
dificultado a compreensdo da patogenia do dengue, levando a hipdteses que tentam associar
diferentes fatores de risco a gravidade da doenca. Embora nenhuma destas hipéteses seja
excludente, a mais difundida € a teoria da infec¢do seqiiencial, também conhecida como “teoria
immune-enhancement”, que preconiza uma associacdo entre infeccdoes secunddrias e o
aparecimento de FHD/SCD (Halstead, 1988; Thein et al., 1997; McBride & Bielefeldt-Ohmann,
2000; Vaughn et al., 2000).

Segundo Halstead (1988), a formacdo de imunocomplexos entre o sorotipo viral
infectante e anticorpos heterélogos da classe IgG existentes em niveis sub-neutralizantes de uma
infeccdo anterior, facilitariam a infec¢do. Estes complexos, ao serem reconhecidos e
internalizados por fagdcitos mononucleares, resultariam na infec¢do celular e replicacdo viral.
Essas células infectadas liberariam na corrente sanguinea mediadores vasoativos capazes de
aumentar a permeabilidade vascular, ativacdo do sistema complemento e da tromboplastina
tissular.

Casos de FHD/SCD resultantes de infeccdes primdrias tem sugerido que variagdes da
viruléncia entre amostras de DENV poderiam ser responsdveis pela variabilidade na expressao
clinica da doenca (Rosen, 1977; Aradjo et al., 2009b). As teorias da infec¢do seqiiencial e da
viruléncia viral serdo discutidas com maior profundidade na secdo discussdo (item 4).

Fatores de risco individuais, epidemiolégicos e virais também tém sido considerados na

patogenia do dengue. A hipdtese integral, proposta por Kouri et al. (1987), sugere que a interagdo

11



entre esses fatores, determine as condigdes para o aparecimento das formas mais graves da
doenca.

Outra teoria sob investigacdo € a da gravidade do dengue por poliformismo genético, no
qual envolvem fatores individuais como polimorfismos de genes relacionados com o sistema
imunoldgico. Estes fatores individuais podem determinar o curso da infeccio por DENV e sua
gravidade. Muitos estudos demonstram o papel de fatores genéticos na patogenia de doencas
infecciosas. Para os Flavivirus, o aumento na expressdo de moléculas HLA (Antigenos
Leucocitarios Humanos, do inglés “Human Leukocyte Antigen™) de classe 1 e II em células
infectadas, e o nivel de resposta imunoldgica contra epitopos virais, podem também ser
responsaveis pela imunopatologia da infec¢do (Polizel et al., 2004).

Green & Rothman (2006) demonstraram efeitos opostos dos alelos HLA de classe I,
incluindo um papel protetor do HLA A33 e um patogénico para o HLA A24 em vietnamitas com
dengue. Polizel e colaboradores (2004) demonstraram uma alta freqiiéncia de antigenos HLA-
DQI1 entre pacientes com FD na populacio branca do Sul do Brasil. Estudos adicionais
demonstraram um aumento significativo do alelo TNF-308A em pacientes com dengue e,
conseqiientemente, um aumento dos niveis de Fator de Necrose Tumoral alfa (TNF-alfa),
provavelmente relacionados a permeabilidade vascular e hemorragia (Fernandez-Mestre et al.,
2004).

Outra teoria discutida na imunopatogenia do dengue € a do “Pecado Original”. Existe uma
forte evidéncia “in vivo” da ativacdo de células T CD4 e CD8 durante a infeccdo por DENV,
sendo que, tal ativacdo seria mais intensa em pacientes graves quando comparados a pacientes
com a forma branda da doenga. Sugere-se que a doenga possa ser causada pela ativacdo dessas
células. O nivel de citocinas como TNF alfa, assim como a magnitude das respostas via células T,
estariam correlacionadas com a gravidade da doenca (Mentor & Kurane, 1997; Carvalho, 2008).

A partir da replicag@o viral via ADE (do inglés “antibody-dependent enhancement”) em
mondcitos e macréfagos, antigenos virais sdo apresentados e reconhecidos por moléculas na
superficie de linfocitos. Esta replicacdo € acompanhada por uma ativagdao de linfécitos T que,
durante a infeccdo primdria, se expandem e apresentam uma maior afinidade pelos epitopos
presentes no sorotipo infectante, ocasionando a formagdo de células de memoria para este
sorotipo. Entretanto, na infeccdo secunddria por outro sorotipo, as células de memoria
sensibilizadas durante uma infeccdo prévia, seriam ativadas e se expandiriam mais rapidamente
que as células virgens especificas para o sorotipo infectante. Os clones de células de memoria

teriam menor afinidade ao sorotipo presente e, consequentemente, ndo exerceriam suas fungdes
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efetoras em eliminar o virus. Porém, teriam alta capacidade em produzir mediadores
inflamatoérios e poderiam, de fato, promover a imunopatogenia do dengue (Mongkolsapaya et al.,
2003). A liberagdo de citocinas pré-inflamatdrias por essas células, como IFN-gama e IFN-alfa,
podem agir diretamente sobre o endotélio vascular e resultar no extravasamento de plasma,
caracteristico das infec¢Oes graves por DENV (Pang et al., 2007).

A teoria do mimetismo molecular propde que a patogénese do dengue seja resultado de
uma reacdo autoimune. O desenvolvimento de anticorpos de reatividade cruzada ao
plasminogénio (devido a uma similaridade em 20 aminoécidos da glicoproteina do envelope viral
e uma familia de fatores da coagulacdo) poderia estar relacionado com a hemorragia do dengue.
O aumento da destruicdo de plaquetas ou a diminui¢do na sua produgdo poderia resultar em
trombocitopenia (Rothman, 2004).

Entre os estudos sobre a compreensdo da imunopatologia do dengue, estdo incluidas as
pesquisas com células dendriticas. Estas células sdo células-alvo primdrias, as mais precoces
participantes na infeccdo natural pelos DENV (Libraty er al., 2001; Kurane, 2007). Em seu
interior se produzem particulas virais, ocorre hipertrofia do reticulo endoplasmaético, aumento da
mitocondria e se expressam os marcadores de amadurecimento: B7-1, B7-2, HLA-DR, CD11,
CD83, bem como indug¢do da producdo de TNF alfa e IFN alfa (Ho et al., 2001).

O DENV conduz ao amadurecimento e a ativagdo das células dendriticas, a expressdo de
moléculas classe II do sistema HLA e outras moléculas co-estimuladoras, e a producdo de
citocinas. Isso ocorre ndo s6 nas células infectadas, mas também nas que as rodeiam. A presenca
ou auséncia relativa de IFN no microambiente celular modula a intensidade da imunidade celular
(Librati et al., 2001; Green & Rothman, 2006).

Enquanto as células dendriticas vao se deslocando para os vasos linfaticos e os ganglios
linfaticos, onde geralmente ocorre o contato com as células T, os virus que penetram a derme sao
reconhecidos pelos macréfagos ali existentes, bem como pelas células do endotélio vascular. Os
linfécitos T CD4 sd@o os primeiros a serem ativados, com producdo de interferom gama e
interleucina 2, que conduzem o seu crescimento e extensdo mediante estimulagdo autdcrina e
paricrina (Torres, 2005; Kurane, 2007).

Os clones de células T CD4+ especificos para dengue tém sido estudados por Gagnon et
al. (1999, 2001). Esses autores demonstraram que o IFN-gama € a citocina produzida com maior
intensidade (resposta tipo 1 ou Tyl) pela totalidade das células, seguida de TNF alfa e beta, com
intensidade varidvel. As interleucinas 2 e 4 (II-2 e Il-4) s@o produzidas em menor intensidade e

nem por todos os clones. A resposta de células T CD4+4 ao DENV tem-se demonstrado ser
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especifica de sorotipo e também de reacdo cruzada com outros sorotipos, com atividade
principalmente ndo citolitica, embora possa ser citolitica direta mediante perforinas ou mediada
pela molécula Faz, capaz de induzir apoptose (Green & Rothman, 2006).

Os linfécitos T CD4+ reconhecem as proteinas C, E, NS1-2A e NS3 dos DENV e, como
mencionado anteriormente, as citocinas produzidas foram IFN gama, IL-2 e TNF alfa e beta. O
TNF conduz ao recrutamento e ativacdo de leucdcitos (mondcitos e outros), bem como das
células de adesdo, com producdo de IL-8 e outras citocinas. A ativacdo dos linfécitos CD8+
ocorre posteriormente. A resposta das células T CD8+ ao DENV sdo especificas para cada
sorotipo, e também de reagcdo cruzada contra outros sorotipos; sua acdo € citolitica direta, produz
citocinas II-2 e IFN gama e reconhece as proteinas virais prM, E, NS1-2A e NS3 (Gagnon et al.,
2002; Pang et al., 2007).

As citocinas produzidas por células T CD4+ e CD8+ atuariam diretamente sobre a célula
endotelial, bem como o TNF alfa liberado pelos mondcitos ativados antes de serem objeto de
citdlise pelos linfécitos T. O sistema do complemento, ativado pelos imunocomplexos (virus-
anticorpos heterotipicos), liberaria anafilatoxinas (C3a, C5a). Em conjunto, causariam o
extravasamento plasmatico, elemento fundamental da FHD.

E aceita a existéncia de um processo imunolégico na patogenia da FHD/SCD (Pang &
Lam, 1983). Mas qual € o limite entre o fisioldgico e o patolégico? Quando termina a reacao
imune que protege e comega a resposta patogénica?

Os estudos realizados em criangas com FD e FHD parecem conduzir a idéia de que as
diferencas na ativagdo de células T durante a infeccdo por DENV sdo mais quantitativas do que
qualitativas, e que essa ativacao € por antigenos convencionais € nao por um superantigeno viral
(Gagnon et al., 2001). Uma participacao crucial, segundo Rothman (2001), teria os linfécitos T
especificos de DENV de reacdo cruzada de sorotipos, pois, de acordo com seus niveis em um
momento determinado, cumpririam a funcdo positiva de antagonismo, € em outro momento
predominaria a funcio de ativagdo com producao exagerada de citocinas conducentes a expansao
e provavel indugdo de apoptose.

Para alguns pesquisadores, a imunopatogenia da FHD/SCD estaria no conjunto de
respostas anormais que diminuem a ac¢do contra o virus, a0 mesmo tempo em que causam uma
superproducdo de citocinas que afetam mondcitos, células endoteliais, hepatdcitos e outras
células do hospedeiro (Lei et al., 2001). Outros atribuem a FHD a uma desregulacdo da resposta

imunitdria de tipo transitéria (Chaturvedi et al., 2000; Pacsa et al., 2000; Mustafa et al., 2001;
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Yang et al., 2001), expressa por: superproducdo de citocinas; mudanca da resposta tipo Tyl para
resposta Ty2; inversdo da relagdo CD4/CDS.

O estudo de pacientes com FHD tem demonstrado que a fuga plasmética esta associada a
niveis elevados de citocinas no plasma: o TNF alfa e beta mostraram-se elevados na totalidade
dos doentes, o IFN gama foi identificado em menos de 50% das amostras estudadas, enquanto Il-
2 e Il-4 estiveram presentes apenas em algumas amostras. TNF alfa e IL-4 tiveram maior
expressao em pacientes com FHD do que com FD ou outras doencas febris (Gagnon et al., 2002;
Azeredo et al., 2001; Juffrie et al., 2001).

As citocinas s@o proteinas que compartilham um grande nimero de propriedades: sdo
produzidas durante o desenvolvimento da imunidade natural e especifica, mediando e regulando
as respostas imunoldgicas e inflamatorias determinadas por diversos tipos de células, e sdo muito
pleiotrépicas. A maioria das citocinas tem efeitos redundantes. Unem-se a receptores especificos
na superficie das células-alvo, com acdes sobre: as células que as produzem (autdcrinas); células
proximas (pardcrinas); células distantes, quando sdo secretadas na circulagdo (hormonais).

A infeccdo por DENV € capaz de induzir fatores celulares, tais como o MIP-1 alfa e o
IMP beta, cujos genes também se expressam em pacientes com FHD e que sdo verdadeiras
quimiocinas que participam na imunopatogenia das infec¢des por dengue (Spain-Santana et al.,
2001).

O microambiente das citocinas representa um dos fatores mais importantes na indugdo de
uma resposta imune, tipo 1 (Tyl) ou tipo 2 (Ty2).

Desde 1987 (Coffman) e 1991 (Romagnani) se conhece a existéncia de duas
subpopulacdes linfocitarias de células T CD4, caracterizadas pela producdo de perfis de citocinas
diferentes: IFN gama e IL-2 pelas Tyl e I1-4, I1-5, II-10 pelas Tu2, implicando a polarizagdo para
uma resposta de preferéncia celular ou humoral. Hoje se reconhece que esses padrdes nido sdao
exclusivos destas células, pois tém sido encontradas outras subpopulagoes CD4 produtoras de
citocinas, entre as quais encontram-se: TyP (produzem sé I1-2), TgO (produzem ambos os
padrdes) e Tu3 (s6 produzem TGF beta), as quais, ao serem ativadas, podem influenciar na
inducdo da resposta.

Em contrapartida, o padrdo Tyl/Tu2 das CD4+ € encontrado também nas CD8+,
denominando-se Tcl e Tc2, respectivamente. Além disso, tem-se demonstrado que existe uma
regulacdo cruzada dessas subpopulacdes, mediadas pelos perfis de citocinas produzidas: inibi¢do

das Ty2 pelo IFN gama e das Tyl pelo 11-10.
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A subpopulacdo Tyl tem uma intensa atividade na ativacdo de macréfagos, bem como
sobre a ativacdo de células NK e LAK, atividade citotéxica e hipersensibilidade retardada. E a
responsavel pela resposta tipo 1 ou resposta dominante de IFN gama, vinculada diretamente a
morte de patdgenos intracelulares, em parte pela sintese de 6xido nitrico, bem como a introdugdo
de moléculas CMH-I e CMH-II em uma grande variedade de tipos celulares, e a maturacdo de
células B para a secrecdo de imunoglobulinas.

A subpopulacdo Ty2 ajuda os linfécitos B na producdo de IgE e IgG4, participa na
ativacdo e diferenciacdo de eosindfilos e mastdcitos, bem como na hipersensibilidade imediata.

Em pacientes com infec¢do heterotipica por DENV-2 tem-se estudado a amplificagdo
dependente dos anticorpos (ADA) e sua relacio com a resposta Tyl. O soro imune contra
DENV-1, a dilui¢do 1:5, mostrou neutralizacdo de DENV-2 em todas as amostras, e a diluicdo de
1:25 mostrou neutralizacdo de DENV-2 em 2/3 das amostras. Em ambos os casos verificou-se
resposta Tyl com produgdo de IFN gama. Ao contrério, a diluigdo de 1:250 identificaram-se
titulos subneutralizantes contra DENV-2 e franca amplificacio da infeccdo dependente de
anticorpos, com aumento do indice de proliferacdo e diminui¢ao da producdo de IFN gama. A
adi¢do de IFN-gama fez diminuir a ADA e, reciprocamente, a administragdo de anticorpos contra
IFN gama foi capaz de aumenta-la (Yang et al., 2001).

A supressdo da resposta Tyl estaria relacionada a imunoamplificagdo (ou amplificacao da
infeccdo mediada por anticorpos) a partir da infec¢c@o heterotipica e a supressdao da producdo de
interferon gama (Lei et al., 2001). Foi sugerido que a auséncia de interleucina-12 (Pacsa et al.,
2000), bem como o incremento dos niveis das interleucinas 13 e 18 (Mustafa er al., 2001),
poderia ser responsdvel pela mudanca do tipo de resposta imune de Tyl a Ty2.

Chaturvedi e seus colaboradores tém contribuido, durante anos, para a referida hipdtese da
desregulacdo imunolégica e mudanca de resposta Tyl (tipo 1) para Ty2 (tipo 2), sé que
consideram que a causa desse distirbio é a produc¢do de uma citocina tnica e que a resposta do
organismo relacionada a patogenia do dengue deveu-se ao fator citotéxico humano e a
capacidade do paciente produzir anticorpos especificos. Da variabilidade nos niveis de anticorpos
contra essa citocina depende a expressao clinica do dengue: associada a niveis elevados na FD,
baixos na FHD e ausentes em quase todos os pacientes com SCD (Chaturvedi et al., 2001).

H4é necessidade de maiores informagdes sobre as implicacdes que, para 0s pacientes com
FHD, tém a inversdo da relacao CD4/CD8, de cardter transitério. Ambas as moléculas, incluidas
nas chamadas “acessodrias”, tém a func¢do de contribuir subsidiariamente ao desenvolvimento de

uma resposta imune efetiva; a relevancia funcional que hoje se lhes atribui € muito maior do que
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indica a denominacdo de “acessdrias”, pois representam um segundo sinal, sem cuja presenga nao
ocorre a interacdo do antigeno com o receptor linfocitdrio, e sem sua participagdo nio se
completam os mecanismos efetores. CD4 € o marcador do linfécito TH (colaborador ou auxiliar),
enquanto CD8 € o marcador dos linfécitos Tc (citotoxicos ou citoliticos) e Ts (supressores), dos
quais 0 mecanismo de acdo ndo € bem conhecido ainda; considera-se que possuam acao
reguladora da resposta imune e suas duas vertentes principais, humoral e celular, e estejam
associados ao desenvolvimento da tolerancia.

Tampouco tem sido suficientemente documentada a participacdo, na patogenia da FHD,
dos linfécitos nulos ou terceira populacdo, chamados assim por ndo possuirem marcadores nem
de linfécitos T nem linfécitos B, mais conhecidos como células exterminadoras naturais ou
células NK (do inglés Natural Killer Cell). Expressam em sua superficie as moléculas CD16 e
CD56, e para sua agdo citoldtica ndo requerem moléculas do CMH na célula-alvo. Embora sua
principal atividade seja atuar no controle do crescimento de células tumorais, também sao
responsdveis por um dos mecanismos de defesa relacionados a células infectadas por diversos
agentes bioldgicos, incluindo os virus, bem como pela producio de linfocinas tais como 11-2, 11-3,
GM-CSF, TNF alfa e IFN gama, fundamentalmente. A infeccdo por DENV ndo pode ser uma
excegdo (Torres, 2005).

1.9 Epidemiologia

O dengue € a arbovirose humana de maior importancia médica no mundo em termos de
morbidade e mortalidade, com aproximadamente 3 bilhdes de pessoas expostas ao risco de
infeccdo possuindo cardter endémico em cerca de 100 paises de clima tropical e subtropical
(Gubler, 1998).

A prevaléncia global dessa doenca cresceu exponencialmente nas ultimas décadas. As
estimativas da Organizacdo Mundial de Saide (OMS) apontam que podem ocorrer de 50-100
milhdes de casos de infec¢des causadas pelos DENV em todo o mundo, resultando em 250.000 a
500.000 casos de Dengue Hemorrdgico (DHF) e 24.000 mortes por ano (WHO, 1997; Gibbons &
Vaughn, 2002).

Existem trés grupos de hospedeiros naturais para os DENV: o homem, primatas inferiores
e mosquitos do género Aedes. O homem € o tnico hospedeiro conhecido que desenvolve a
expressao clinica da infeccdo. Ja os primatas como Chimpanzés ou outros primatas ndo humanos,

quando infectados experimentalmente, desenvolvem viremia, mas nao apresentam outros sinais

da doenca (Gubler, 1998).
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Os principais vetores do género Aedes incluem espécies dos sub-gé€neros Stegomyia,
Finlaya e Diceromyia que estdo envolvidos em diferentes ciclos de transmissao rural e florestal

enzodtico dos virus (Gubler, 1998) (Figura 1.3).

FLORESTAL RURAL URBANO

(j Aedes sp. ? 6 Aedes sp. ? ﬁAedes aegypti ?

Primatas TTO* Primatas 05 HumanosTTO* Humanos <™= Humanos TTO* Humanos

& Aedes sp. g & Aedes sp. E) Medes aegyptﬁ)

* Transmissdo Transovariana (TTO)
Africa (Ae. diceromyia e Ae. stegomyia)  Ae. aegypti e Ae. albopictus Ae. aegypti

Asia (Ae. finlaya e Ae. stegomyia) Ae. polynesiensis e Ae. mediovittatus
Américas (Aedes sp.)

Figura 1.3: Ciclos de transmissdo e manutencdo dos virus dengue (adaptado de Gubler, 1998).

O Ae. aegypti devido a seus hdbitos domésticos, € a espécie mais importante na
transmissdo dos DENV ao homem, estando associado a epidemias explosivas de DC e FHD. Este
mosquito € altamente antropofilico e se alimenta repetidamente durante toda sua vida,
funcionando como um excelente vetor (Knight & Stone, 1977).

A transmissdo dos DENV se dé através da fémea, durante o repasto sanguineo. A fémea
pica o homem preferencialmente durante o dia e faz posturas parciais, podendo produzir varios
focos (Halstead, 1984).

Os recipientes artificiais abundantemente proporcionados pela moderna sociedade
industrial sdo os mais importantes criadouros de Ae. aegypti, sendo essenciais para o
desenvolvimento e manutencdo de grandes populacdes deste mosquito.

Identificado no Brasil em 1986 no estado do Rio de Janeiro, o Ae. albopictus pela sua
capacidade de sobreviver tanto no ambiente silvestre quanto no urbano e periurbano, torna-se
uma preocupacdo embora ndo tenha até o momento sido comprovado como vetor de dengue no

Brasil.
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1.9.1 Dengue nas Américas

No continente americano, as primeiras epidemias de dengue foram registradas a partir de
1896, embora os sorotipos envolvidos nestas epidemias s6 fossem conhecidos em 1953, quando
foram isoladas as primeiras amostras de DENV-2 em Trinidad (Anderson et al., 1956). Dez anos
depois, foram isoladas as primeiras amostras de DENV-3 em Porto Rico, sendo estes dois
sorotipos responsaveis pelas epidemias ocorridas no continente durante a década de 60 (Gubler,
1992).

Em 1977, o DENV-1 foi introduzido na Jamaica causando uma pandemia que se expandiu
por todas as Ilhas do Caribe, paises das Américas Central e do Sul. No periodo entre 1977 e 1980,
foram notificados mais de 700.000 casos da doenga, praticamente todos estes causados pelo
DENV-1 (PAHO, 1989).

No mesmo periodo, o DENV-3 apresentou pouca atividade na regido com o ultimo
isolamento ocorrido em 1978 em Porto Rico (Anonymus, 1995).

Em 1981, o DENV-4 foi introduzido no continente americano na ilha de Sdao Bartolomeu,
causando surtos no Caribe, México, paises da América Central e América do Sul, tornando-se
endémico na regido (Pinheiro, 1989).

Neste mesmo ano, uma nova variante do DENV-2 foi introduzida no continente
americano, causando em Cuba, a primeira epidemia de FHD/SCD das Américas (Kouri et al.,
1986; Pinheiro & Corber, 1997). Nesta epidemia foram notificados cerca de 344.000 casos, com
116.000 internacdes e 158 6bitos (Kouri ef al., 1986).

Nos anos 80 ocorreu uma expansdo da drea de transmissdo, aumento de casos notificados
e neste periodo circularam nas Américas os sorotipos DENV-1, DENV-2 e DENV-4. No Brasil,
Bolivia, Equador, Paraguai e Peru foram notificados epidemias explosivas, depois de vdrias
décadas sem a presenca desta doenca (Gubler, 1993; PAHO, 1997).

No periodo de 1989 a 1990, ocorreu na Venezuela a segunda maior epidemia de
FHD/SCD das Américas, com cerca de 22 mil casos notificados com a co-circulagdo dos DENV-
1, DENV-2 e DENV-4 (PAHO, 1997; Pinheiro & Chuit, 1998).

A década de 90 foi caracterizada por epidemias de DC e/ou FHD/SCD, que afetaram
cerca de 25 paises do continente americano (Pinheiro & Chuit, 1998).

No ano de 1994, foi comprovada a re-introdu¢do do DENV-3 na Nicardgua e Panam4 e,
em 1995, no México (PAHO, 1997). Esta variante de DENV-3 (gendtipo III) mostrou-se
geneticamente distinta daquela que anteriormente circulava nas Américas (gendtipo IV)

(Lanciotti et al., 1994; Anonymus, 1995).
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Este genétipo foi associado a ocorréncia de epidemias de FHD/SCD no Sri Lanka e India
e casos de FHD no México e paises da América Central (Gubler 1997; Gubler & Meltzer, 1999).
Nos anos seguintes, o DENV-3 se espalhou para outros paises do continente, chegando a

América do Sul inclusive ao Brasil (Pinheiro & Corber, 1997; Rigau-Perez et al., 2002).

1.9.2 Dengue no Brasil

Os primeiros relatos de dengue no Brasil datam de 1846 e descrevem surtos ocorridos
simultaneamente nos estados do Rio de Janeiro, Bahia, Pernambuco e em localidades do norte do
pais (Mariano, 1917). Posteriormente, novos casos foram notificados no Parand em 1890 (Reis,
1896), em Sdo Paulo em 1916, no Rio Grande do Sul em 1917 (Mariano, 1917) e no Rio de
Janeiro em 1923 (Pedro, 1923).

Em 1904, Oswaldo Cruz iniciou a Campanha Brasileira de erradicacdo do vetor Ae.
aegypti, sendo que, somente na década de 40, com o apoio da Fundagcdo Rockefeller, a Campanha
ganhou impulso nacional e culminou com a erradicagdo do mosquito no pais até a década de 70
(Franco, 1961; Figueiredo, 1996; 2000). Entretanto, o declinio no controle do mosquito vetor,
associado a introdu¢do de novos sorotipos virais na América Central, resultou na reintroducao
dos DENV no Brasil apés mais de 50 anos (Figueiredo, 2000).

A re-infestacdo do Ae. aegypti no pais em 1977, a pandemia de DENV-1 e a introducao
do DENV-4 no continente americano, resultaram na re-introdu¢do dos DENV no Brasil.

Em 1981 em Boa Vista (RR) ocorreu um surto de dengue, onde foram isoladas as
primeiras amostras de DENV-1 e DENV-4, e um total de 7.000 casos da doen¢a foram
notificados (Osanai et al., 1983).

Ap6s um periodo de 5 anos sem ser notificado no pais, 0 DENV-1 causou uma epidemia
com inicio no més de abril no municipio de Nova Iguagu, (RJ) com 1 milhdo de casos estimados
(Schatzmayr et al., 1986)

O intenso movimento humano permitiu a rdpida dispersdo do virus, avancando neste
mesmo ano para os estados de Alagoas e Ceard e no ano seguinte, para os estados de Sao Paulo,
Minas Gerais, Pernambuco e Bahia (Figueiredo, 1996).

A situacdo no pais foi agravada pela introdu¢cdo do DENV-2 em Niter6i (RJ) no ano de
1990, quando foram notificados os primeiros casos de FHD/SCD (Nogueira et al., 1990; 1991).

A dificuldade de se implantar uma politica nacional eficaz de combate ao vetor, resultou
em uma rdpida dispersdo deste sorotipo pelo pais que foi evidenciada pela ocorréncia de

epidemias nos estados de Tocantins e Alagoas (1991) e posteriormente, nos estados da Bahia e
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Ceard (1994), Espirito Santo, Minas Gerais, Pernambuco, Rio Grande do Norte, Mato Grosso do
Sul (1995) e Sao Paulo (1996) (Vasconcelos et al., 1993; Nogueira et al., 1995; Souza et al.,
1995; Figueiredo, 1996; Cunha et al., 1999).

Em 1998, o DENV-3 foi isolado de um caso importado na cidade de Limeira, estado de
Sao Paulo, (Rocco et al., 2001) sem repercussao epidemiolédgica.

Em dezembro de 2000, este sorotipo foi isolado no municipio de Nova Iguacu (RJ) sendo
o responsavel pela maior e mais grave epidemia de dengue do pais até o ano de 2002 (Nogueira
et al., 2001).

Com epidemias ocorrendo quase que anualmente desde 1986, mais de 5 milhdes de casos
foram registrados no Brasil, resultantes de epidemias de DENV-1, DENV-2, e mais
recentemente, DENV-3 (Figueiredo, 1996; Da Silva Jr et al., 2002, Nogueira et al., 2007).

No ano de 2002 o Brasil notificou 813.104 casos de dengue, e desse total 288.245
correspondem aos casos no estado de Rio de Janeiro. Naquele ano, 1831 casos de DH e 91 6bitos
foram confirmados. Este total excedeu o nimero de casos notificados de DH e 6bitos em um
periodo de 20 anos desde a introdu¢dao do dengue no pais (Nogueira et al., 2005). O DENV-3
modificou sobremaneira a epidemiologia do dengue no pais, com caracteristicas de
hiperendemicidade. Um fato novo observado durante a epidemia de 2002 foi a apresentacdo de
formas graves e Obitos em menores de 15 anos, bem como casos fatais em infec¢des primarias
(Nogueira et al., 2005; Aradjo et al., 2009b; 2009c).

No Estado do Rio de Janeiro, o niimero de casos notificados de dengue diminuiu nos anos
2003 (9.242), 2004 (2.694) e 2005 (2.580), sendo os anos 2004 e 2005 considerados como
interepidémicos (Aratjo et al., 2006).

Entretanto, o nimero de casos de dengue se elevou alcancando em 2006 (31.054) em
2007 (66.553) e 2008 (259.392). O DENV-3 foi predominante nos anos 2006 e 2007, porém em
abril de 2007, observou-se a re-emergéncia do DENV-2 vindo este sorotipo a causar uma grave
epidemia no ano 2008 (SVS, 2009).

Um fato novo para o estado do Rio de Janeiro foi a observacdo da notificagdo na faixa
etdria de menores de 15 anos, que até o ano de 2006 situava-se em torno de 20% do total das
notificacdes. Posteriormente, no ano de 2007 e 2008 este percentual se elevou para 30% e com
parametros de gravidade (SMS/RJ). Quarenta e dois por cento (42%) dos 6bitos ocorreram em
criancas em idade escolar na faixa de 0-15 anos. Do numero total de internacdes 8620 casos,

quarenta e oito por cento (48%) ocorreram na faixa etéria de 15 anos (SES/RJ).
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Em relacdo a gestantes foram notificados 732 casos suspeitos de dengue. Trés casos de
morte materna e fetal foram confirmados.

A epidemia de 2008 € considerada a mais grave para o estado do Rio de Janeiro até o
momento, onde foram confirmados 1.776 casos de FHD e 240 6bitos até més de janeiro de 2009
(SVS, 2009b). Trinta e trés por cento dos 6bitos ocorreram na faixa etdria de 0 a 15 anos (SVS,
2009b).

Um aspecto importante observado durante a epidemia de 2008 foi a ocorréncia de 1.140
casos suspeitos de dengue em gestantes. Dos casos investigados, quatro evoluiram para ébito
materno e fetal; e outros quatro casos maternos foram confirmados (SVS, 2009b).

Atualmente, 26 das 27 Unidades Federativas ja registraram epidemias de dengue. Apenas
o Estado de Santa Catarina (SC) ndo possui registro de casos autdctones sendo considerados até o
momento como casos importados (SVS, 2008).

O monitoramento continuo dos sorotipos isolados no Brasil tem confirmado apenas um
genoétipo dos DENV-1 e DENV-2 e dois gendtipos do DENV-3 (Nogueira et al., 2005; Aratjo et
al., 2009d).

1.10 Diagnostico Laboratorial

Os métodos de diagndstico laboratorial mais amplamente utilizados em dengue envolvem
o isolamento viral em cultura de células, detec¢do do acido nucléico viral pelo método de RT-
PCR, técnicas soroldgicas para pesquisa de anticorpos especificos (IgM/IgG), deteccao de
antigenos virais em tecidos através da técnica de imunohistoquimica e, mais recentemente, a

pesquisa do antigeno nao-estrutural 1 (NS1).

1.10.1 Isolamento Viral e Técnica de Imunofluorescéncia Indireta (1FI)

O isolamento viral ¢ um método definitivo e ainda permanece como o “Padrao Ouro”. O
sistema para o isolamento mais utilizado consiste na inoculacdo de espécimes em culturas de
células de mosquitos Ae. albopictus clone C6/36 (Igarashi, 1978). Esta linhagem celular € de facil
manuten¢do, podendo ser mantida a temperatura ambiente, além de ser mais sensivel do que
linhagens celulares de vertebrados (Tesh, 1979).

O isolamento viral pode ser observado pela presenca de efeito citopatico (ECP) ou pela
deteccdo de antigenos pelo teste de imunofluorescéncia. A tipagem se realiza utilizando

anticorpos monoclonais (Gubler et al., 1984).
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1.10.2 Testes Imunoenzimdticos e de Inibicdo de Hemaglutinacdo (HI)

O diagnéstico soroldgico das infecgdes por DENV baseia-se na pesquisa de anticorpos
especificos em duas amostras de sangue coletadas com intervalos de 14 a 21 dias apds o inicio
dos sintomas. As provas pareadas sdo de grande valor possibilitando observar soroconversoes.

A técnica da inibicao da hemaglutina¢do (IH) (Clarke & Casais, 1958), recomendada pela
OMS possibilita ainda a caracteriza¢do da resposta imune se primdria ou secunddria.

O teste imunoenzimdtico de captura de anticorpos da classe I[gM (MAC-ELISA) (Kuno et
al., 1987), tem se mostrado extremamente util no diagndstico de casos suspeitos. A presenca de
anticorpos da classe IgM em uma tnica amostra de soro indica infec¢do ativa ou recente,
contornando as dificuldades da obten¢do de uma segunda coleta de sangue.

O teste imunoenzimdtico tem sido igualmente utilizado para detec¢do de anticorpos da
classe IgG (IgG-ELISA). Esta técnica € rdpida, de facil execucdo e pode ser utilizada em larga
escala, permitindo a caracterizagdo do tipo de infeccao (primdria ou secunddria), considerando-se
os titulos de anticorpos e o tempo de coleta do sangue em relacdo ao inicio do quadro clinico
(Miagostovich et al., 1999).

Recentemente testes comerciais t€ém sido disponibilizados para o diagnéstico de dengue,
inclusive a pesquisa do NS1 (Wu et al, 1997; Lam & Devine, 1998; Lam et al., 2000;
Kumarasamy et al., 2007).

Atualmente o MS tem recomendado a pesquisa de NS1 no monitoramento de casos
suspeitos de dengue, sendo os casos positivos encaminhados para identificacdo do sorotipo

através do isolamento ou RT-PCR.

1.10.3 Teste de Imunohistoguimica

A deteccdo de antigenos virais pode ser realizada em amostras de tecidos fixados em

formalina em casos de 6bito (Miagostovich et al., 1997).

1.10.4 RT-PCR (Sistema ‘“‘semi-nested”)

Diferentes protocolos de amplificacdo gendmica utilizando transcricdo reversa seguida da
reacdo em cadeia pela polimerase (RT-PCR) tém sido utilizados no diagndstico rdpido das
infeccdes por DENV.

Estes protocolos detectam e caracterizam o sorotipo infectante e podem confirmar o
diagndstico em situagdes onde o material disponivel ndo € adequado para o isolamento viral

(Morita et al., 1991; Lanciotti et al., 1992).
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O protocolo desenvolvido por Lanciotti ef al. (1992) permite detectar os quatro sorotipos

de DENYV simultaneamente em um procedimento “semi-nested” e é recomendado pela OPAS.

1.10.5 RT-PCR em tempo real

Para a realizacdo da técnica de PCR em tempo real, pode-se utilizar o sistema SYBR
Green ou o sistema TagMan (Forster, 1948; Holland et al., 1991; Heid et al., 1996).

O SYBR Green possui funcdo semelhante ao Brometo de Etidio, ligando-se a qualquer
DNA de dupla fita.

No sistema TagMan, uma sonda duplamente marcada com corantes distintos, um reporter
(ex: FAM) e outro quencher (ex: TAMRA), hibridiza na regido amplificada flanqueada pelos
iniciadores.

Quando os dois corantes estdo proximos, € a sonda ainda estd intacta, o corante (TAMRA
[N,N,N°, N~ tetramethyl-6-carboxyrhodamine]) absorve energia do corante FAM (5-
carboxyfluorescein) evitando a emissdo de fluorescéncia. A atividade 5” exonuclease da enzima
taq polimerase degrada a sonda durante o curso do PCR. A degradacdo da sonda conduz a
separacdo dos dois corantes em solu¢d@o, com um aumento subseqiiente do nivel de fluorescéncia.
A intensidade de fluorescéncia é detectada a cada ciclo de amplificacdo. A quantidade de
fluorescéncia medida em uma amostra, que é proporcional a quantidade de produto de PCR
gerado, € comparada com a fluorescéncia de uma amostra padrao cujo nimero de copias de RNA
ou PFU (Unidade Formadora de Placa) é conhecido.

Dessa forma, pode-se detectar e quantificar o DNA/RNA viral de uma determinada
amostra de forma sensivel e especifica (Holland et al., 1991; Laue et al., 1999).

O sistema € totalmente automatizado, e o material amplificado é normalmente descartado
sem que seja preciso abrir os tubos. Dessa forma, a contaminacdo das amostras por DNA pode
ser completamente evitada.

Essa técnica permite acompanhar a amplificagdo em tempo real de até 96 amostras

simultaneamente.

1.11 Prevencédo e Controle

Ainda ndo existe nenhuma vacina licenciada contra a dengue, entretanto, existem diversas
vacinas candidatas em desenvolvimento. Diversas estratégias foram desenvolvidas para uma
vacina contra a dengue: vacinas de virus vivos (atenuacdo em cultura, atenuacdo através de

engenharia genética, construcdo de vacinas quiméricas e vacinas de DNA), vacinas de virus
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mortos (vacinas contendo proteinas recombinantes do envelope dos virus, com ou sem
adjuvantes), vacinas de subunidades (proteinas e/ou peptideos) e estratégias mistas.

Os estudos clinicos mais avangcados foram realizados com uma vacina quimérica
tetravalente que utiliza como base genética o virus vacinal da febre amarela (17D). A maioria dos
adultos e criancas vacinados com essa vacina desenvolveu anticorpos neutralizantes, que
persistem por, pelo menos, um ano apds vacinacdo. Apesar de se detectar viremia na primeira
semana apods a vacinagdo, os titulos virais foram baixos € a taxa de eventos adversos foi similar a
da vacina contra febre amarela. Os virus vacinais ndo replicam no trato gastrintestinal dos vetores
e sdo bastante estdveis. Até o presente, os estudos de fase I e II, realizados na Asia, nos Estados
Unidos e na América Latina, com vacina quimérica tetravalente atenderam a todas as exigéncias
para a realizacdo de estudos de fase III, que deverdo ser iniciados em breve (Pugachev et al.,
2005; Monath, 2007; Durbin et al., 2006a; 2006b; Mateu et al., 2007; Deauvieau et al., 2007).

A Universidade do Mahidol (Bangkok, Taildndia) e o Instituto de Pesquisa Walter Reed,
do Exército Norte-Americano (WRAIR), tém usado métodos convencionais para desenvolver
vacinas vivas atenuadas para os DENV, através da passagem destes virus em cultura de células.

As vacinas candidatas da Universidade do Mahidol ndo alcancaram resposta imune
equilibrada para cada um dos quatro sorotipos, bem como na formulacdo tetravalente (Kanesa-
thasan et al., 2001; Sabchareon et al., 2004; Kitchener et al., 2006).

As vacinas candidatas do WRAIR foram passadas inicialmente em cultura de células
primdrias de rim de cdo (PDK) e posteriormente em cultura de células fetais de pulmdo de
Macaco Rhesus. As candidatas monovalentes foram avaliadas em Macaco Rhesus em ensaios
clinicos da Fase I, com vistas a avaliar cada passagem em células PDK e selecionar os virus que
possam fornecer um equilibrio adequado entre atenuacio e imunogenicidade.

Em estudos humanos, as vacinas de DENV-2, DENV-3 e DENV-4 foram levemente
reativas, mas a vacina para os DENV-1, a reacdo foi moderada, onde 40% dos vacinados
desenvolveram febre e exantema generalizado (Sun et al., 2003). Na sequéncia de uma tnica
administracdo de vacinas monovalentes em voluntdrios adultos soronegativos, as taxas de
soroconversdo variaram de 46 a 100% para cada sorotipo dos DENV, com a taxa mais elevada
alcancada pelo DENV-1. A alta reatividade do DENV-1 também ficou evidente no inicio dos
ensaios para a formulagdo tetravalente, que também indicou baixa reatividade do DENV-4 (Sun
et al., 2003; Edelman et al., 2003).

Para abordar estas questdes, a dosagem dos niveis de cada componente foi ajustada. O

componente do DENV-1 foi substituido por uma passagem maior (PDK-27, em vez de PDK-20)
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e o componente do DENV-4 foi substituido por uma passagem menor (PDK-6, em vez de PDK-
20), com o objetivo de melhorar a imunogenicidade. As atuais formulagdes tetravalentes estdo em
testes na Fase II na América do Norte e Sudeste Asiatico.

Com a excec¢do do candidato DENV-2 (PDK-53) (Butrapet et al., 2000), as mutagdes que
contribuem para a atenuacdo dos fendtipos da Universidade do Mahidol ou do WRAIR, ainda nao
foram identificadas, em parte devido ao fato de nunca terem sido clonadas biologicamente, o que
tem dificultado sua andlise genética (Sanchez et al., 2006).

Uma outra estratégia foi utilizada no Laboratorio de Doengas Infecciosas do Instituto
Nacional de Alergias e Doencas Infecciosas (EUA). Nessa abordagem, técnicas de genética
reversa foram utilizadas para inserir mutagcdes ou delegoes definidadas na regido 3’ ndo-
codificante (3’NC), utilizando o comprimento total de clones cDNA dos DENV-1 e DENV-4
(Men et al., 1996; Whitehead et al., 2003a). A delecdo da posi¢ao 172-143 da 3’NC, mais tarde
denominada A30, especificou um desejavel equilibrio entre o nivel de atenuacdo e
imunogenicidade para ambos DENV-1 e DENV-4 em macacos e seres humanos, mas nao para o
DENV-2 e DENV-3 (Blaney et al., 2004a; 2004b). As vacinas candidatas para os DENV-1 e
DENV-4 contendo a dele¢do A30 foram seguras, assintométicas e imunogénicas na dose de 10’
unidades formadoras de placa (PFU), com leve exantema observado em cerca da metade dos
voluntdrios, leucopenia em 7 a 40%, e aumento transitorio dos niveis de alanina aminotransferase
(ALT) em alguns voluntdrios, especialmente, em uma dose maior que 10° PFU para DEN4A30
(Durbin et al., 2001; 2005; 2006b).

Este virus ndo foi transmitido dos vacinados para os mosquitos, provavelmente devido a
baixa viremia (10' PFU/ml) e pelo fato da mutacdo A30 ser atenuante e ndo replicar em
mosquitos (Troyer et al., 2001). A mutacdo A30 permanece estdvel geneticamente em humanos.
Pelo fato do DEN2A30 e DEN3A30 ndo terem tido sucesso, uma estratégia quimérica baseada na
vacina candidata DEN4A30 foi usada para criar novos candidatos para DENV-2 e DENV-3.

Os DEN2/4A30 e DEN3/4A30 gerados continham as proteinas prM e E dos DENV-2 e
DENV-3 em um “background” genético do DEN4A30, respectivamente. Estes virus quiméricos
foram altamente atenuados para macacos (Blaney et al., 2004b; Whitehead et al., 2003b). Tanto o
DEN2/4A30 quanto o DEN3/4A30 possuiram baixa infectividade quando inoculados em
mosquitos Ae. aegypti (Whitehead et al., 2003b; Blaney et al., 2004b).

A atenuagdo dos DEN2/4A30 e DEN3/4A30 foi resultado da quimeriza¢do e da mutagdo
A30. As vacinas quiméricas candidatas DEN2/4A30 e DEN3/4A30 foram combinadas com

DEN1A30 e DEN4A30 para criar uma formulacao tetravalente, e tém demonstrado ser atenuada
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(com titulos de 10> PFU/ml), amplamente imunogénica e protetora em Macacos Rhesus (Blaney
et al., 2005). Testes na Fase I com a candidata DEN2/4A30 demonstraram ser segura e
imunogénica com dose tinica de 10° PFU (Durbin ef al., 2006b). Testes clinicos com DEN3/4A30
estdo atualmente em curso. A adequacgdo desta formulagdo tetravalente para o ser humano ainda
nao foi estudada.

A plataforma ChimeriVax foi utilizada pela Acambis (Cambridge, E.U.A.) para criar uma
vacina quimérica a partir da substituicdo dos genes que codificam as proteinas prM e E de cada
um dos sorotipos dos DENV utilizando a vacina viva atenuada YF17D como base genética.
Supde-se que a atenuacdo destas candidatas a vacina é proveniente das mutacdes presentes dos
antecedentes genéticos da YF17D, assim como da prépria quimerizagdo, embora a contribui¢ao
de cada um destes componentes ndo tenha sido formalmente demonstrado (Guirakhoo et al.,
2001). A candidata a vacina monovalente demonstrou baixas taxas de infeccdo em Ae.
albopictus, e sdo essencialmente de natureza ndo-infecciosa em Ae. aegypti (Higgs et al., 2006).
Em macacos, a administracio de uma formulacio tetravalente em doses de 10° a 10*° PFU de
cada componente, induziu um alto nivel de anticorpos neutralizantes, que foi eficaz contra uma
ampla colecdo de sorotipos de DENV. No entanto, o pico de viremia em macacos
(principalmente do DENV-4) foi de 10° a 10’ PFU/ml, superior ao observado com outros
sorotipos candidatos a vacina (Guirakhoo et al, 2002). A vacina monovalente ChimeriVax-
DEN?2 foi avaliada com sucesso em seres humanos e demonstrou ser segura € imunogenica
(Guirakhoo et al., 2006). Os relatdrios dos ensaios de Fase I da vacina tetravalente produzida pela
ChimeriVax, indicam ser uma candidata segura, sem efeitos adversos graves, mas que
provavelmente terdo de ser administradas em doses superiores a 10* PFU/ml (Whitehead et al.,
2007).

Usando a vacina atenuada DENV-2 PDK-53 desenvolvida pela Universidade Mahidol,
pesquisadores do CDC (EUA) desenvolveram um conjunto de vacinas quiméricas com base nas
trés mutacOes atenuantes do DENV-2 PDK-53 existentes fora dos genes estruturais. Esta
formulacdo demonstrou ser imunogénica e protetora em camundongos (Huang et al., 2003), e a
formulacdo tetravalente aplicada em macacos foi recentemente concluida. Estudos prevéem
ensaios de Fase I em seres humanos.

No contexto das vacinas inativadas, uma candidata de DENV-2 foi fabricada pelo
WRAIR e uma candidata equivalente de DENV-1 entrard em breve nos ensaios clinicos (Putnak
et al., 1996a; 2006b). Na preparacdo destas vacinas, os virus foram propagados em cultura de

células Vero, concentrados por ultrafiltracdo e purificados em gradiente de sacarose. A alta
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titulagio dos virus purificados (aproximadamente 10° PFU/ml) foi, entdo, inativado com
formalina. A vacina de DENV-2 com alimen e outros adjuvantes induziram altos niveis de
anticorpos utilizando o modelo de primatas (Putnak et al., 2005).

As vacinas de subunidades ainda ndo foram testadas em seres humanos. No entanto, dois
estudos realizados em Macacos Rhesus foram recentemente concluidos usando a proteina E em
formulacdo monovalente de DENV-2 e DENV-4. Guzman ef al. imunizaram macacos com
quatro doses de 100g da proteina E de DENV-4, utilizando alimen como adjuvante, e
conseguiram apenas uma protec¢do parcial desafiando com o DENV-2 selvagem (Guzman et al.,
2003). Em colaboracdo com Havai Biotech, Putnak et al. imunizaram macacos com duas doses
de DENV-2. Estes autores utilizaram a proteina E produzida em células de Drosophila e testaram
cinco diferentes combinacdes de adjuvantes (Putnak et al, 2005). Apesar dos titulos de
anticorpos neutralizantes variarem muito, um grupo de macacos que receberam uma dose maior
do antigeno com dois adjuvantes foi completamente protegido. Havai Biotech atualmente estd
fabricando este modelo para cada um dos sorotipos e ird em breve iniciar ensaios clinicos de Fase
L

No contexto das vacinas de 4cido nucléico, os dltimos experimentos usando genes que
codificam as protefnas prM e E para DENV-1, demonstraram que trés doses desta vacina
protegem macacos Aotus, com posterior desafio com o virus selvagem (Raviprakash et al., 2003).
Vacinas de DNA convencionais oferecem algumas vantagens, incluindo a facilidade de producdo,
transporte e estabilidade em temperatura ambiente, diminuicdo da probabilidade de replicacdo e
interferéncias na vacinagdo conjunta com outros patdgenos. No entanto, a experiéncia recente
com as vacinas de DNA revelou a necessidade de multiplas doses em conjunto com adjuvantes
adequados, motivos imunoestimulatérios e equipamentos de inoculagdo especializados. A
primeira estratégia utilizando a proteina E expressada em vetores de DNA foi realizada.
Entretanto, a formulagdo tetravalente parece muito complicada (Whitehead et al., 2007).

Finalmente, enquanto uma vacina eficaz nido esta disponivel para aplicacdo em larga
escala, as medidas de controle ao vetor e o diagndstico precoce de casos suspeitos consistem nos

principais instrumentos para a prevencao do dengue, aliado a melhoria do saneamento basico.
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2. OBJETIVOS

2.1 Objetivo Geral:

1) Estudar os aspectos relacionados a patogenia, sitios de replicacdo, filogenia e evolucio

molecular dos virus dengue tipo 3 (DENV-3).

2.2 Objetivos especificos:

1) Determinar a viremia em casos fatais e ndo fatais de DENV-3, avaliando sua importancia na

patogenia dos casos graves da doenga;

2) Pesquisar DENV em diferentes tecidos provenientes de casos fatais considerando-se que

ainda ndo se conhece em profundidade os sitios de replicagdo dos DENV;

3) Estudar a evolucdo genética global dos DENV-3;

4) Determinar os genotipos do DENV-3 circulantes no Brasil.
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3. RESULTADOS

Este trabalho € apresentado no formato de artigos publicados, obedecendo as Normas e
Recomendagdes do Programa de Pés-Graduacdo em Biologia Celular e Molecular do Instituto
Oswaldo Cruz. Nesse contexto, os artigos cientificos substituem as secoes de Material e Métodos
e Resultados. Cada artigo representa um ‘“‘capitulo”, precedido de uma pagina de rosto com sua

apresentacao.

Artigo 1: Determinacdo da viremia em casos fatais e ndo fatais de DENV-3.

Referéncia bibliografica: Aratjo JMG, Filippis AMB, Schatzmayr HG, Aradjo ESM, Britto C,
Cardoso MA, Camacho LAB, Nogueira RMR. Quantification of dengue virus type 3 RNA in
fatal and nonfatal cases in Brazil, 2002. Transactions of the Royal Society of Tropical Medicine

and Hygiene. 2009. [Epub ahead of print].

Situacdo do manuscrito: Aceito para publicacdo no periédico “Transactions of the Royal

Society of Tropical Medicine and Hygiene”. Este artigo atende ao objetivo 1.

Apresentacio: A patogénese da Febre Hemorragica do Dengue (FHD) e da Sindrome do Choque
por Dengue (SCD) tem sido uma das grandes questdes na pesquisa da dengue. A auséncia de um
modelo animal capaz de reproduzir clinicamente a infeccdo pelos virus dengue (DENV) tem
dificultado a compreensdo deste aspecto. Dois principais fatores t€m sido atribuidos para a
ocorréncia da FHD e SCD: a viruléncia da cepa e a resposta imune do hospedeiro (Halstead,
1988; Gubler, 2002; Guzman & Kouri, 2002; Rothman, 2004; Green & Rothman, 2006). Neste
artigo, correspondente ao objetivo 1, apresentamos os resultados da aplicagcdo dos métodos de
RT-PCR em tempo real e I[gG-ELISA para determinar a carga viral e o tipo de infec¢do (primdria
ou secunddria) em 23 casos fatais e 19 casos de dengue classico, ocorridos durante a epidemia de

2002 no estado do Rio de Janeiro.
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Abstract

We examined levels of dengue virus type 3 RNA in association with the type of infection
(primary or secondary) in patients with fatal and nonfatal outcomes in Rio de Janeiro, 2002.
Subjects with fatal outcomes had mean virus titers significantly higher than those who survived.
Because primary infections were confirmed among the fatal cases (52.1%), antibody-dependent
enhancement alone did not explain all the cases of severe disease in this study population. In
conclusion, these findings suggest that high levels of DENV-3 may have contributed to the severe

form of dengue in Rio de Janeiro, 2002.

Keywords: Dengue virus type 3; Real-time RT-PCR; Viremia; Pathogenesis; Brazil.
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1. Introduction

The pathogenesis of dengue hemorrhagic fever (DHF) and dengue shock syndrome (DSS)
has been one of the major issues in dengue virus research. Among the risk factors reported for
DHF and DSS, the viral strain and the host immune status have been identified as key (Gubler,
1978; Halstead, 1988; Guzman and Kouri, 2002). Based on the observation that individuals
experiencing secondary infection had a higher probability of developing DHF and/or DSS, the
immune hypothesis states that cross-reactive, nonneutralizing antibodies from previous infection
may enhance dengue virus infection (Halstead, 1988). Since different dengue viral strains have
been associated to outbreaks of very mild or very severe disease, the viral hypothesis contends
that severe dengue disease is the result of infection with a more virulent strain (Rosen, 1977;
Gubler et al., 1978). For these reasons, we examined levels of dengue virus RNA and the type of
infection (primary or secondary) in patients with fatal and nonfatal outcomes in 2002 during a

severe DENV-3 epidemic in the State of Rio de Janeiro, Brazil.

2. Materials and methods

The human serum specimens examined in this study were obtained from 42 patients with
confirmed DENV-3 infection, who presented acute febrile illness with two or more of the
following clinical manifestations: headache, retrobulbar pain, myalgia, arthralgia, rash and
hemorrhagic manifestations. All cases were classified according to definitions of the World
Health Organization (WHO). Nineteen cases were outpatients categorized as “nonfatal cases”
(dengue fever “DF”) and the remaining twenty-three were “fatal cases” (19 DHF and 4 DSS).

Viral RNA for real-time RT-PCR assays was extracted from 140 puL of human serum
specimens with the QIAamp Viral RNA Mini Kit (QIAGEN, Valencia, CA) in accordance with
the manufacturer’s suggested protocol. For the quantitative TagMan assay, a 10-fold-dilution
series containing a known amount of target viral RNA (10’ RNA copies/ml) was used for RNA
extraction. Real-time RT-PCR assays were performed as described previously by Houng et al.
(2001). The number of viral RNA copies detected was calculated by generating a standard curve
from 10-fold-dilutions of DENV-3 RNA, isolated from a known amount of local virus
propagated in Aedes albopictus C6/36 cells (Nogueira et al.,, 2005), the titer of which was

determine by plaque assay.
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In order to classify the type of infection in fatal and nonfatal cases as either primary or
secondary dengue, 1gG-ELISA was conducted as described previously by Miagostovich et al.
(1999). According to the IgG-ELISA criteria, the immune response is defined as primary when
acute-phase serum samples obtained before day 5 of illness have IgG antibody titers <1:160 and
convalescent-phase sera have titers <1:40,960. Infections are considered secondary when IgG
titers are >1:160 in the acute-phase serum and >1:163,840 in convalescent-phase samples.
Parametric (t-test) and nonparametric (Mann-Whitney test) statistical methods within the SPSS
for Windows 8 software were adopted to compare levels of dengue virus RNA in fatal and

nonfatal cases, P < 0.05 considered significant.

3. Results and discussion

Adopting quantitative real-time RT-PCR, we examined levels of dengue virus RNA in
patients with fatal (n=23) and nonfatal (n=19) outcomes. Subjects with fatal outcomes had mean
virus titers significantly higher than those who survived, 12.5 log;o RNA copies/ml and 7.9 log;o
RNA copies/ml, respectively (t-test, P=0.001; Mann-Whitney test; P=0.002) (Figure 1). These
results suggest that high level of DENV is an important factor in the pathogenesis of severe
dengue, corroborating several earlier reports (Gubler et al., 1978; Nogueira et al., 2005).

Among the fatal cases, 52.1% (12/23) were classified as primary infections, and 30.4%
(7/23) as secondary infections. Four cases could not be characterized due to lack of information.
Among the nonfatal cases, 47.3% (9/19) were determined as primary infections and 52.6%
(10/19) as secondary infections. Because primary infections were confirmed among the fatal
cases, antibody-dependent enhancement alone did not explain all the cases of severe disease in
this study population.

The correlation between levels of DENV-3 RNA and the type of infection (primary or
secondary) was examined. In fatal cases, the mean virus titer was higher in patients with primary
infections (12.48 log;o RNA copies/ml) than in patients with secondary infections (11.86 log;o
RNA copies/ml), however, this difference was not significant (t-test, P=0.10; Mann-Whitney test,
P=0.21). In nonfatal cases, the mean virus titer was significantly higher in patients with primary
infections (9.74 log;o RNA copies/ml) than in patients with secondary infections (6.23 log;o RNA
copies/ml) (t-test, P=0.05; Mann-Whitney test, P=0.02). These results suggest rapid immune
response activation in patients classified as secondary infection and consequent reduction of
viremia.
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In conclusion, these findings suggest that high levels of DENV-3 may have contributed to
the severe form of dengue in Rio de Janeiro, 2002. These results are of great importance for

understanding the viral pathogenesis of dengue viruses.
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Figure 1. Mean log titer (95% confidence interval) in fatal (n=23) and nonfatal (n=19) cases.
Subjects with fatal outcomes had mean virus titers that were significantly higher than those who
survived, 12.5 log;o RNA copies/ml and 7.9 logio RNA copies/ml, respectively (t-test, P=0.001;
Mann-Whitney test; P=0.002).
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Artigo 2: Pesquisa dos virus dengue (DENV) em diferentes tecidos provenientes de casos fatais.

Referéncia bibliografica: Araijo JMG, Schatzmayr HG, Filippis AMB, dos Santos FB, Cardoso
MA, Britto C, Coelho JIMCO, Nogueira RMR. A retrospective survey of dengue virus infection
in fatal cases from an epidemic in Brazil. Journal of Virological Methods. 2009 (155) 34-38.

Situacdo do manuscrito: Publicado no periddico “Journal of Virological Methods”. Este artigo

atende ao objetivo 2.

Apresentacdo: Os DENV podem infectar muitos tipos de células, incluindo tecidos do sistema
vascular, muscular e hematologico, causando diversos sinais clinicos e patoldgicos (Seneviratne
et al., 2006). Estudos com pacientes que desenvolveram FHD/SCD revelaram a presenca do
antigeno (Ag) e do RNA viral em tecidos como o figado, baco, cérebro, linfonodos, timo, rins,
pulmdes, coracdo, pele e medula 6ssea (Bhamarapravati et al., 1967; Boonpucknavig et al., 1979;
Yoskan et al., 1983; Hall et al., 1991; Bhoopat et al., 1996; Miagostovich et al., 1997; Jessie et
al., 2004). Com base nestes estudos, pesquisamos a presenca do Ag e do RNA viral em diferentes
tecidos provenientes de 29 casos fatais suspeitos de dengue, ocorridos durante a epidemia de

2002 no estado do Rio de Janeiro, com o objetivo de investigar os sitios de replicacdo viral.
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Abstract

Dengue virus can infect many cell types from the vascular, muscular and hematological
systems causing diverse clinical and pathological signs. The purpose of the present study was to
investigate by different diagnostic methods dengue virus in human tissue specimens obtained
from fatal cases (n=29) during a large-scale dengue fever epidemic in 2002 in the State of Rio de
Janeiro, Brazil. The combination of four procedures provided diagnostic confirmation of DENV-
3 infection in 26 (89.6%) out of the 29 suspected fatal cases. Dengue virus (DENV) was isolated
from 2/74 (2.7%) tissue samples, inoculated into C6/36 cells and identified as DENV-3, nested
RT-PCR accusing 22/72 (30.5%) samples as DENV-3. Real-time RT-PCR yielded the highest
positivity rate, detecting viral RNA in 45/77 (58.4%) clinical specimens, including the liver
(n=18), lung (n=8), spleen (n=8), brain (n=6), kidney (n=3), bone marrow (n=1) and heart (n=1).
Immunohistochemical tests recognized the DENV antigen in 26/59 (44%) specimens. Given the
accuracy and effectiveness of real-time RT-PCR in this investigation, this approach may play an

important role for rapid diagnosis of dengue infections.

Keywords: Dengue virus; Diagnosis; Surveillance; Tissues; Real-Time RT-PCR.
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1. Introduction

Dengue infection is the most prevalent arthropod-borne viral disease in subtropical and
tropical regions of the world (Halstead, 1980). All four of the dengue virus serotypes (genus
Flavivirus, family Flaviviridae) consist of a single positive-strand RNA surrounded by an
icosahedral nucleocapsid (Hammon et al., 1960). Dengue virus infection causes either a relatively
mild disease, known as classic dengue fever (DF) or a more severe form, dengue hemorrhagic
fever (DHF), a fulminating illness characterized by hemorrhagic manifestations and plasma
leakage, which may progress to dengue shock syndrome (DSS) and death (Halstead, 1988). The
virus can infect many cell types from the vascular, muscular and hematological systems causing
diverse clinical and pathological signs (Seneviratne et al., 2006).

Studies of specimens from patients presenting DHF/DSS revealed the presence of viral
antigens or RNA in diverse tissues including liver, spleen, brain, lymph node, thymus, kidney,
lung, heart, bone marrow and skin and mainly in mononuclear phagocytic cells (Bhamarapravati
et al., 1967; Bhoopat et al., 1996; Boonpucknavig et al., 1979; Hall et al., 1991; Miagostovich et
al., 1997; Yoskan et al., 1983). The purpose of the present study was to investigate by different
diagnostic approaches dengue virus in human tissue specimens from fatal cases during a large-

scale dengue fever epidemic in 2002 in the State of Rio de Janeiro, Brazil.

2. Materials and methods

2.1. Study Population

The human tissue specimens examined included liver (n=28), lung (n=14), spleen (n=16),
brain (n=11), kidney (n=5), bone marrow (n=1) and heart (n=2) obtained from 29 patients
presenting with acute febrile illness with two or more of the following clinical manifestations:
headache, retrobulbar pain, myalgia, arthralgia, rash and hemorrhage. All samples were received
refrigerated and separately from private and public hospitals in the metropolitan area of Rio de
Janeiro city and stored at -70°C until tested. Epidemiological aspects and the description of
disease evolution resulting in death were reported previously by Nogueira et al. (2005). All
samples were collected between January and March 2002 from patients ranging in age from 11 to
64 years old. Ethical clearance was obtained with the approval resolution number CSN196/96
from the Oswaldo Cruz Foundation Ethical Committee in Research (CEP 274/05), Ministry of
Health, Brazil.
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2.2. Tissue treatment
Fragments of tissue (1-2 grams) were ground in 1.5mL of Leibovitz-15 culture medium
(Sigma) and centrifuged (10,000 rpm at 4°C, for 15 min). The supernatant was inoculated in a

C6/36 cell culture and used for RNA extraction.

2.3. Virus isolation

A total of 74 tissue samples were prepared for virus isolation by inoculation into
monolayers of a C6/36 Aedes albopictus cell line (Igarashi, 1978). Dengue virus isolates were
identified by an indirect fluorescent antibody test (IFAT) with serotype-specific monoclonal

antibodies, as described previously by Gubler et al. (1984).

2.4. RNA extraction

Viral RNA for the nested RT-PCR and real-time RT-PCR assays was extracted from 140
UL of tissue specimens (supernatant) by the QIAamp Viral RNA Mini Kit (QIAGEN, Valencia,
CA), in accordance with the manufacturer’s suggested protocol. RNA was eluted in 60 uL of

buffer AVE and stored at -70°C.

2.5. Nested Reverse Transcriptase PCR assay
The nested RT-PCR protocol for DENV detection and typing was performed on 72 tissue
samples, as described previously by Lanciotti et al. (1992).

2.6. Real-time Reverse Transcriptase PCR (TagMan) assay

One-step real-time RT-PCR assays were performed in the ABI Prism® 7000 Sequence
Detection System (SDS) (Applied Biosystems, Foster City, CA). Samples were assayed in a 30
UL reaction mixture containing 8.5 pL of extracted RNA, 0.63 pL of 40X Multiscribe enzyme
plus RNAse inhibitor, 12.5 pLL. TagMan 2X Universal PCR Master Mix (Applied Biosystems,
Foster City, CA) and 300 nM of each specific primer and fluorogenic probe. Primer sequences
(DV3.U: 5-AGC ACT GAG GGA AGC TGT ACC TCC-3’; DV.L1: 5’-CAT TCC ATT TTC
TGG CGT TCT-3’) and probe (DV.P1: 5’-CTG TCT CCT CAG CAT CAT TCC AGG CA-3’)
were obtained from Houng et al. (2001) and designed for the 3’ noncoding sequences (3’NC).
The TagMan probe was labeled at the 5’ end with 5-carboxyfluorescein (FAM) reporter dye and
at the 3’ end with 6-carboxy-N,N,N’,N’-tetramethylrhodamine (TAMRA) quencher fluorophore.
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The 5’ nuclease TagMan assay relies on the 5’ exonuclease activity of the Taq polymerase
to free the reporter dye in the quenched probe. The accumulation of the amplified PCR product is
proportional to an exponential increase in the fluorescence emitted from the freed reporter dyes
(ARn). The threshold cycle (Ct) represents the PCR cycle at which the SDS software first detects
a noticeable increase in reporter fluorescence above a baseline signal. Positive and negative
controls were included in every assay.

Amplification and real-time detection consisted of the following cycling profile: reverse
transcription at 45°C for 30 min followed by one step at 95°C for 10 min and 45 cycles at 95°C
for 15 sec and 60°C for 1 min. The ABI Prism® 7000 SDS (version 1.1; PE Applied Biosystems)
was adopted to examine the fluorescence emitted during amplification. A single fluorescence

reading for each sample was taken at the annealing-elongation step.

2.7. Immunohistochemical procedure

The immunohistochemical procedure was undertaken on 59 tissue samples, as described
previously by Miagostovich et al. (1997). Briefly, sections of formalin-fixed, paraffin-embedded
tissues were processed by the avidin biotin complex (ABC) method according to the
manufacturer’s protocol (Vectastain AEC Kit, Vector Laboratories, Inc. Burlingame, CA, USA).
Monoclonal antibodies for DENV-1, -2, and -3 were directed against the E protein, positive and

negative controls were included.

3. Results

The combination of four methods provided diagnostic confirmation of DENV-3 infection
in 26 (89.6%) out of the 29 suspected fatal cases. As demonstrated in Table 1, the use of only one
diagnostic tool provided positive results in 9/26 cases (34.6%), only one case determined by
immunohistochemistry (3.8%), and in 8/26 patients diagnosis was confirmed by real-time RT-
PCR (30.8%). In the other 17/26 cases (65.4%), infection was detected by at least two different

diagnostic approaches.
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Table 1. Investigation of suspected fatal dengue cases (n=29) by virus isolation, nested RT-PCR,

immunohistochemistry and real-time RT-PCR.

Case number  Virus isolation Nested RT-PCR  Immunohistochemistry =~ Real-time RT-PCR

1 - + - +
2 - - - +
3 - - + +
4 - - - +
5 + + NP +
6 - - - -
7 - - NP +
8 - - NP -
9 - - NP +
10 - - + +
11 - - - +
12 - - NP +
13 - + + +
14 - + + +
15 - - - +
16 - + + +
17 + + + +
18 - + + +
19 - - + -
20 - - NP -
21 - - + +
22 - - + +
23 - - + +
24 - - NP +
25 - - + +
26 - + + +
27 - + - +
28 - - + +
29 - + - +
Total* 2/29 (6.8) 10/29 (34.4) 14/22 (63.6) 25/29 (86.2)

*Positive/total analyzed (%). Positive sample (+), negative sample (-), and not performed (NP).

Table 2. Dengue diagnosis of 77 clinical samples (tissue specimens from liver, lung, spleen,
brain, kidney, bone marrow and heart), collected from the 29 patients with fatal outcome, by

virus isolation, nested RT-PCR, immunohistochemistry and real-time RT-PCR.

.. Virus isolation Nested RT-PCR Immunohistochemistry ~ Real-time RT-PCR
Clinical .. o . "
. positive/total positive/total positive/total analyzed positive/total
specimen analyzed (%) analyzed (%) (%) analyzed (%)
Liver 2/26 8/27 14/22 18/28
Lung 0/14 5/12 3/11 8/14
Spleen 0/15 3/15 5/13 8/16
Brain 0/11 3/11 2/7 6/11
Kidney 0/5 2/5 2/4 3/5
Bone Marrow 0/1 NP NP 171
Heart 0/2 172 072 12
Total 2/74 (2.7) 22/72 (30.5) 26/59 (44.0) 45/77 (58.4)

NP: not performed
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A total of 77 clinical samples (tissue specimens from the liver, lung, spleen, brain, kidney,
bone marrow and heart) were collected from the 29 patients with fatal outcome. The diagnostic
results yielded by the four distinct approaches are shown in Table 2. DENV was isolated from
two liver specimens (2.7%) out of 74 after inoculation into C6/36 cells and identified as DENV-
3. Nested RT-PCR detected 22 (30.5%) out of 72 tissue samples as infected by the same serotype
and real-time RT-PCR confirmed the infection in 45 (58.4%) out of the 77 tissue specimens
investigated. The immunohistochemical procedures detected viral antigens in 26 (44.0%) out of
59 tissue samples. In all tissues, the immunoreactivity pattern was positive for cytoplasmic
granular staining. DENV was observed mainly in hepatocytes and Kupfer cells (liver), the
neuronal cell body (brain) and lymphoid cells - especially macrophages (spleen). The cell type
could not be identified in lung, kidney, heart and bone marrow tissues. Only the qualitative
analysis was applied for Real-time RT-PCR and the immunohistochemical procedure. Among all
the specimens tested, the liver was the most frequent site for the recovery of DENV isolates,
nested RT-PCR, immunohistochemistry and real-time RT-PCR yielding positive results in 24
(92.3%) out of the 26 confirmed DENV-3 cases (Table 3). In this investigation, only one single
bone marrow specimen was available (patient 11, Table 3), from which the presence of viral
RNA was confirmed by real-time RT-PCR. The same method also determined a positive result in

a liver sample from the same patient, reinforcing DENV-3 infection in this case.
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Table 3. Dengue virus detection regarding tissue samples from 29 suspected fatal cases.

Case number Liver Lung Spleen Brain Kidney Bone Marrow Heart

1 + + + + +

2 - + - +

3 +

4 + +

5 + -

6 - - - - -

7 + + +

8 -

9 + - - -

10 + + + +

11 + - +

12 + - +

13 + + +

14 + + + +
15 - - + -

16 +

17 + + + +

18 + + + +

19 +
20 -
21 +
22 + +
23 +
24 +
25 +
26 + + + + +
27 +
28 + +
29 + + - + +

Total* 24/29 (82.7)  10/14 (71.4)  10/16 (62.5)  8/11(72.7) 4/5 (80) 1/1 (100) 2/2 (100)

* Positive/total analyzed (%). Positive sample (+), negative sample (-) and unavailable sample (in white).

4. Discussion

During 2002, a total of 813,104 dengue cases were notified in Brazil, mainly in the
southeastern and northeastern regions (Nogueira et al., 2007). This number corresponded to 80%
of all the reported dengue cases in the Americas (Nogueira et al., 2007). The introduction of
DENV-3 into Rio de Janeiro in 2000 placed the region at high risk of a new epidemic involving
this serotype, since the emergence of a new serotype into a susceptible population with high
mosquito densities may produce a large-scale epidemic after a lag period (Rigau-Perez et al.,
2002). Indeed one year after the appearance DENV-3, this serotype was responsible for the most
severe epidemic in the State's history in terms of the number of reported cases, severity of clinical
manifestations and the number of confirmed deaths. In this DENV-3 epidemic, the number of

DHF/dengue shock syndrome (DSS) cases (1,831) and deaths (91) exceeded the total number of

46



DHF/DSS cases (1,621) and deaths (76) in the entire country from 1986 to 2001 (Barbosa da
Silva et al., 2002). Furthermore, an increase in unusual clinical features was observed during this
epidemic characterized by the incidence of Central Nervous System (CNS) involvement and
hepatitis (Nogueira et al., 2005).

In this study, the liver was the most important organ for virus detection, according to all
four diagnostic methods. Recently, the liver was recognized as a major target organ in the
pathogenesis of DENV infection, its active hepatocyte replication perhaps accounting for these
findings (Couvelard et al., 1999; Lin et al., 2000). In this study, examination of liver specimens
confirmed virus infection in 24 out of 26 fatal cases (Table 3), similar to that described
previously in Indonesia (Sumarmo et al., 1983).

Heart involvement has been reported during dengue fever (Basilio-de-Oliveira et al.,
2005; Horta Veloso et al., 2003), and in the present study heart involvement was confirmed in
two cases by the identification of DENV-3 RNA by nested or real-time RT-PCR. Cardiac
manifestations of dengue infection are uncommon, nevertheless cardiac rhythm disorders, such as
atrioventricular block (Donegani and Bricefio, 1986; Khongphatthallayothin et al., 2000) and
ectopic ventricular beats (Chuah, 1987), have been described during episodes of dengue
hemorrhagic fever, most of them presenting a benign course with spontaneous resolution. These
clinical features have been attributed to viral myocarditis, however the exact mechanism has yet
to be elucidated definitively.

Although CNS involvement has been reported previously during dengue epidemics,
including those in Brazil (Leao et al., 2002; Nogueira et al., 2002), it increased expressively of
this clinical features during the 2002 outbreak when many patients complained of dizziness. In 8
fatal cases of this investigation, CNS involvement was clarified further by the detection of viral
antigens or DENV-3 RNA in brain tissue samples (Table 3). Neurological disorders associated
with dengue cases have been referred to as dengue encephalopathy, attributed to
immunopathological responses and not to CNS viral infection. However, the isolation of DENV-
3 and detection of DENV-2 by RT-PCR in cerebrospinal fluid (CSF) provides evidence that
DENV possesses neurotropism and can lead to encephalitis in both primary and secondary
infections (Lum et al., 1996). The breakdown of the blood-brain barrier has been shown
previously in fatal dengue cases (Miagostovich et al., 1997).

The clinical syndrome of dengue-associated bone marrow suppression has been well
documented (La Russa & Innis, 1995), and a review of experimental dengue infections of

volunteers together with histopathological studies of bone marrow from patients with severe
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dengue virus infection suggest that marrow suppression evolves rapidly (La Russa & Innis,
1995). The strong link of dengue with neutropenia and thrombocytopenia suggests that bone
marrow cells may be potential targets for dengue viral infections. Rothwell et al. (1996) infected
long-term marrow cultures with DENV-2 and characterized the viral antigen-positive cells. These
investigations demonstrated two types of stromal cells that were positive for DENV-2 antigens by
immunofluorescence microscopy and immunohistochemical staining. Taking this into account,
dengue virus infection in a bone marrow specimen from a suspected fatal case was investigated
by virus isolation and real-time RT-PCR. Positivity in this sample was only confirmed by the
molecular diagnostic procedure.

In this study population, examination of available tissue samples of the spleen, kidney and
lung gave positive results in 10, 4 and 10 fatal cases, respectively, using either
immunohistochemistry or nested and real-time RT-PCR (Table 3). These data confirmed the
positivity observed in a retrospective study of tissue specimens from patients with DHF/DSS, by
the detection of viral antigens or RNA (Bhamarapravati et al., 1967; Miagostovich et al., 1997).

The application of four distinct assays (virus isolation, nested RT-PCR,
immunohistochemistry and real-time RT-PCR) provide a better understanding of viral tropism in
fatal cases of dengue virus infection. Real-time RT-PCR provided the best performance and was
responsible for 58.4% positivity in the 77 histological samples, while nested RT-PCR gave
positive results in 30.5% (22/72). Furthermore, real-time RT-PCR alone was able to establish
DENV-3 diagnosis in 8 out of 26 confirmed cases (30.8%). Analysis of the current data is in
agreement with the results of another Brazilian study by Poersch et al. (2005), where the
investigations compared both dengue diagnostic methods.

In Brazil, dengue virus infections continue to be a formidable public health problem. The
greater accuracy, sensitivity and speed of the real-time RT-PCR makes it suitable for effective
dengue surveillance and indicates its use as a potential complement for the diagnosis of fatal

Ccascs.
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Artigo 3: Estudo sobre os aspectos evolutivos global do DENV-3.

Referéncia bibliografica: Aradjo JM, Nogueira RM, Schatzmayr HG, Zanotto PM, Bello G.
Phylogeography and evolutionary history of dengue virus type 3. Infect Genet Evol. 2008. [Epub
ahead of print].

Situacdo do manuscrito: Publicado no periddico “Infection, Genetics and Evolution”. Este

artigo atende ao objetivo 3.

Apresentacdo: As primeiras estimativas para calcular a taxa de evolucdo e ano de origem ou
tempo do mais recente ancestral comum (Tmrca) para os DENV foram investigadas por Twiddy
et al. (2003). Estes autores estimaram que o Tmrca dos DENV circulantes atualmente foi de
aproximadamente 100 anos (Tmrca ~ 1900). Os autores também sugerem que os quatro sorotipos
da dengue evoluem de acordo com um relégio molecular, mas, por razdes ainda desconhecidas,
os DENV-2 e DENV-3 (gendtipos Americano e Asidtico) possuem uma taxa de evolucdo
significativamente mais elevada quando comparado aos DENV-1 e DENV-4. Estas diferencas
entre taxas de evolucdo podem ser causadas por fatores epidemioldgicos ou virolégicos. Twiddy
et al. (2003) sugerem que durante periodos epidémicos, a taxa de evolugdo viral é maior quando
comparado a periodos endémicos. Uma maior taxa evolutiva também pode ser conseqii€éncia do
surgimento de novas variantes com propriedades bioldgicas particulares, tais como
transmissibilidade e viruléncia (Cologna & Rico-Hesse, 2003; Messer et al, 2003; Rico-Hesse,
2003; Twiddy & Holmes, 2003; Rico-Hesse et al, 1997). Assim, a compreensdo da possivel
correlacdo entre epidemiologia, evolu¢do, dindmica populacional e diversidade viral, em dltima
analise, pode ajudar a identificar novas variantes virais capazes de causar novas epidemias. Neste
capitulo, apresentamos os resultados das estimativas da taxa de evolu¢cdo e Tmrca dos DENV-3 e
seus principais genotipos (G) (GI, GII e GIII) e a determinag@o dos seus padroes de migragdo no

Globo.
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Abstract

In this study, we revisited the phylogeography of the three of major DENV-3 genotypes
and estimated its rate of evolution, based on the analysis of the envelope (E) gene of 200 strains
isolated from 31 different countries around the world over a time period of 50 years (1956 to
2006). Our phylogenetic analysis revealed a geographical subdivision of DENV-3 population in
several country-specific clades. Migration patterns of the main DENV-3 genotypes showed that
genotype I was mainly circumspect to the maritime portion of Southeast-Asia and South Pacific,
genotype II stayed within continental areas in South-East Asia, while genotype III spread across
Asia, East Africa and into the Americas. No evidence for rampant co-circulation of distinct
genotypes in a single locality was found, suggesting that some factors, other than geographic
proximity, may limit the continual dispersion and reintroduction of new DENV-3 variants.
Estimates of the evolutionary rate revealed no significant differences among major DENV-3
genotypes. The mean evolutionary rate of DENV-3 in areas with long-term endemic
transmissions (i.e., Indonesia and Thailand) was similar to that observed in the Americas, which
have been experiencing a more recent dengue spread. We estimated the origin of DENV-3 virus
around 1890, and the emergence of current diversity of main DENV-3 genotypes between the
middle 1960s and the middle 1970s, coinciding with human population growth, urbanization, and
massive human movement, and with the description of the first cases of DENV-3 hemorrhagic

fever in Asia.

Keywords: Dengue Virus Type 3; Phylogeography; Evolutionary History.
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1. Introduction

Dengue virus (DENV) (family Flaviviridae) has a single-stranded positive-sense RNA
genome of approximately 11 kb and is transmitted by Aedes aegypti mosquitoes among humans.
Infection with DENV may cause an acute “influenza-like” febrile disease called classic dengue
fever (DF), or the potentially fatal dengue hemorrhagic fever (DHF) and dengue shock syndrome
(DSS). The four known distinct antigenic groups (i.e., serotypes) of DENV (DENV-1 to DENV-
4) contain well-defined phylogenetic clusters (i.e., genotypes) that are causing human pandemics.
The incidence, geographic distribution and severity of DENV epidemics have dramatically
increased since the mid-1950s, probably due to the rapid increase in human population size,
uncontrolled urbanization, and the advent of massive human movement which facilitates the
spread and proliferation of mosquitoes and infected people (Gubler, 1998; Gubler, 2002; Gubler,
2004; Zanotto et al., 1996). It has been estimated that 50-100 million infections occur annually,
and more than 2.5 billion people live in areas of risk for DENV infection (Gubler, 1998; Gubler,
2002; Gubler, 2004).

Using a maximum likelihood framework, Twiddy et al. (2003) extended and re-evaluated
the first comprehensive estimates of the rate and time frame of DENV evolution (Zanotto et al.,
1996). It was inferred that the current global genetic diversity in the four serotypes of DENV
appeared around the last 100 years. Moreover, Twiddy et al. (2003) suggested that all serotypes
may be evolving according to a molecular clock; but, for reasons that remain unclear, DENV-3
and the DENV-2 American/Asian genotype had significantly higher substitutions rates when
compared to other DENV strains. It has been suggested that under epidemic conditions (i.e.,
when a new variant is introduced into a susceptible population) the viral transmission rate is
higher than under endemic conditions, thus increasing the overall diversity and evolutionary rate
of the new variant in the population (Twiddy et al., 2003). A higher evolutionary rate could also
be a consequence of the emergence of DENV variants with particular biological properties, such
as increased transmissibility, infectiousness, and/or virulence (Cologna and Rico-Hesse, 2003;
Holmes and Twiddy, 2003; Messer et al., 2003; Rico-Hesse, 2003; Rico-Hesse et al., 1997).
Alternatively, the lineage-specific rate differences in DENV evolution described by Twiddy et al.
could be also caused by the low number of sequences used, particularly for DENV-1 (n = 9),
DENV-3 (n=21), and DENV-4 (n = 20) serotypes.

DENV-3 was isolated for the first time during an epidemic outbreak in Philippines in
1956 (Hammon et al., 1960), and since then several DF/DHF outbreaks caused by this serotype
have been described world-wide. Five distinct genotypes of DENV-3 have been identified to date
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(Lanciotti et al., 1994; Wittke et al., 2002). Genotypes I to III (GI to GIII) are responsible for
most DENV-3 infections and have been associated with DF/DHF epidemics in Southeast Asia,
Indian subcontinent, South Pacific, East Africa, and the Americas. Genotypes IV and V (GIV and
GV) were not associated with DHF epidemics and are only represented by a few early sequences
from the Americas, South Pacific, and Asia. Many phylogenetic studies on DENV-3 have
documented the viral spread within individual countries (Aquino et al., 2006; Chungue et al.,
1993; Diaz et al., 2006; Islam et al., 2006; Kobayashi et al., 1999; Peyrefitte et al., 2003;
Peyrefitte et al., 2005; Podder et al., 2006; Raekiansyah et al., 2005; Rodriguez-Roche et al.,
2005; Usuku et al., 2001; Uzcategui et al., 2003; Wittke et al., 2002; Zhang et al., 2005) or
specific regions (Messer et al., 2003), but we still have an incomplete understanding of the global
dispersion and evolutionary history of the distinct DENV-3 genotypes.

The objective of the present study was to revise the global phylogeography and
evolutionary history of the main DENV-3 genotypes based on the analysis of a large number (n =
200) of envelope (E) gene sequences of DENV-3 strains isolated from 31 different countries

around the world over a time period of 50 years (1956 to 2006).

2. Materials and Methods

2.1 Sequence datasets
Complete E gene sequences (1479 bp in length) with known date of isolation and
representing the full extent of genetic diversity in DENV-3 were collected from GenBank

(www.ncbi.nlm.nih.gov). Sequences were excluded from the analysis if they were previously

identified as recombinant (Worobey et al., 1999), or were 100% similar to any other strain in the
data set. For those genotypes where there were more than 75 sequences available, such as for GII
and GIII, a maximum of six sequences randomly chosen from a particular country in a given year
were included. This resulted in a final data set of 200 DENV-3 E sequences from 31 countries
spanning a 50-year period. This primary dataset was further divided into six subsets comprising
sequences from distinct genotypes and geographical origin. Table 1 shows the number, date of
isolation range, and origin of the DENV-3 E sequences included in each dataset. Nucleotide
sequences were aligned using CLUSTAL X program (Thompson et al., 1997) and later hand

edited. All alignments are available from the authors upon request.
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Table 1. Sequence datasets.

Number of L
Dataset Date range Geographic origin
sequences

Asia, America, South

DENV-3 200 1956 — 2006 Pacific, and Africa
GI 43 1973 - 2005 Asia and South Pacific
GI-ID 24 1973 - 2005 Indonesia
GII 75 1973 — 2005 Asia
GII-TH 56 1973 — 2002 Thailand
GIII 75 1981 — 2006 Asia, America, and
Africa
GIII-AM 63 1994 — 2005 America

2.2 Phylogenetic analysis

A Bayesian phylogenetic tree for the complete data set of 200 DENV-3 E sequences was
inferred with MrBayes program (Ronquist and Huelsenbeck, 2003), under a General Time
Reversible model of nucleotide substitution (Rodriguez et al., 1990) with gamma-distributed rate
variation and a proportion of invariable sites (GTR+ I' +I). Two runs of 4 chains each (one cold
and tree heated, temp = 0.20) were run for 10 x 10° generations, with a burn-in of 2.5 x 10°
generations. Convergence was assessed using the average standard deviation in partition
frequency values across independent analyses, using a threshold value of 0.01. Convergence of
parameters was also confirmed by calculating the Effective Sample Size (ESS) using TRACER
vl.4 program (Rambaut and Drummond, 2007), excluding an initial 10% for each run. All

parameters estimates showed ESS values >200.

2.3 Migration analysis

In order to investigate the migratory patterns of DENV-3 we examined each of the three
main genotypes separately, since the isolation of viruses from different genotypes at the same
locality would sum splits due to cladogenetic and migratory events, causing inferential errors.
Geographical origin of each sample was coded as a set of terminal unordered character states for
each dengue time-stamped, geo-referenced sample, represented as a single capital letter. The

most parsimonious reconstructions (MPRs) sets of changes at each internal state in the viral
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phylogeny was calculated with PAUP v4.0b10 (Swofford, 2002) and MacClade v4.07 (Maddison
and Maddison, 2005) and taken as surrogate for migration events. In order to help resolve among
equally parsimonious reconstructions that leads to ambiguities in character tracing, we used
assignments that delay (DELTRAN) or accelerate (ACCTRAN) character transformations
(Swofford and Maddison, 1987). The phylogenies used for each genotype came from the global
maximum posterior probability (MAP) tree obtained with Bayesian inference (BI) with BEAST
v1.4.7 (Drummond et al., 2002; Drummond and Rambaut, 2006) for the entire dataset of 200
DENV-3 E sequences from which, subtrees for each genotype were analyzed in separate. For
comparison, phylogenetic trees for each genotype were also inferred with the maximum
likelihood (ML) criterion as implemented in the program GARLI v0.95 (Zwickl, 2006) that
estimates simultaneously the best topology, branch lengths and the best values for the parameters
for the GTR+ I +I model of nucleotide evolution. Independent random runs were conducted with
GARLI and the tree with highest likelithood was subsequently used as input for further
optimization in both GARLI and PAUP, since both programs calculate the same likelihood score
for a tree under the same model. The topology used for calculating the MPRs was the fully
resolved consensus of 100 bootstrap replicates with GARLI.

2.4 Estimation of evolutionary rates and dates

Seven different datasets were used to estimate the evolutionary rate (u, units are
nucleotide substitutions per site per year; subs/site/year), and the time of the most recent common
ancestor (T, years) of the viruses sampled. First, we used the 200 E gene sequences to
estimates the overall rate and Tmrca for DENV-3. The age of relevant internal nodes, such as
those corresponding to the MRCA of distinct genotypes, were also estimated by setting up
specific taxon subsets within the global DENV-3 dataset. Second, we analyzed the GI, GII, and
GIII datasets to obtain rates and divergence times for individual genotypes separately. Third,
separate analyses were also performed on the viruses collected from Indonesia (GI-ID dataset),
Thailand (GII-TH dataset), and the Americas (GIII-AM dataset) to estimate rates and divergence
times for DENV-3 in these specific localities. Evolutionary parameters were estimated by using
the Bayesian Markov Chain Monte Carlo (MCMC) method implemented in BEAST v1.4.7
(Drummond et al., 2002; Drummond and Rambaut, 2006). Analyses were carried out with a
Bayesian Skyline coalescent tree prior (Drummond et al., 2005) under the GTR+ I'+I model, and
using both a strict and a relaxed (uncorrelated Lognormal) (Drummond et al., 2006) molecular

clock. MCMC chains were run for 1-3 x 10’ generations for each data set, with a burn-in of 1-3 x

60



10°. BEAST outputs were inspected with TRACER v1.4, with uncertainty in parameter estimates
reflected by their 95% Highest Posterior Density (HPD) values. All parameters estimates showed
ESS values >100. Molecular clock models were compared by calculating the Bayes Factor (BF)
(Suchard et al., 2001) from the posterior output of each of the models using TRACER vl1.4. as
explained in BEAST website (http://beast.bio.ed.ac.uk/Model comparison). A log BF (natural

log units) >2.3 indicates strong evidence against the null model.

3. Results

3.1 Phylogeography of DENV-3

Our phylogenetic analysis of 200 DENV-3 E gene sequences recovered the five genotypes
previously described for this serotype (Lanciotti et al., 1994; Wittke et al., 2002). It also
suggested the existence of a strong geographical subdivision of DENV-3 population with no
evidences of significant co-circulation of distinct genotypes in a single locality (Fig. 1). Genotype
I contained most of the Indonesian strains from 1973 to 2004, along with two early Malaysian
isolates (1974 and 1981), one Thai isolate (1988), and three well-supported monophyletic groups
of strains isolated in South Pacific (1989-1994), Philippines (1997-2005), and East Timor (2005).
Genotype II included almost all DENV-3 strains isolated in Thailand between 1973 and 2002,
along with two Myanmar strains (1988 and 2005), one isolate from Singapore (1995), one isolate
from Indonesia (1998), and three strongly-supported groups of strains from Malaysia (1992-
1994), Bangladesh (2000-2002), and Vietnam (1996-2005). Genotype III was composed by Sri
Lankan isolates from 1981 to 2000, along with single isolates from India (1984), Samoa (1986),
Somalia (1993), Japan (2000), Singapore (2004), and Taiwan (2006). Moreover, all American
strains sampled after 1994 were monophyletic, suggestive of a single introduction of this
genotype into the continent, consistent with previous studies (Aquino et al., 2006; Diaz et al.,
2006; Messer et al., 2002; Peyrefitte et al., 2005; Rodriguez-Roche et al., 2005). The American
cluster was further subdivided into four well-supported lineages containing isolates from: 1)
Mexico, 2) Venezuela, 3) Cuba/Martinique/Brazil/Paraguay/Bolivia, and 4) Cuba/Peru/Ecuador.
Genotype IV was the most divergent group and included three early Puerto Rican strains from
1960s and 1970s. Genotype V was represented by the oldest prototype strain Philippines/1956,
and two Asian isolates from 1973 and 1980. Finally, one isolate sampled from Thailand in 1962
did not fall into any established genotype and was located toward the common ancestral node of

GII and GIII.
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3.2 Migration patterns of DENV-3 genotypes

Before reconstructing the MPRs along the trees for each genotype we tested for panmixis
by calculating with MacClade the expected number of changes along 25000 equiprobable trees
and again over other 25000 trees obtained by random partition. The observed number of character
state changes for each DENV-3 genotype was much lower than expected by chance (P <0.00004
for all analyses). By increasing the number of random trees we could never sample the observed
values in the random distribution (data not shown). Therefore, the DENV-3 genotypes are under
high constraints for geographical gene flow and the reconstruction of the observed character state
changes along the trees was justified.

Because the viral-based tree did not use geographical information at the inference step, it
was used for the reconstruction of the migratory history of samples. Sub-trees for each of the
three main DENV-3 genotypes, derived from the global MAP tree obtained with BI, had
congruent topologies and supported the same sets of MPRs for each genoptype. All the most
parsimonious states at each node are shown in Figure 2. Nine steps were required to trace the
MPRs for GI (Fig. 2a). The character tracings were unequivocal and had a single MPR for all
nodes, irrespective of the resolving option. The node connecting it to the global MAP tree had
Indonesia as point of radiation, since it was the ancestral state at the root. From there,
independent lineages of the virus spread to the French Polynesia, reaching Fiji and Tabhiti; to the
Philippines, also reaching Taiwan; and more recently to the East Timor. Three distinct lineages
related to Indonesia were also found in Malaysia and in Thailand.

Seven steps were required to trace the MPRs for GII (Fig. 2b). The rooting position in the
MAP tree and the ancestral state for GII unambiguously suggested an origin in Thailand (T).
From there, the virus appeared to have gone into Myanmar (M) and Bangladesh (B). The
ancestral state at that node in the tree is ambiguous, including T, B, or M. Using DELTRAN, the
state would resolve into T indicating that the virus went into the two places at different occasions.
However, ACCTRAN would result on either B or M, indicating that the virus may have moved
serially following either T>B>M, T>M>B (i.e., stepping-stone model) or alternatively, B<T>B.
Likewise, the independent movement of the GII into Singapore (S) and Malaysia (Y) from
Thailand (T) had an ambiguous set of MPRs, including T, S, or Y. DELTRAN suggested
Thailand broadcasting to both places and ACCTRAN indicated a stepping-stone process T>Y>S,

T>S>Y, or simultaneously from Thailand Y<T>S.
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GIII required the highest number of reconstruction steps (23 on average, Fig. 2c).
Moreover, its rooting and internal MPRs were problematic. The MAP tree obtained with BI
indicated a strain from American Samoa isolated in 1986 at the root of the genotype, but older
sequences from 1981-1985 were sampled in Sri Lanka. Both rooting options did not alter either
the cost or the character transformations (and therefore implied migration events) across the tree,
but rooting at American Samoa (as shown in Fig. 2c) leaves the state at the root of the tree
undefined. In any case, the virus apparently spread from Sri Lanka into nearby India and more
recently into Japan, Singapore and Taiwan. An interesting event, which epitomized the
cosmopolitan nature of GIII, was its sampling in Somalia in 1993 making the elucidation of the
entry into the Americas problematic. DELTRAN suggested that the virus was broadcasted into
Africa and the Americas from Sri Lanka. ACCTRAN pointed to a scenario in which the virus
may have gone from Sri Lanka into Africa, and then into the Americas.

The spread of GIII into the Americas appears to have had Mexico as hub, since the data at
hand allowed the unequivocal reconstruction of the ancestral state into the Americas there.
Moreover the data resolved well the movement of the virus from México into Venezuela and
certainly, two more independent entries into South America that had several possible routes.
DELTRAN resolved additional entries into South America via Mexico passing the virus via two
routes. The first route went into the Pacific side of the Andes hitting Ecuador and Peru, and the
second one went via the Caribbean, with Martinique passing the virus into Brazil and from there
into Bolivia and Paraguay. ACCTRAN did not resolve if Mexico or Martinique, was the origin of
the virus that went into the Pacific side of South America. However, there was no issue with the
reconstruction of the entry into Brazil from Martinique. Moreover, both DELTRAN and
ACCTRAN were unanimous in that a virus coming from Pacific side of the Andes moved back

from South America into Cuba.

3.3 Estimation of evolutionary rates and dates

The phylogenetic tree of globally sampled DENV-3 isolates was characterized by a clear
temporal structure, with the oldest sampled viruses tending to fall closest to the root of the tree,
while those sampled more recently were located at the most distal tips (Fig. 1). This temporal
structure allowed us to estimates the rate of molecular evolution and the Ty, for different
DENV-3 datasets. The substitution rate was first estimated for the complete DENV3 data set of
200 sequences, using both strict and relaxed molecular clock models. The BF analysis clearly

favored a relaxed molecular clock model over a strict clock model (Table 2), indicating
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detectable variation in evolutionary rates among branches. The coefficient of rate variation was
estimated at 0.28 (95% HPD, 0.15-0.41). Despite this variation, the median evolutionary rate (E
gene) and Tirea of DENV-3 estimated under both strict (¢ = 8.7 x 10™ subs./site/yr; Tnrea = 1891)
and relaxed (¢ = 8.9 x 10™ subs./site/yr; Trea = 1893) molecular clock models were very close
(Table 3). This result was also similar to that previously obtained by Twiddy et al. (#=9.0 x 10™
subs./site/yr, Tirea ~1900) using a much smaller data set of DENV-3 sequences (n = 21) (Twiddy
et al., 2003). By setting up specific taxon sub-groups within the global DENV-3 phylogeny, we
also estimated the age of the major genotypes resulting in a median 7y, estimate of 1967 for GI

and GII, and 1975 for GIII, under either strict or relaxed molecular clock models (Table 3).

Table 2. Bayes Factors between different molecular clock models for DENV-3.

Dataset Model comparison log BF' Evidence against Hy’
DENV-3 Strict (Hy) vs Relaxed (H;) clock 22.8 (0.4) Decisive
GI Strict (Hy) vs Relaxed (H;) clock -0.8 (0.4) Negative
GII Strict (Hy) vs Relaxed (H;) clock 5.0 (0.5) Decisive
GIII Strict (Hy) vs Relaxed (H;) clock 10.8 (0.5) Decisive
GI-ID Strict (Hy) vs Relaxed (H;) clock -0.4 (0.3) Negative
GII-TH Strict (Hy) vs Relaxed (H;) clock 1.6 (0.4) Weak
GIII-AM Strict (Hy) vs Relaxed (H;) clock 12.8 (0.4) Decisive

1log BF (Bayes Factor) is the difference (in natural log units) of the marginal likelihood of null (Hy)
and alternative (H;) model. The standard error of the estimates is given in parenthesis. > Evidence
against Hy is assessed in the following way: In BF <0 indicates no evidence against the null model; In
BF between 0-2.3 indicates weak evidence against the null model, In BF between 2.3-3.4 indicates
strong evidence against the null model; In BF between 3.4-4.6 indicates very strong evidence against

the null model; In BF >4.6 indicates decisive evidence against the null model.

The detected variation in evolutionary rates among DENV-3 lineages could reflect rate

differences among distinct genotypes (Twiddy et al., 2003), and/or rate heterogeneity within a
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single genotype. To test these hypotheses, we analyzed each genotype separately. The BF
analysis showed that the relaxed clock method was favored over the strict clock method in the
GII and GIII data sets (Table 2), indicating significant rate heterogeneity within these genotypes.
The coefficient of rate variation for GII and GIII was estimated at 0.25 (95% HPD, 0.01-0.44)
and 0.37 (95% HPD, 0.13-0.61), respectively. On the other hand, the median evolutionary rate
estimates of the distinct genotypes were very similar and displayed a considerable overlap of
HPD intervals (Table 3), clearly suggesting that there are no major differences in evolution rate
among main DENV-3 genotypes. Accordingly, the median 7, estimated for each genotype was

almost equal to that previously obtained using the complete DENV-3 data set (Table 3).

Table 3. Estimated substitutions rates and dates for DEN'V-3 genotypes.

Dataset Molecular Tmrca Tmrca Tmrca Tmrca
clock H DENV-3 GI GII GIII
Strict 8.7x10™ 1891 1967 1967 1975
DENV.3 (7.7x10%-9.7x10™%)  (1876-1904)  (1963-1970) (1965-1970) (1972-1978)
Relaxed 8.9x10™ 1893 1967 1967 1975
(7.9x10*-10.0x10™%)  (1865-1918)  (1963-1970)  (1964-1970) (1972-1978)
Strict 8.3x10™ 1966 ) )
ar (6.8x10™-9.8x10™) (1961-1970)
Relaxed 8.4x10™ ) 1966 ) )
(6.9x10*-10.1x10™) (1961-1970)
Strict 10.1x10™ ) ) 1969 )
o (8.7x10*-11.7x10™) (1966-1971)
Relaxed 10.3x10™ ) ) 1969 )
(8.7x10*-12.0x10™) (1966-1971)
Strict 8.1x10" ) ) 1974
oI (6.6x10-9.7x10™) (1969-1978)
Relaxed 8.2x10" ) ) 1974

(6.6x10%-9.9x10%)

(1967-1979)

Estimates of the median evolutionary rate (u, substitutions site” year') and, median time for the most

recent common ancestor (7mrca, year). The age estimated for some relevant internal nodes within the

global DENV-3 tree (corresponding to the Tmrca of major genotypes) are also shown. 95% HPD intervals

are shown between parentheses.

It has been suggested that under epidemic conditions, such as when a new variant is

introduced into a susceptible population, the mean viral evolutionary rate could be higher than

under endemic conditions (Twiddy et al.,, 2003). To test this hypothesis, we compared the
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DENV-3 in Indonesia and Thailand, where GI and GII have been evolving since the early 1970s,
with DENV-3 lineages from the Americas, where GIII only emerged in the early 1990s.
Significant rate heterogeneity was detected within GIII American lineages (Table 2). The median
evolutionary rate of DENV-3 lineages circulating in different regions, however, was very similar
and displayed a considerable overlap of HPD intervals (Table 4), indicating no major differences
in rates of DENV-3 among regions with endemic or epidemic patterns of dengue transmission.
The median Ty, estimated for GI-ID and GII-TH datasets were close to that previously
estimated using all GI and GII sequences (Table 4), supporting the notion that Indonesia and
Thailand are the epicenters for these DENV-3 lineages; whereas the median Ty, for the GIII-

American clade was estimated around 1991 (Table 4).

Table 4. Estimated substitutions rates and dates for DENV-3 in Indonesia, Thailand and the

Americas.
DENV Genotype Region u Tmrca
I Indonesia 8.4x10™ 1970
(6.2x10*-10.7x10™) (1966-1973)
. 10.0x10* 1969
3 1 Thailand (8.2x10™*-11.8x10™) (1966-1971)
111 America 9.2x10™ 1991
(6.9x10*-11.5x10%) (1987-1993)
- . 8.5x10™
, Asian | Thailand (7.2x1 09 9x1 0_4) -
) . b . 8.0x10™
Asian-American America (6.6x1 0.9 5x1 0_4) -
. ) 10.7x10*
A ! Thailand (8.4x107-13.1x10™) )
4
1’ America 8.3x10 -

(6.8x10™*-10.0x10%)

Estimates of the median evolutionary rate (x, substitutions site” year™), and median time of the most recent

common ancestor (7Tmrca, year) for the GI-ID (strict molecular clock), GII-TH (relaxed molecular clock), and
GIII-AM (relaxed molecular clock) datasets. 95% HPD intervals are shown between parentheses. “ Data taken
from Zhang et al. (2006). ’ Data taken from Carrington et al. (2005). © Data taken from Klungthon et al.

(2004).
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Figure 1. Majority-rule Bayesian consensus tree of 200 E gene sequences representing the global
diversity of DENV-3. Genotypes (roman numerals) and country-specific clades are indicated.
Estimates for the age of some relevant nodes on the tree (point to by arrows) are also highlighted.
Posterior probabilities are shown for key nodes. The names of DENV-3 isolates include reference
to country origin, year of isolation, and GenBank accession number. Country represented are
American Samoa (AS), Bangladesh (BD), Bolivia (BO), Brazil (BR), China (CH), Cuba (CU),
Ecuador (EC), Fiji (FJ), Indonesia (ID), India (IN), Japan (JP), Sri Lanka (LK), Myanmar (MM),
Martinique (MQ), Mexico (MX), Malaysia (MY), Nicaragua (NI), Panama (PA), Peru (PE),
French Polynesia (PF), Philippines (PH), Puerto Rico (PR), Paraguay (PY), Singapore (SG),
Somalia (SO), Tahiti (TA), Thailand (TH), East Timor (TP), Taiwan (TW), Venezuela (VE),
Vietnam (VN). The tree is rooted using GIV, which have been shown to represent an appropriate
outgroup. Horizontal branch lengths are drawn to scale with the bar at the bottom indicating 0.2

nucleotide substitutions per site.

68



8661 sziseiav al & mwmwmw»«
8661 9zI68l@Y QI = £ = SOPOLOAY
= & ¥e0LL1I8Y
9661 6g0gsgAY al £E= Lo m L886150 8 S5«
ESsE=S 2~ @ - = =
002 0v0BSBAY I S8 2ET _SFE OP9LOAY S£za503
§52Esgact £66920AV 25355 ° 3
€00z 22981500 aI >8sC s g5 9989494 8 2EvEZS®
002 SZEBRE38=5% L2L571AY 52 8L 58T §
£70858AV QI SEFfad-B2E £ 25 g8 S 2w 8
L. E £/E9/9AY T 8 £
866} 9ggsozAv al s W E sy oy og 21500 8F S =245 = 2
5002 geislzav ai _H_-- _H__H_- Mmmmhmwm @ - >02a0> a3
8661 9.981500 QI 94981500 _H_ - - - _H_ _H_ - __H=
8661 L5859ZAY 01POLIAY
88E9L0AY
8661 gei68lav al ZL9L9AY
Y00Z  G408G8AY QI Mwmwmwwu
002  ¥¥08S8AV QI 80P9LOAY
Y
Y00z 9v0RSeAY QI wwmwm»(
7002 L¥08G8AV Al GZISVIAY
82LSVLAY
500z 82981500 QI 2600194y
¥002  2£0858AV Al FEreL8AY
05E9.L9AY
5002 065700 13 DZHOLONY
5002 zeevizav 13 SZLSTLAY
60V9L9AY
5002 6665700 13 1989294
8861  QE0RSgAY Al M_Mm“”»«
15
00z LEK6lzav al LL¥9L9AY
s e a 02852900
1661 v.98150a dl CZLLSPLAY
8861 VLLSYLAY HL Emwm‘v_«.
8661 gzieslav al LEV VAL
v261  BTELLT AN MMHMU_«
500z £98150Q Hd 8GrLPLAY AW
POLOSLAY DS
8661 1981500 Hd Z16020AY M
1661 0981500 Hd 828967A% Q@
£49959AY 08
66} L9981S00 ML v/896vAV 08
1661 6/896VAV Hd 128967V
1£0958AY
861 gzvii al 29950AY
1861 szvlil AW smomiana
0661 088PPLAY dd BLYOJOAY
6861 61911 LL mwmw%»«
6861 LL8VYIAV dd BLEILIAV
2661 £89VPLAY dd M%M»u
6861 8.9YVLAV dd SLLISVLAY
0/89.9AY
661 S89PVLAY dd 858900y
z661  zzvlil rd Lol
1 L88L8AY
0661 690VLAY dd B500J0AY
€61 serlil al 0BE9L9AY
PBEGLOAY
SGEILOAY

PIPOLOAY
E€BEYLOAY
LOV9LOAY

69

£/6L  £EL98N
a €61 0ZOHLT

6L 09E9LOAY

T
[



200z
€002
£002
zo0z
€002
€002
z00z
£002
€002
£00Z
£00Z
200z
€002
£00Z
200z
£002
200z
002
00z
5002
5002
000z
<002
00z
100z
2002
1002
1002
0002
0002
000z
6661
5002
5002
£002
»00Z
2002
000z
002
»00Z
#00Z
£002
2002
100z
0002
ooz
2002
000z
1002
100z
2002
0002
1002
Looz
£002
1661
1661
G661
9661
000z
786k
s651
661
2661
6651
1661
000z
9002
6661
0002
002
ve6l
ETS
1861
s864

8881100
16881100
988/.100
99881100
04881100
B98ELLDQO
18881100
62881100
88881100
£2881L00
2881100
/881100
9881100
14881100
0g88110a
£€8881100
LPLBLIAY
Z8881L00
69881100
ZEI0IBAY
0E9096AY
SO9BEDAV
SEQ0GBAY
9881100
HPEE60AY
59884400
OFEBBOAY
ZFEBBOAY
BEEBEOAY
BEEBEOAY
2E020LAY
LEEBBOAY
202,100
4684100
9682.100
828.,100
96822100
£0644100
6821100
26842100
6822100
1684000
1064100
06842100
86842100
0E0Z0LAY
LE0Z0LAY
6624100
PLISELAY
LilevLAY
12449200
L9LGP LAY
0z249800
SbZLIEDT
2Z4£9600
POZLPEDA
50217200
£V LAY
£0Z1¥£00
10214200
£E0Z0LAY
20ZLFEDa
60ZL¥EDA
8021¥200
L
sepLL]
18041 18Y
££65/900
62981500
‘SEEBB0AY
HBOZGOAY
wayiLl
geviil
LepLil
Sevi

/3 v: Paraguay (PY)

@ R: Brazil (BR)
Il U Peru (PE)
E equivocal

[ v: Venezuela (VE)
@ o Ecuador (EC)

] L: Bolivia (BO)

v Martiniqgue (MQ)

I c: cuba(cu)

I Nicaragua (NIy
B r: Panama (PA)
[ x: Mexico (MX)

B T Taiwan (TW)

- G: Singapore (SG)
I o: Somalia (SO)

I «: SriLanka (LK)

[ ] Japan (JP)

EE H: india (IN)y

[ s: samoa (AS)

QiU

MIX1G/U

]

Figure 2. Migration patterns of genotypes I (a), II (b), and III (c). The names of DENV-3 isolates

include reference to country origin, GenBank accession number, and year of isolation. The color

of each branch represents the country of origin of the sequence corresponding to that branch,

according to the figure legend.

70






Figure 3. Plausible sites of origin and migration routes of DENV-3 genotypes I (a), II (b), IIT (c)
and III-AM (d). (a): 1) Indonesia, 2.1) French Polynesia/Tahiti, 2.1.1) Fiji, 2.2) Philippines,
2.2.1) Taiwan, 2.3) Malaysia, 2.4) Thailand, 2.5) East Timor. (b): 1) Thailand, 2.1) Indonesia,
2.2) Myanmar, 2.3) Bangladesh, 2.4) Singapore, 2.5) Malaysia, 2.6) Vietnam. (c): 1.0) Samoa,
1.1) Sri Lanka, 2.1) Singapore, 2.2) Taiwan, 2.3) Japan, 2.4) India, 2.5) Somalia, 2.6) Mexico.
(d): 1) Mexico, 2.1) Nicaragua, 2.2) Panama, 2.3) Venezuela, 2.4) Martinica, 2.4.1) Cuba (2000),
2.4.2) Brazil, 2.4.2.1) Paraguay, 2.4.2.2) Bolivia, 2.5) Ecuador, 2.5.1) Peru, 2.5.2) Cuba
(2001/2002). Inconclusive routes of DENV-3 were identified with the signal “?7”.

4. Discussion

This study represents the largest phylogeographic and evolutionary analysis reported for
DENV-3 to date. Our phylogenetic analysis of 200 DENV-3 E sequences with world-wide
distribution revealed a clear geographical subdivision of viral strains. Genotypes I, 1I, and III
have been evolving independently in Indonesia, Thailand, and Sri Lanka, respectively, over the
last 30-40 years. Our data supports the notion that these countries not only sustain the oldest
DENV-3 epidemics but also were sources for dengue lineages that have subsequently spread over
the world. Strains more recently isolated in South Pacific (1989-1994), Philippines (1997-2005),
East Timor (2005), Malaysia (1992-1994), Bangladesh (2000-2002), Vietnam (1996-2005), and
the Americas (1994-2006) segregated into distinct monophyletic clusters within the main
genotypes; indicating that each country formed a geographically distinct mostly self-contained
region with regard to DENV-3 viruses, with few instances of repeated gene flow among regions.

The plausible routes of DENV-3 migration are described in Fig. 3. According to our
analyses the spread of GI was mainly circumspect to the maritime portion of Southeast-Asia
(East Timor, Malaysia, and Philippines) and South Pacific, where most migrant strains appeared
to have been broadcasted from Indonesia. By contrast, most GII strains appeared to have been
broadcasted from Thailand and stayed within continental areas in South-East Asia (Bangladesh,
Myanmar, Singapore, and Vietnam), with the exception of Malaysia. GIII was the most widely
spread of all DENV-3 genotypes, and most GIII strains found in Asia, East Africa and the
Americas appeared to have been transmitted from or near from Sri Lanka. It is unclear if the
American GIII lineage came from Africa or Asia. The oldest GIII sequences in the Americas
were identified in Panama and Nicaragua in 1994 (CDC, 1995; Guzman et al., 1996), but our
migration data suggested that the GIII was introduced into the Americas through Mexico where

the first GIII strains were identified in 1995 (Briseno-Garcia et al., 1996). More sampling in those
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countries will be necessary to elucidate the precise point of introduction of GIII to the Americas.
In any case, GIII viruses rapidly spread to others countries in the region (Nogueira et al., 2001;
Peyrefitte et al., 2003; Rigau-Perez et al., 2002; Usuku et al., 2001; Uzcategui et al., 2003), using
several independent routes from Central America to the Caribbean and South America.

Our phylogeographic analysis also revealed that the co-circulation of different DENV-3
genotypes in a single location is a rare event. This could result from a limited gene flow among
distantly geographic regions. However, genotype differences were observed even between
neighboring countries like Indonesia and Thailand, where DENV-3 epidemics have been
consistently dominated by GI and GII, respectively, since the 1970s. Notwithstanding, there is
evidence of incursions into Indonesia by “Thai-like” GII strains in 1988 (represented by strain
DQ675520) (Raekiansyah et al., 2005), as well as into Thailand by “Indonesian-like” GI strains
in 1998 (represented by strain AY145714) (Wittke et al., 2002). Nevertheless, these incursions
seem to have failed to become established, since none of the later Indonesian and Thai isolates
grouped within GII and GI, respectively. These facts suggested that several factors, other than
geographic proximity, could have had a significant impact on the observed spatial dispersion
patterns of DENV-3.

It is hard to envisage a general vicariance mechanism that would explain a lack of
genotype overlapping at the same geographic locality. Possibly competition among genotypes,
and/or regional differences in mosquito vector competence for each genotype (Anderson and
Rico-Hesse, 2006; Armstrong and Rico-Hesse, 2001; Cologna et al., 2005) may be involved.
Another possible explanation for the observed patterns could involve viral neutralization by
cross-immunity among closely related strains caused by a pre-exposed human population. This
would allow for distinct serotype co-circulation but make it difficult for intra-serotype (i.e.,
genotype) co-circulation, due to a reduction in numbers of the available susceptible human hosts
to levels below that necessary to sustain significant epidemics (Adams et al., 2006). This would
help explain why the evolution of DENV-3 is characterized by phylogenetic trees with a strong
temporal structure as previously noted for this and other DENV serotypes (Goncalvez et al.,
2002; Klungthong et al., 2004; Twiddy et al., 2003; Wittke et al., 2002; Zhang et al., 2005; Zhang
et al., 2006), which may indicate the strong pruning effect of DENV lineages by host immunity.
Finally, we can’t also exclude the possibility that GI and GII are circulating as minor variants in
Thailand and Indonesia, respectively, but have remained undetectable because the low number of

sequences analyzed (sampling bias).

73



Our analyses of rates of nucleotide substitution in DENV-3 revealed that the relaxed clock
model outperforms the strict clock model, indicating detectable variation in evolutionary rates
among DENV-3 lineages. Significant rate variation among genotypes was described previously
for DENV-2 (Twiddy et al., 2003), suggesting that rate variation detected in DENV-3 could be
also consequence of differences among genotypes. However, the analysis of each DENV-3
genotype separately revealed that rate heterogeneity in DENV-3 can be mainly explained by rate
differences within genotypes, particularly within GII and GIII, rather than among genotypes. The
median evolutionary rate of the distinct DENV-3 genotypes analyzed was very similar (ranging
from 8.3 x 10™* subs./site/yr to 10.3 x 10™* subs./site/yr) and displayed a considerable overlap of
the HPD intervals, clearly suggesting no major differences in evolution rate among genotypes. It
is also interesting to note that although the relaxed clock model outperforms the strict clock
model in most DENV-3 datasets analyzed, the median value of estimates obtained under both
relaxed and strict clock models were very close in all analyses. This is fully consistent with the
concept that the substitution rate estimated from large data sets are reliable indicators of the
average rate of evolution, even if rate heterogeneity is present (Jenkins et al., 2002).

A previous study suggested that DENV-3 is evolving at a rate (= 9.0 x 10 [7.3 x 10 -
10.8 x 10™*] subs./site/yr) significantly faster than other DENV serotypes; and proposed similar
rates of substitutions for each DENV-3 genotype (GI = 7.5 x 10™ [4.5 x 10® - 10.7 x 10™]
subs./site/yr; GIII = 11.6 x 10 [7.8 x 107 — 15.9 x 10™] subs./site/yr) (Twiddy et al., 2003).
Those estimates, however, were based on the analysis of very small DENV-3 datasets (total = 21,
GI = 8, GIII = 8), and no estimations of the substitution rate for GII were provided. We re-
estimated these evolutionary rates using much larger data sets of DENV-3 sequences (total = 200,
GI =43, GII = 75, GIII = 75). Our median rate estimates for DENV-3 (8.9 x 10 subs./site/yr)
and GI (8.3 x 10™ subs./site/yr) were similar to those previously reported by Twiddy et al.
whereas the median rate estimated for GIII (8.2 x 10™* subs./site/yr) was considerably lower,
although within the large confidence interval of the previous estimate. The median evolutionary
rate estimated for GII was 10.3 x 10™ subs./site/yr. Overall, the confidence intervals of our
estimates (6.6 x 10 — 12 x 10™) were significantly narrower than those described by Twiddy et
al. (4.5 x 10™ = 15.9 x 10™), probably due to the higher number of sequences used in the present
study.

It has been suggested that the ecological conditions for DENV dissemination may alter
the viral evolutionary rate, which could explain some rate differences among dengue lineages
previously described (Twiddy et al., 2003). Our analyses revealed, however, that the median
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evolutionary rate of GI in Indonesia and GII in Thailand (areas with long-term endemic
infections), was similar to that observed for GIII in the Americas (a region with a recent epidemic
pattern of DENV-3 transmission). Our DENV-3 rate estimates were also comparable to those
estimated for DENV-2 (genotype Asian I) and DENV-4 (genotype I) circulating in Thailand
(Klungthong et al., 2004; Zhang et al., 2006), and for DENV-2 (genotype Asian-American) and
DENV-4 (genotype II) circulating in the Americas (Carrington et al., 2005) (Table 4). These
studies confirmed a lack of association between dengue substitution rate and ecological pattern of
virus spread, and revealed no major lineage-specific rate differences among DENV-2, DENV-3,
and DENV-4. Whether lineage-specific rate differences in DENV evolution previously described
(Twiddy et al., 2003) really exist, or simply reflects a previous use of much smaller datasets
needs further investigation.

We estimated the Tya of DENV-3 at around 1890, fully consistent with previous
estimation (Tmra ~ 1900) (Twiddy et al., 2003). Our analysis also suggested that the current
global genetic diversity of genotypes 1, II, and IIT arose almost simultaneously within a short time
period between the middle 1960s and the middle 1970s, coinciding with the description of the
first cases of DHF by DENV-3 in Asia (Gubler et al., 1979; Nisalak et al., 2003; Sumarmo, 1987;
Wallace et al., 1980) and the rapid increase in human population size, urbanization, and human
movement. According with our estimations, GIII strains were probably introduced into Latin
America around 1991, few years earlier than the initial detection of this genotype in the continent
in 1994 (CDC, 1995; Guzman et al., 1996). Similar time intervals of few years between the
estimated introduction and initial detection were also described for DENV-2 and DENV-4 in the
Americas (Carrington et al., 2005).

In conclusion, this study proposes that global DENV-3 evolution could be well
characterized as a collection of discrete, country-specific viral population bursts, with limited co-
circulation of distinct genotypes in a single region. Despite this strong spatial subdivision,
DENV-3 strains of distinct genotypes and from different localities have been evolving at roughly
the same rate over time. Whether such similar evolutionary rate estimates translate into
comparable biological properties (such as transmissibility, infectiousness, and/or virulence)
across distinct DENV-3 lineages is still unclear. Our data also suggested that the current diversity
of the three main DENV-3 genotypes arose within the last 30-40 years, coinciding with the

emergence of large-scale DHF/DSS epidemics in Asia.
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Artigo 4: Estudo filogenético dos DENV-3 circulantes no Brasil.

Referéncia bibliografica: Araijo JMG, Bello G, Schatzmayr HG, dos Santos FB, Nogueira
RMR. Dengue Virus Type 3 in Brazil: A Phylogenetic Perspective. Memorias do Instituto
Oswaldo Cruz 2009.

Situacdo do manuscrito: Aceito para publicacdo no periddico “Memdrias do Instituto Oswaldo

Cruz”. Este artigo atende ao objetivo 4.

Apresentacido: No Brasil, o DENV-3 foi isolado pela primeira vez em dezembro de 2000 a partir
de um caso autéctone de dengue classico no Municipio de Nova Iguacu, Rio de Janeiro, causando
grandes epidemias em 2001 e 2002 (Nogueira et al., 2001; 2005). O DENV-3 circulante na
América Latina parece ter sido proveniente do Sri Lanka, India e Leste da Africa, por volta de
1991 (1987-1993) (Aradjo et al., 2009a). A circulacdo de um novo genétipo (G) de DENV-3 foi
recentemente descrito no Brasil (Figueiredo et al., 2008, Nogueira et al., 2008) e Colombia
(Usme-Ciro et al., 2008). Este novo genétipo foi classificado como GI por Figueiredo et al. e
Usme-Ciro et al., mas como GV por Nogueira et al. Isto claramente indica que uma padronizacao
internacional da nomenclatura de gendtipos de DENV-3 é necessdria. Por estas razdes, nds
examinamos a atual classificacdo filogenética dos DENV-3, com énfase no novo genétipo

descrito no Brasil.
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Abstract

Circulation of a new DENV-3 genotype was recently described in Brazil and Colombia,
but the precise classification has been controversial. Phylogenetic and nucleotide distance
analyses of the envelope (E) gene support the subdivision of DENV-3 strains into five distinct
genotypes (GI to GV), confirming the classification of this new genotype in South America as
GV. The extremely low genetic distances of Brazilian GV strains to the prototype
Philippines/L.11423 strain isolated in the 1956 GV sample raise important questions regarding the

origin of this genotype in South America.

Keywords: Dengue virus type 3; Genotypes; Brazil.
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Dengue viruses (DENV) 1 to 4 are members of the Flavivirus genus of the Flaviviridae
family and are responsible for the currently most important arthropod vector transmitted human
viral disease worldwide in terms of morbidity and mortality, consequently emerging as a major
problem in tropical and subtropical areas (Rosen 1999). The ~11 kb in length genomic RNA is a
single strand of positive polarity constituted by a single open reading frame (ORF) flanked by an
untranslated region (UTR) in the 5'and 3' termini. The ORF codes for three structural proteins
(capsid “C”, membrane “prM/M” and envelope “E”) and seven non structural proteins (NSI,
NS2A, NS2B, NS3, NS4A, NS4B, and NS5), resulting from the cleavage of a single polyprotein
of 3386-3433 amino acids (Chambers et al. 1990, Lindebach & Rice 2001).

The phylogenetic analysis of the pre-membrane/membrane (prM/M) and envelope (E)
genes of the geographically and temporally distinct dengue virus type 3 (DENV-3) led to the
initial identification of four distinct monophylogenetic clusters called genotypes. A subsequent
phylogenetic analysis including a larger number of DENV-3 strains demonstrated that genotype I
of Lanciotti et al. (1994) encompasses two distinct groups of viruses that were classified
separately, constituting a new genotype V. Genotypes I to III (GI to GIII) are responsible for
most DENV-3 infections: GI represented by viruses from Indonesia, Malaysia, Philippines and
the South Pacific; GII by viruses from Thailand, Bangladesh, Malaysia and Myanmar; and GIII
by viruses from Sri Lanka, India, Samoa, Africa and the Americas (sampled after 1994) . In
contrast, genotypes IV and V (GIV and GV) are only exemplified by a few older strains: GIV
constituted by Puerto Rican strains from the 1960s/1970s and GV represented by the oldest GV
strain isolated in the Philippines in 1956 as well as two strains isolated in Japan and China in
1973 and 1980, respectively.

The DENV-3 GIII was detected for the first time in the Americas during dengue fever/
dengue hemorrhagic fever (DF/DHF) outbreaks in Nicaragua and Panama in 1994 (Anonymous
1995). Hitherto, this virus has spread to many countries in Latin America (Briseno-Garcia et al.
1996, Guzman et al. 1998, Balmaseda et al. 1999, Isturiz et al. 2000, Nogueira et al. 2001, Usuku
et al. 2001, Uzcategui et al. 2003, Aquino et al. 2006). In Brazil, DENV-3 was isolated for the
first time from an autochthonous case of DF in December 2000 from the municipality of Nova
Iguacu, Rio de Janeiro, and soon afterwards, there was a large DENV-3 epidemic in Rio de
Janeiro in 2001/2002 (Nogueira et al. 2001). DENV-3 isolates detected in Latin America
appeared to have arisen from a single introduction of GIII strains previously circulating in Sri
Lanka, India, and East Africa , probably around 1991 (1987-1993) (Araujo et al. 2008). The

circulation of a new DENV-3 genotype has recently been reported in Brazil (Figueiredo et al.
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2008, Nogueira et al. 2008) and Colombia (Usme-Ciro et al. 2008). This new genotype was
classified as GI by Figueiredo et al. and Usme-Ciro et al., but as GV by Nogueira et al. This
clearly indicates that an international standardization of DENV-3 genotype nomenclature is
needed. For these reasons, we re-examined the current phylogenetic classification of DENV-3
strains, with emphasis on the new genotype described in Brazil.

We analyzed full-length (1,479 bp) and partial (822 bp) E gene sequences of 103 DENV-
3 strains from 30 different countries around the world representative of all genotypes retrieved

from Genbank (www.ncbi.nlm.nih.gov). Colombian sequences described by Usme-Ciro et al.

(2008) were not included in this study, as only a short E gene fragment (224 bp) was available.
Tree reconstructions were performed by the Neighbor-Joining (NJ) method (Tamura Nei model)
in 1000 bootstrapped data sets as implemented in MEGA 4. Mean nucleotide distances within
(intra-genotype) and among (inter-genotype) DENV-3 genotypes, and pairwise genetic distances
among sequences were estimated adopting the Tamura Nei model in MEGA 4.

Our phylogenetic analysis of DENV-3 E gene sequences confirmed the five monophyletic
groups (genotypes) previously reported for this serotype (Fig. 1). In order to confirm that GI and
GV are distinct genotypes, the mean intra-genotype and inter-genotype distances at the full-
length E gene were calculated. As displayed in Table 1, the mean nucleotide distance between
GV and GI was significantly greater than the mean intra-genotype distances. Most important, the
mean distance from GV to GI was not significantly different than the corresponding mean
distances from GV to GII or GIII, corroborating the classification of GV as a new genotype

distinct from GI.

Table 1. Mean nucleotide distances in E gene within (intra-genotype) and among (inter-

genotype) DENV-3 genotypes.

GI GII GIII GIV GV
GI 3.0 +0.2 - - - -
GII 7.1 +£0.6 24+0.2 - - -
GIII 7.5+0.6 7.6 +0.7 1.8 +£0.2 - -
GIV 11.6 £ 0.9 11.2+£0.8 11.7+0.9 1.2+0.3 -
GV 51+£0.5 5406 6.5+0.7 10.6 £0.9 0.4+0.1

Mean intra-genotype (bold) and inter-genotype nucleotide distances and * standard errors of the

mean estimated by the bootstrap method with 100 replicates using MEGA 4 program.
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Phylogenetic analysis of the new DENV-3 sequences isolated in Brazil confirmed their
classification as GV, in agreement with Nogueira et al. (2008) (Fig. 1). The clustering of the GV
Brazilian and Colombian isolates with old GV strains (Philippines/1956/L.11423,
Japan/1973/AB11085, and China/1980/AF317645) is fully consistent with the tree topology
previously described by Figueiredo et al. (2008) and Usme-Ciro et al. (2008), but these authors
classified the GV strains as GI, based on the initial classification proposed by Lanciotti et al.
which merged these two genotypes in a single group (called GI). The identification of GV in
DF/DHF South American samples between 2002 and 2004 deserve special attention because GV
used to be considered an extinct lineage (Araujo et al. 2008), as only three GV strains
(Philippines in 1956, Japan in 1973, and China in 1980) were described in the world before the
identification of South American GV strains at the turn of the 21% century.

A detailed analysis of the Genbank database adopting the basic local alignment search
tool (BLAST) (www.ncbi.nlm.nih.gov/BLAST) however, allows the identification of one

additional DENV-3 E sequence with a high similarity score to the GV strains (accession number:
EF110567), that also grouped within this genotype in the phylogenetic tree (Fig. 1). Surprisingly,
this unpublished sequence was deposited in the Genbank database in 2006, but seems to
corresponds to a virus isolated in Para State, Brazil, in 1989 (Bukin et al. 2006). This finding
contrast with the official records that DENV-3 was first isolated in Brazil from an autochthonous
case in 2000 (Nogueira et al. 2001).

To further explore the genetic relationships between GV strains, we calculate the pairwise
genetic distances among sequences within an overlapping fragment of 822 bp of the E gene.
Nucleotide distances between GV Brazilian strains were extremely low ranging from 0% to
0.5%. Of note, two GV Brazilian strains isolated near the turn of this century (accession nos.
EF625833 and EF625835) were identical to the Brazilian strain from 1989 in the gene fragment
analyzed. This analysis further revealed a surprisingly low genetic distance (0.1% to 0.4%)
between the GV Brazilian isolates and the prototype DENV-3 Philippines/1956/1.11423 strain
isolated in 1956, which corresponds to only 1-3 nucleotide differences throughout the 822 bp
fragment. These mean genetic distances were even lower than the corresponding distances
between the Philippines/1956/1.11423 isolate and early GV Asian strains (Japan/1973/AB111085
[0.6%] and China/1980/AF317645 [0.5%]) and much lower than that expected considering the
mean evolutionary rate estimated for the DENV-3 E gene (9 x 10™ substitutions per site per year)
(Araujo et al. 2008). No insertions, deletions, or point mutations that could distinguish GV

Brazilian strains from other strains of this genotype were observed.
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The results presented here support the classification of DENV-3 sequences from
genotypes I and V as distinct genotypes, and confirm that new DENV-3 sequences described in
Brazil and Colombia correspond to GV. This study also revealed that a DENV-3 GV sequence,
apparently isolated in Brazil in 1989 and deposited in the Genbank database, was identical or
very similar to the GV Brazilian strains isolated during the 2000s in the E gene fragment
analyzed. These GV Brazilian strains were also unexpectedly similar to the prototype DENV-3
strain identified in the Philippines 48 years ago. These results raise some important questions:
Which is the origin of the GV Brazilian strains? How can GV Brazilian strains isolated during the
2000s display a higher similarity with the prototype Philippines/1956/L11423 isolate than GV
Asian strains isolated during 1973 and 19807 More GV sequences should be analyzed in Brazil
and South America to answer these questions. Increased surveillance, accurate genetic
classification of DENV-3 viruses, and molecular epidemiology studies are critical to support new

findings and provide an adequate knowledge of dengue virus infections in Brazil.
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Figure 1. NJ phylogenetic tree of 103 partial E gene sequences representing the global diversity
of DENV-3. Genotypes are indicated by brackets. Only bootstrap values >90% are shown. The
names of DENV-3 isolates include reference to country origin and year of isolation. Countries
represented are Bangladesh (BD), Bolivia (BO), Brazil (BR), China (CH), Cuba (CU), Ecuador
(EC), Fiji (FJ), Indonesia (ID), India (IN), Japan (JP), Sri Lanka (LK), Myanmar (MM),
Martinique (MQ), Mexico (MX), Malaysia (MY), Nicaragua (NI), Panama (PA), Peru (PE),
French Polynesia (PF), Philippines (PH), Puerto Rico (PR), Paraguay (PY), Singapore (SG),
Somalia (SO), Tahiti (TA), Thailand (TH), East Timor (TP), Taiwan (TW), Venezuela (VE) and
Vietnam (VN). Horizontal branch lengths are drawn to scale, and the tree was rooted using GIV

which always appears as the most divergent.
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4. DISCUSSAO

Virias teorias tém sido propostas para explicar a ocorréncia de FHD/SCD, trazendo
elementos valiosos para a compreensdao da patogenia do dengue. No entanto, em geral, muitos
estudos superestimam um aspecto apenas em detrimento de outros e desconhecendo a interagcdo
entre eles.

A forma grave do dengue é a expressdo de um mecanismo complexo no qual interagem o
virus, o hospedeiro, o vetor e outros fatores relacionados ao ambiente.

A maioria dos estudos atuais demonstra que a infec¢do secunddria € o principal fator de
risco para desenvolver a forma grave do dengue, porém outros fatores, como a viruléncia da cepa
viral, as condi¢des do hospedeiro, sdo também de grande importancia.

A hipétese proposta por Halstead (1970), conhecida como “teoria da infeccdo
seqiiencial”, tem como base estudos epidemiolégicos e de experimentacdo em animais. Dessa
forma, casos de FHD/SCD se apresentariam em pacientes que ja tivessem anticorpos para
dengue, os quais, em presenca de uma nova infeccdo por outro sorotipo, formariam
imunocomplexos com o virus infectante, facilitando a endocitose viral no fagécito mononuclear
pelo receptor Fc do mondcito/macréfago, seguido da replicagdo viral, aumento da viremia e
disseminagdo aos tecidos (Morens et al, 1991). Este fendmeno € conhecido como
imunoamplificacdo, ou amplificacdo dependente de anticorpos (ADA).

Esta teoria tem sido comprovada em diversos paises do Sudeste Asidtico e em paises das
Américas. No Brasil, casos de FHD foram confirmados apds a introducao do DENV-2 no estado
do Rio de Janeiro e em outros estados onde tinham ocorrido previamente epidemias pelo DENV-
1 (Nogueira et al., 1990), apoiando a teoria da infec¢do sequencial.

Outra hipdtese, proposta por Rosen (1977, 1982), afirma que a viruléncia pode variar de
uma linhagem para outra, em cada um dos quatro sorotipos, € que as formas graves podem ser
explicadas pela viruléncia destas linhagens.

Rosen em 1977 enfatizou um s6 fator, ou seja, a patogenicidade do virus, ndo
correlacionando este fator com os aspectos imunoldgicos do hospedeiro. Sua hipétese encontra
explicacdo nos casos de FHD/SCD em infec¢Oes primadrias.

Em Cuba, apds estudar a epidemia de 1981, Kouri e colaboradores (Kouri et al., 1989)
formularam a hipdtese integral, na qual se reconhecia o valor do critério de Halstead quanto a
importancia dos anticorpos pré-existentes, e o de Rosen quanto a importancia da viruléncia da

cepa. Considerou-se, entdo, que para a ocorréncia das formas graves do dengue seriam
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necessdrios a co-existéncia de trés fatores: epidemiolégicos, virais e do hospedeiro. Estes fatores
isoladamente ndo explicavam o fendmeno satisfatoriamente.

O Brasil teve o seu perfil epidemioldgico agravado pela introdu¢do do DENV-3 em
dezembro de 2000 (Nogueira et al., 2001). Este sorotipo se dispersou de forma rapida e continua,
alcancando oito estados brasileiros em apenas trés meses. Durante o ano de 2002, o Brasil
notificou 813.104 casos de dengue, e desse total 288.245 correspondem aos casos no estado de
Rio de Janeiro. Naquele ano, 1831 casos de FHD e 91 6bitos foram confirmados. Este total
excedeu o nimero de casos notificados de FHD e 6bitos em um periodo de 20 anos desde a
introducdo do dengue no pais (Nogueira et al., 2005).

Este mesmo sorotipo/genétipo foi responsdvel por grandes epidemias com formas graves
no Sudeste Asiatico, América Central e América do Sul (Messer et al., 2003).

Um fato novo observado durante a epidemia de 2002 foi a apresentacdo de formas graves
e Obitos em menores de 15 anos, bem como casos fatais em infec¢gdes primarias (Nogueira et al.,
2005; Aratjo et al., 2009b; 2009¢c). A gravidade da doenca pdde ser destacada pelos sinais e
sintomas na admissdo hospitalar: hipotensdo (59,5%), dor abdominal (35,7%), pré-choque
(35,7%) e 6bito por SCD em 57,8% dos casos (Azevedo et al., 2002).

No contexto do primeiro artigo desta tese intitulado “Quantification of dengue virus
type 3 RNA in fatal and nonfatal cases in Brazil, 2002”, determinamos a viremia em casos
fatais e ndo fatais por DENV-3, ocorridos durante a epidemia de 2002 no estado do Rio de
Janeiro, com a finalidade de investigar uma possivel correlacdo entre viremia e gravidade da
doenca. Este estudo contempla a maior casuistica de casos fatais por DENV-3 da literatura, entre
os estudos que correlacionam a viremia e gravidade da doenga.

Constatamos uma média maior dos niveis de RNA viral em casos fatais (12,5 logio
cOpias/ml), em comparacdo ao grupo de casos nao fatais por dengue (7,9 logio copias/ml). Esta
diferenca foi significativa utilizando testes paramétricos e ndo paramétricos (t-test t, P = 0,001;
Mann-Whitney test; P = 0,002). Estes dados sugerem que a viremia é um fator importante na
patogénese da forma grave do dengue.

O papel da viremia nas infec¢cdes por dengue foi primeiramente investigado nos anos
1975 e 1978 por Gubler e colaboradores (1981). Estes autores analisaram a viremia dos quatro
sorotipos de dengue em 153 pacientes em Jakarta, na Indonésia, e detectaram titulos virais que
variavam desde niveis muito baixos até 10*MIDs/ml. Os autores observaram uma viremia maior,
porém nao significativa, em casos classificados como infec¢do primdria, em comparacdo aos

casos de infec¢do secunddria. Os titulos virais em pacientes infectados com DENV-4 foram
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aproximadamente 100 vezes menor em relacdo aos demais sorotipos. A andlise da viremia nos
casos de FHD em Jakarta revelou grandes quantidades de virus no momento do ébito.

Outro estudo conduzido por Vaughn et al. (2000) na Tailandia, entre os anos 1994 e 1996,
determinou a viremia em 41 casos de DENV-1 e 46 casos de DENV-2, e demonstrou que a alta
viremia estava associada a gravidade da doenga em 31 casos, no qual foi detectada uma média do
titulo viral de 10”° MIDso/ml para o grupo de DC e 10°° MIDsy/ml para o grupo de FHD.

Murgue e colaboradores (2000) analisaram a viremia em 49 criancas durante uma
epidemia de DENV-2 na Polinésia Francesa, durante os anos 1996 e 1997, e demonstraram uma
viremia menor em pacientes com DC do que aqueles com FHD (4,3 + 0,8 equivalente log;o
TCIDso/ml e 5 + 0,6 equivalente log;o TCIDs¢/ml, respectivamente).

Durante a epidemia de dengue ocorrida no ano de 1998 em Taiwan, Wang e
colaboradores investigaram os niveis de RNA dos DENV-3 utilizando um gRT-PCR
convencional, e demonstraram que pacientes com FHD possuiam niveis significativamente mais
elevados de RNA quando comparados a pacientes com DC. Durante a defervescencia, o0 RNA
viral foi detectado na maioria dos pacientes com DC e em niveis mais elevados em todos os
pacientes com FHD (Wang et al., 2003). Pelo exposto ficou evidente que a viremia € um fator
importante nos casos graves de dengue.

A técnica de RT-PCR em tempo real tem sido amplamente utilizada para a quantificagdao
de dengue e outros flavivirus (Guilarde et al., 2008; Linnen et al., 2008, Trindade et al., 2008).

No Brasil, Guilarde et al. (2008) determinaram a viremia dos DENV por este método em
185 pacientes durante uma epidemia ocorrida em 2005 na cidade de Goiania (GO). Entretanto, a
diferenca entre as médias dos titulos virais ndo foram significativas entre o grupo de pacientes
classificados como FHD e intermédidrio DC/FHD (4,45 e 4,78 logip copias de RNA/ml,
respectivamente) e o grupo de pacientes classificados como FHD (5,62 log;o cdpias de RNA/ml).
No trabalho de Goidnia, o kit utilizado pelos autores ndo permitiu identificar o sorotipo envolvido
em cada caso, pela utilizacdo de iniciadores consenso para os quatro sorotipos.

Diversas vantagens tém sido atribuidas a técnica de PCR em tempo real como
sensibilidade, especificidade, reprodutibilidade e rapidez (Callahan et al., 2001; Aratjo et al.,
2006). Uma das caracteristicas do método consiste em permitir o monitoramento da amplificacdo
em tempo real. Esta técnica, por possuir um sistema automatizado de deteccdo do acido nucléico
e considerando que os tubos de reacdo ndo sdao abertos durante a prova, reduz a possibilidade de

contaminacdo com produtos amplificados (Aradjo et al., 2006).
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Os iniciadores e sonda utilizados na técnica de PCR em tempo real foram desenhados por
Houng er al. (2001) para a regido 3'NC do DENV-3. Essa mesma regido tem sido utilizada por
vdrios autores como alvo para deteccdo e quantificacdo dos DENV, como os trabalhos realizados
por Callahan et al. (2001), Drosten et al. (2002), Parida et al. (2005) e Chutinimitkul et al.
(2005).

Na estratégia para preparagdo da curva padrdo da técnica de RT-PCR em tempo real,
aplicamos o modelo descrito por Johnson e colaboradores (2004; 2005), no qual é obtido um
controle de RNA (quantificado) com base nos titulos obtidos por PFU, considerando que 1 RNA
infeccioso corresponde a 1 PFU. Contudo, € sabido que, na aplicacio do RT-PCR em tempo real,
além do RNA infeccioso, é quantificado o RNA ndo-infeccioso, produzido durante o processo de
replicacdo viral e ndo incorporado aos novos virions. Um estudo de dengue conduzido por Linen
et al. (2008), estimou que 1 PFU corresponde a 300 copias de RNA.

Nesse sentido, tentativas para a obtencdo de um controle de 4cido nucléico foram
realizadas a partir da quantificacdo do RNA viral pelo espectrofotometro. Contudo, os niveis de
RNA obtidos foram discrepantes, variando de 5 ,14)(109 a 8,38)(109 copias de RNA por microlitro,
partindo de uma amostra com valor de 10’ PFU por mililitro. Dessa forma mantivemos a
metodologia proposta por Johnson e colaboradores.

Ap6s determinar os niveis de RNA pelo método de RT-PCR em tempo real, analisamos
os niveis de anticorpos da classe IgG através da técnica de IgG-ELISA com vistas a classificar os
pacientes examinados quanto ao tipo de infeccdo (primdria ou secunddria). Na nossa casuistica
52,1% dos casos fatais foram classificados como infec¢des primdrias por dengue. Diante deste
resultado, a teoria da infeccdo seqiiencial por si s6 ndo explica todos os casos aqui estudados.

Os testes de inibicdo da hemaglutinagdao (HI) e IgM/IgG ELISA sdo tradicionalmente
realizados na classificacdo de casos primdrios ou secunddrios por dengue (Miagostovich et al.,
1999; Vaughn et al., 1999). IgG-ELISA ¢ rédpido, facil de executar, apresenta varias vantagens
sobre o método convencional de HI e pode ser aplicado no diagnéstico de rotina. Boa correlagao
entre os resultados obtidos por HI e IgG-ELISA foram obtidos anteriormente (Chungue et al.,
1989, Figueiredo et al., 1989).

Ainda no primeiro artigo, fizemos a correlacdo entre o tipo de infec¢do (primdria ou
secunddria) e a viremia obtida nos casos estudados, e observamos que a viremia dos casos nao
fatais foi significativamente maior em casos classificados como infeccdo primdria em

comparacdao aos casos com infeccdo secunddria. Este resultado sugere uma rdpida ativacdo da
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resposta imune nos casos classificados como infec¢do secunddria e conseqiiente diminui¢do da
viremia.

Em conclusdo, os dados obtidos no primeiro artigo sugerem que elevada viremia pode
contribuir para a patogénese das formas graves do dengue.

No segundo artigo, intitulado “A retrospective survey of dengue virus infection in fatal
cases from an epidemic in Brazil”, realizamos a pesquisa dos DENV em diferentes tecidos
provenientes de casos fatais ocorridos durante a epidemia de DENV-3 no estado do Rio de
Janeiro, ano 2002, com o propdsito de obter uma melhor compreensdo sobre o tropismo desses
virus.

Para este fim, estabelecemos a metodologia do RT-PCR em tempo real para a pesquisa
dos DENV em tecidos, e comparamos os resultados obtidos com outras trés metodologias:
isolamento viral, RT-PCR convencional e imunohistoquimica.

Cabe ressaltar que nossa comparacdo entre metodologias com alvos diferentes (Ex:
imunohistoquimica versus RT-PCR em tempo real) estd exclusivamente relacionada a
contribuicao de cada uma na confimacgdo de casos fatais por dengue.

Este € o primeiro estudo descrito na literatura que envolve a aplicacdo do RT-PCR em
tempo real em amostras de tecidos (n=77) provenientes de casos fatais suspeitos de dengue,
contribuindo para o conhecimento dos sitios de replicagdo desses virus.

O RT-PCR em tempo real foi o método que apresentou o melhor desempenho, sendo
responsavel por 58,4% da positividade em 77 amostras histolégicas, enquanto o RT-PCR
convencional obteve resultados positivos em 30,5% (22/72). Além disso, o RT-PCR em tempo
real foi o dnico método capaz de detectar o DENV-3 em 8 dos 26 casos estudados (30,8%). Estes
resultados estdo de acordo com os estudos realizados por Poersch et al. (2005), onde os autores
observaram maior sensibilidade da técnica de RT-PCR em tempo real quando comparado ao RT-
PCR convencional no diagndstico da dengue em amostras de soro.

Na nossa casuistica, o figado foi o espécime mais importante para deteccdo dos DENV-3,
onde o mesmo foi detectado em 24 (92,3%) dos 26 casos estudados. Este tecido é reconhecido
como um dos principais Orgios-alvo na patogénese da infec¢do por DENV (Couvelard et al,
1999; Lin et al., 2000).

Apesar de a bile ter sido descrita como tendo efeito virucida, inclusive para os DENV,
alguns autores admitem que a presenca do DENV no figado seja tdo freqiiente como no soro

(Rosen & Khin, 1989; Itha er al., 2005; Larreal er al., 2005).
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Um estudo conduzido por Huerre et al. (2001) no Vietnd, descreve uma investigacdo dos
DENV em amostras de figado provenientes de cinco casos fatais que foram confirmados por
nested RT-PCR e imunohistoquimica. Estes autores observaram locais de recrutamento de células
inflamatorias, hepatite difusa com necrose e esteatose em dois casos, dreas focais de necrose em
outros dois casos e histologia normal em um caso. Células de Kupffer foram destruidas
principalmente em casos com necrose focal ou grave, assumindo que hepatdcitos e células de
Kupffer podem ser alvos de replicacdo dos DENV, corroborando com os resultados apresentados
neste artigo.

Bhamarapravati prop0s que lesdes hepdticas sao indicativas da prépria lesdo viral durante
certas fases da doenca (Bhamarapravati, 1965), e ji foi relatada a possivel participacdo do
complemento na agressdo hepdtica, a partir de sua ativacdo por anticorpos contra algumas
proteinas virais (Torres, 2005).

O envolvimento do coragdo em infecgdes por DENV tem sido investigado em varios
estudos, inclusive no Brasil (Horta Veloso et al., 2003; Basilio-de-Oliveira et al., 2005). No
nosso estudo, este envolvimento foi confirmado em dois casos a partir da detec¢dao do RNA viral
pelos métodos de nested RT-PCR e RT-PCR em tempo real. Manifesta¢des cardiacas durante
infec¢des por DENV sdo pouco freqiientes, no entanto, alteragdes no ritmo cardiaco (Donegani e
Bricefio, 1986; Chuah, 1987; Khongphatthallayothin et al., 2000), tem sido descrito durante a
febre hemorrigica da dengue. Na maioria dos casos, esta alteracdo evolui de forma benigna com
cura espontanea. Contudo, pesquisas apontaram a presenca de miocardite em algumas criancas
que evolufram ao 6bito durante uma epidemia em Cuba, e essa alteracdo foi muito evidente em
pacientes adultos que evoluiram ao 6bito durante um surto em Santiago de Cuba em 1997. Nos
cortes histolégicos pdde-se evidenciar edema intersticial, presenca de eosindfilos e alguns
linfécitos e mondcitos, bem como citdlise (Torres, 2005). Os mecanismos exatos destas
manifestagdes ainda ndo sdo bem esclarecidos.

O envolvimento do Sistema Nervoso Central (SNC) em casos de dengue tem sido
relatado na literatura (Leao et al., 2002; Nogueira et al., 2002). Neste estudo, descrevemos o
envolvimento do SNC em 8 casos a partir da deteccio do Ag e RNA viral em amostras de
cérebro.

Algumas vezes, o paciente poderd ser hospitalizado com o diagndstico inicial de
meningite asséptica e diagnosticado depois como dengue (Torres, 2005).

Em pacientes com manifestacdes neuroldgicas e dengue confirmado, t€ém-se encontrado

anticorpos IgM anti-dengue no liquido cefalorraquidiano (LCR) (Chen efr al., 1991) e se
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conseguido isolar o DENV do LCR (Lum et al., 1996). As manifestacdes neurolégicas nesses
casos comecaram em fase precoce da doenca, antes da instalagdo do choque.

No Brasil, Miagostovich e colaboradores estudaram cinco casos fatais de dengue
utilizando técnicas de imunohistoquimica, e puderam evidenciar antigenos virais em numerosas
células do cérebro, em trés casos. As células positivas de infec¢ao viral eram macréfagos CD68+
e principalmente dos espacos de Virchow Robin de tamanho médio e de veias pequenas, e
infiltravam substancia cinzenta e substancia branca, comumente situada junto aos neurdnios que
mostravam mudancas citopéticas (Miagostovich et al., 1997).

Manifestagdes neuroldgicas associadas a casos de dengue foram definidas como
encefalopatia por dengue, atribuida a respostas imunopatoldgicas e ndao pela infec¢do viral no
SNC (Leao et al., 2002). Em algumas situag¢des, o quadro neuroldogico poderd estar associado a
um comprometimento hepdtico intenso, ao choque prolongado, no qual tem sido considerado que
a afeccdo do SNC foi secunddria a anoxia, a isquemia ou a outras alteracdes metabdlicas (Torres,
2005).

A forte ligacdo de dengue com leucopenia e trombocitopenia sugere que células da
medula Ossea podem ser alvos potenciais para infeccoes por DENV. Estudos in vitro
demonstraram que células da medula 6ssea sdo suscetiveis a infec¢des por esses virus (Rothwell
et al., 1996).

Considerando este aspecto, investigamos a presenca dos DENV em uma amostra
disponivel de medula dssea através das técnicas de isolamento viral e RT-PCR em tempo real.
Obtivemos neste caso a positividade de DENV-3 pelo RT-PCR em tempo real. Esta € a primeira
descricdo da deteccdo do DENV-3 na medula 6ssea humana, representando assim uma
contribui¢do original.

Jessie e colaboradores (2004) investigaram a presenca e localizacdo dos DENV por
imunohistoquimica (IHQ) e hibridizacdo “in situ” (ISH), em 5 autdpsias, 24 bidpsias e 20
amostras de sangue. A técnica de ISH foi aplicada em amostras positivas para IHQ. Antigenos
virais foram detectados em células de Kupffer, células endoteliais sinusoidais do figado;
macréfagos, células multinucleadas e células linféides do bago; macréfagos e endotélio vascular
no pulmio; tdbulos renais, mondcitos e linfocitos no sangue. O RNA viral foi detectado em
células do bago e sangue (Jessie et al., 2004).

Estudos anteriores realizados por Bhamarapravati et al. (1967) e Miagostovich et al.
(1997), investigaram a participacdo do baco, rins e pulmio em casos de FHD/SCD e fatais por

DENYV, demonstrando o envolvimento destes 6rgaos.
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Neste contexto, aplicamos os métodos de isolamento viral, nested RT-PCR,
imunohistoquimica e RT-PCR em tempo real nestes tecidos e observamos a presenca do Ag e/ou
do RNA viral em 10 casos no bago, 10 casos no pulmao e em 4 casos nos rins. A contribuicao por
cada metodologia pode ser visualizada na tabela 2 do artigo 2, no qual pode-se observar que a
técnica de RT-PCR em tempo real foi a metodologia mais sensivel.

Nossos resultados reforcam a importancia da incorporacdo da técnica de RT-PCR em
tempo real como mais um método a ser aplicado em casos fatais suspeitos de dengue.

Em algumas oportunidades foi o tnico método capaz de confirmar a infeccdo em especial
no cérebro e medula dssea, confirmando formas atipicas da doenca.

Dessa forma acreditamos que o RT-PCR em tempo real serd mais uma ferramenta a
integrar os Programas de Vigilancia Epidemiolégica do Ministério da Saudde.

O terceiro artigo, intitulado ‘“Phylogeography and evolutionary history of dengue virus
type 37, representa a maior andlise sobre os aspectos filogenéticos, migratérios e evolutivos
destes virus até o momento. Nossa andlise filogenética envolveu 200 seqiiéncias do gene E dos
DENV-3, representando 31 paises do globo.

Observamos uma clara subdivisdo geografica dos trés principais genotipos deste virus. Os
genotipos I, II e III evoluiram independentemente na Indonésia, Tailandia e Sri Lanka,
respectivamente, ao longo dos ultimos 30-40 anos. Nossos dados apdiam a idéia de que esses
paises ndo apenas foram alvos das mais antigas epidemias de DENV-3, mas também foram
epicentros de distribui¢do de linhagens virais por todo o mundo.

Cepas isoladas no Sul do Pacifico (1989-1994), Filipinas (1997-2005), Timor-Leste
(2005), Malasia (1992-1994), Bangladesh (2000-2002), Vietna (1996-2005) e Américas (1994-
2006), formaram diferentes grupos monofiléticos, indicando que cada pais possui uma linhagem
geograficamente distinta, com poucas evidéncias de fluxo génico entre regides.

As andlises dos padrdes de migracdo dos DENV-3 sugerem que a propagacdo do GI foi
direcionada principalmente para a por¢do maritima do Sudeste Asidtico (Timor Leste, Malésia e
Filipinas) e Sul do Pacifico, onde a maioria dos virus parece ter sido originado da Indonésia.

Em contrapartida, a maioria das linhagens do GII parece ter sido proveniente da Tailandia
e permaneceu dentro de zonas continentais no Sudeste Asidtico (Bangladesh, Mianmar,
Singapura, e Vietnd), com excecdo da Malésia.

O GIII atingiu o maior territério dos DENV-3, com circulagcdo na Asia, Africa e nas
Américas, parecendo ter sido originado da Asia (Sri Lanka). Ndo ficou claro se a linhagem

americana teve origem na Africa, Asia ou Samoa. Nossos dados de migracdo do GIII sugerem
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que a introducdo desta linhagem nas Américas tenha sido pelo México, onde os primeiros
isolados foram identificados no ano 1995 (Briseno-Garcia et al, 1996). No entanto, as mais
antigas seqiiéncias de GIII foram identificadas no Panama e Nicardgua no ano de 1994 (CDC,
1995; Guzman et al, 1996), dificultando a elucidagdo desta introducao.

Em qualquer caso, o GIII rapidamente foi disseminado para outros paises da regido
(Nogueira et al, 2001; Usuku et al, 2001; Rigau-Perez et al, 2002; Peyrefitte et al, 2003;
Uzcategui et al, 2003), utilizando diferentes rotas em dire¢do a América Central, Caribe e
América do Sul.

Nossa andlise filogeogréfica revelou que a ocorréncia de co-circulacdo de diferentes
genoétipos de DENV-3 em uma tnica localidade é um evento raro. Isto pode ser resultado de um
fluxo genético limitado entre regides geogréficas distintas. No entanto, o mesmo gendtipo foi
observado em paises vizinhos como a Indonésia e Tailandia, onde o0 DENV-3 causa epidemias
desde a década de 70, causadas pelos GI e GII, respectivamente. Observamos a co-circulacdo dos
GI e GII na Mal4sia, Tailandia e Indonésia, GII e GIII em Singapura e GI/GIIl em Taiwan.
Contudo, a ocorréncia destas co-circulagdes parece nao ter se estabelecido.

Nossas estimativas da média da taxa evolutiva foram semelhantes aos descritos
anteriormente por Twiddy et al. (2003), apesar dos intervalos de confianca de nossos cdlculos
serem significativamente mais precisos, provavelmente devido a um maior nimero de seqii€éncias
estudadas. A mediana da taxa de evolugdo estimada para o GII foi ligeiramente mais elevada do
que a estimada para GI e GIII. Entretanto, com a sobreposicdo dos intervalos de maxima
densidade a posteriori (95% HPD), ndo houve grandes diferencas nas taxas entre os principais
genotipos.

Twiddy et al. (2003) sugerem que durante periodos epidémicos, a taxa de evolugdo viral
seja maior quando comparada a de periodos endémicos. Para testar esta hipotese, comparamos a
média da taxa evolutiva dos isolados da Indonésia e Tailandia, onde GI e GII circulam desde o
inicio dos anos 1970, com os isolados das Américas, que circulam neste territorio desde o inicio
dos anos 1990.

As médias da taxa de evolucdo destas linhagens foram similares, variando de 8,4x10™
subs/sitio/ano para GI-ID, 9,8)(10'4 para GII-TH e 9,2)(10'4 subs/sitio/ano para GIII-AM,
indicando que ndo hd grandes diferencas nas taxas de evolugdo entre estas linhagens.

O ano de origem das atuais linhagens de DENV-3 foi estimado para 1890, totalmente

coerente com as estimativas anteriores (Tmrca ~ 1900) descritas por Twiddy et al. (2003). A
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estimativa do ano de origem dos trés principais genétipos dos DENV-3 foi cerca do final da
década de 1930.

Nossa andlise sugere que a atual diversidade genética dos gendtipos I, II e III surgiu quase
simultaneamente dentro de um curto periodo de tempo, compreendido entre 1960 e 1970,
coincidindo com o aumento do niimero de casos de FHD descritos na Asia por DENV-3 (Gubler
et al., 1979; Wallace et al., 1980; Sumarmo, 1987; Nisalak er al., 2003).

As linhagens de DENV-3 recentemente introduzidas na América Latina parecem ter
comecado a se propagar no ano de 1991, trés anos mais cedo que a primeira detec¢dao do GIII no
continente, em Panamé e Nicardgua no ano de 1994 (CDC, 1995; Guzman et al., 1996).

Finalmente, este estudo revela uma forte subdivisdo espacial de linhagens especificas de
DENV-3, com pouca evidéncia de co-circulacdo de gendtipos em uma mesma localidade. Foi
observada uma taxa de evolucao similar entre os diferentes genétipos de DENV-3. Nossos dados
sugerem que a atual diversidade dos trés principais genétipos de DENV-3 surgiu nos tltimos 30-
40 anos, coincidindo com o aumento da populacdo humana, urbanizacdo, € com o aumento do
nimero de casos de FHD/SCD na Asia.

As mudangas genéticas virais sdo resultado de mutacOes acumuladas e recombinacdes
provocadas pelo aumento do contato entre os virus e as populacdes humanas cada vez maior, bem
como pela mistura intertipica e também intratipica viral que podem ocorrer em sua passagem no
vetor (Kuno, 1997).

Um virus pode ser considerado como um pool de variantes pelos quais certos gendtipos
sdo dominantes (Nuttal et al., 1991). Tais variagdes virais poderiam modular a transmissdo da
infeccdo, a capacidade de penetrar e replicar-se em células especificas do vetor, dos hospedeiros
vertebrados, assim como influir sobre os mecanismos de sobrevivéncia na natureza, a viruléncia e
a transmissibilidade entre hospedeiros (Kuno, 1997).

Holmes e Burch, da Universidade de Oxford, referiram-se as causas e consequencias da
variacdo genética nos DENV e concluiram: “Os estudos de sua evolugdo revelam que sua
diversidade genética esta aumentando. Isso, aliado a evidéncia de que as linhagens podem diferir
quanto a viruléncia, sugerem que no futuro poderiamos estar expostos a virus com amplitude
expandida de propriedades patogénicas” (Holmes & Burch, 2000).

Aos fatores relacionados a mudangas climdticas, extensdo geografica dos vetores e
perigos quanto a propagacdo e modificagdes nos virus, agrega-se o aumento populacional
previsto no século XXI, assim como a crescente relacdo entre urbanizacao e ecologia do dengue

(Tauil, 2001). A cada ano a populagdo mundial aumenta em 80 milhdes, pelo que € de seis
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bilhdes no inicio deste século e serd de oito bilhdes pouco depois da metade do mesmo. Mais de
90% dessa populagdo estara localizada nos paises chamados em desenvolvimento, na maioria dos
quais existe atividade do dengue, estimando que a quantidade de suscetiveis aumente a cada ano.

Tais consideragoes, aliadas aos estudos de epidemiologia molecular dos DENV, nos da
base para compreender como estes virus evoluem geneticamente € como sdo seus padroes de
migracdo na natureza. Além disso, nos permite examinar a origem de linhagens re-emergentes,
como foi o caso do genétipo V (GV) abordado no quarto artigo deste trabalho, intitulado
“Dengue Virus Type 3 in Brazil: A Phylogenetic Perspective”, e discutido a seguir.

A andlise filogenética dos genes prM/M/E dos DENV-3 conduziu a identificagdo inicial
de quatro grupos monofiléticamente distintos chamados de gendtipos (G) (Lanciotti et al., 1994).
Ap6s algum tempo, uma andlise filogenética incluindo um ndmero maior de seqiiéncias de
DENYV-3, demonstrou que genoétipo I descrito pelo Lanciotti et al. (1994) envolve dois gen6tipos
distintos, que foram classificados separadamente como GI e GV (Wittke et al., 2002).

Os gendtipos I, 1T e IIT (GI, GII e GIII) sdo responsdveis pela maioria das infeccdes por
DENV-3: GI representado pelos virus circulantes na Indonésia, Malésia, Filipinas e no Sul do
Pacifico; GII por virus provenientes da Tailandia, Bangladesh, Maldsia e Mianmar; e GIII por
virus circulantes no Sri Lanka, India, Samoa, Africa e nas Américas.

Em contraste, os gendtipos IV e V (GIV e GV) sdo provenientes de isolados mais antigos
do DENV-3: GIV constituido por isolados de Porto Rico circulantes durante as décadas de 60 e
70; e GV representado pelo prototipo isolado nas Filipinas em 1956 e duas cepas isoladas no
Japdo e na China em 1973 e 1980, respectivamente.

O DENV-3 GIII foi detectado pela primeira vez nas Américas durante uma epidemia na
Nicardgua e no Panami em 1994 (Andonimo, 1995) e se disseminou para muitos paises da
América Latina (Briseno-Garcia et al., 1996, Guzman et al., 1998, Balmaseda er al., 1999, Isturiz
et al., 2000, Nogueira et al., 2001, Usuku et al., 2001, Uzcategui et al., 2003, Aquino et al., 2006;
Aratjo et al., 2009a).

No Brasil, o DENV-3 foi isolado pela primeira vez a partir de um caso autdctone de DC
em dezembro de 2000, no municipio de Nova Iguacu, Rio de Janeiro (Nogueira et al., 2001).
Dois anos mais tarde, este sorotipo foi responsavel por uma grave epidemia no estado do Rio de
Janeiro (Nogueira et al., 2005).

O DENV-3 parece ter sido introduzido na América Latina por uma unica rota,
provavelmente do Sri Lanka, India e Leste da Africa, por volta do ano de 1991 (1987-1993)
(Araujo et al., 2009a).
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A circulagdo de um novo gendtipo do DENV-3 foi recentemente descrito no Brasil
(Figueiredo et al., 2008, Nogueira et al., 2008) e Colombia (Usme-Ciro et al., 2008). Este novo
genétipo foi classificado como GI por Figueiredo et al. e Usme-Ciro et al., mas como GV por
Nogueira et al. Isto indica claramente que uma padronizag@o internacional da nomenclatura de
genotipos de DENV-3 € necessdria. Por estas razdes, nds examinamos a atual classificacdo
filogenética dos DENV-3, com destaque para o novo genétipo descrito no Brasil.

A andlise filogenética das seqiiéncias de DENV-3 isoladas no Brasil confirmou a
circulacdo dos genétipos III e V, de acordo com Nogueira et al. (2008). O agrupamento dos
isolados GV brasileiros e colombianos com o protétipo GV (Philippines/1956/1.11423,
Japan/1973/AB11085, e China/1980/AF317645) é perfeitamente coerente com a topologia
descrita anteriormente por Figueiredo et al. (2008) e Usme-Ciro et al. (2008), mas estes autores
classificam estes isolados GV como pertencentes ao GI, com base na classificacdo inicial
proposto por Lanciotti et al. (1994).

A identificacdo do GV em casos de dengue cldssico e em casos de FHD em amostras Sul-
Americanas entre 2002 e 2004 merece atencdo especial. O GV foi considerado uma linhagem
extinta (Aradjo et al, 2009a), uma vez que apenas trés isolados pertencentes ao GV
(Filipinas/1956, Japao/1973 e China/1980) foram descritos em todo o mundo antes da
identificacdo dos isolados recentes na América do Sul.

Uma andlise detalhada utilizando o banco publico de seqii€éncias (GenBank), adotando a
ferramenta (BLAST) (www.ncbi.nlm.nih.gov/BLAST), permitiu a identificacdo de uma
seqiiéncia adicional de DENV-3 com alta similaridade com isolados do GV (nimero de acesso:
EF110567).

Surpreendentemente, a inédita seqiiéncia foi depositada no GenBank em 2006,
correspondendo a um virus isolado no estado do Pard (Brasil) em 1989 (Bukin et al., 2006). Este
achado contrasta com os registros oficiais de que o DENV-3 foi primeiro isolado no Brasil a
partir de um caso autéctone em dezembro de 2000 (Nogueira et al., 2001).

Para aprofundar as relacdes genéticas entre os isolados do GV, calculamos as distancias
genéticas entre as seqiiéncias, utilizando um fragmento de 822 pb do gene E. As distancias
genéticas do GV entre as seqiiéncias brasileiras foram extremamente baixas, variando de 0% a
0,5%. Observamos que duas seqiiéncias brasileiras do GV proveniente de isolados recentes
(nimero de acesso: EF625833 e EF625835) foram idénticas a sequencia brasileira de 1989.

Esta andlise revelou uma distancia genética surpreendentemente baixa (0,1% para 0,4%)

entre os isolados brasileiros GV e o protétipo isolado nas Filipinas em 1956 (nimero de acesso:
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L11423), correspondendo a 1-3 nucleotideos de diferenca. A distancia genética entre as GV
brasileiras e a amostra protétipo Filipinas/1956 foi mais baixa do que as distancias entre os
isolados Filipinas/1956/L11423 e Asia (Japao/1973/AB111085 [0,6%] e China/1980/AF317645
[0,5%]). Este resultado € inesperado, considerando a média da taxa de evolugdo estimada para o
gene do envelope dos DENV-3 (9 x 10™ substituicdes por sitio por ano) (Aradjo ef al., 2009a).
Nao foram observadas insercdes, delecdes ou mutagdes pontuais que diferenciem isolados
brasileiros do GV de outros deste mesmo genotipo.

Os resultados apresentados neste estudo apoiam que GI e GV sdo gendtipos distintos e
confirma que as novas seqiiéncias de DENV-3 descritas no Brasil e na Colombia pertencem ao
GV.

Este estudo revelou que uma seqii€éncia pertencente ao GV, aparentemente isolada no
Brasil em 1989 e depositadas no GenBank, foi idéntica ou muito semelhante as seqiiéncias
brasileiras do mesmo genétipo isoladas recentemente (2002-2004). Estes isolados brasileiros
pertencentes a0 GV foram inesperadamente semelhantes ao protétipo do DENV-3 identificado
nas Filipinas ha 48 anos atras.

Nesse sentido, estes resultados levantam algumas questdes importantes: Qual € a origem
dos isolados brasileiros pertencentes ao GV? Como podem as amostras GV brasileiras isoladas
em 2002-2004 possuir uma maior similaridade com o protétipo Filipinas/1956/L11423 do que as
amostras Asidticas isoladas durante os anos 1973 e 19807 Especulamos que possa existir um
mecanismo ainda desconhecido de manuten¢do desses virus na natureza, que atualmente nao
conseguimos observar. Todavia, um maior nimero de seqiiéncias do GV deveré ser analisado no
Brasil e na América do Sul para responder a estas perguntas.

A precisa classificacdo genética dos DENV-3 e estudos de epidemiologia molecular sdao
fundamentais para apoiar novos resultados e proporcionar um conhecimento adequado das
infec¢des por dengue no Brasil.

Como consideragdes finais, observamos que desde os anos 70 do século XX, alguns
sorotipos de dengue tém sido correlacionados com a gravidade do dengue (Rosen, 1977; Gubler
et al., 1978). Atualmente, com os avancos da biologia molecular e da bioinformética, torna-se
possivel investigar com maior profundidade os fatores genéticos de diferentes linhagens virais e
sua importancia na determinacdo da gravidade da doenca.

Os gendtipos dos DENV-2 e DENV-3, origindrios do Sudeste Asidtico e do
Subcontinente Indiano, respectivamente, tem sido identificados em casos graves de FHD/SCD,

provenientes de infeccdes primarias (Rico-Hesse, 2007; Aratjo et al., 2009b). Em alguns paises,
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como o Peru, estudos epidemioldgicos tém demonstrado que, mesmo apds a infec¢do secundaria,
os pacientes nao desenvolveram FHD e/ou SCD, mesmo quando ocorre a circulagdo de um
gendtipo menos patogénico (Watts et al., 1999).

Os gendtipos mais virulentos foram introduzidos nas Américas, onde foram observadas
graves epidemias, incluindo a descricdo dos primeiros casos de FHD neste continente (Rico-
Hesse, 2003). Os mecanismos que conduzem a uma maior viruléncia nestes virus estdo sob
investigacao.

Até o momento ndo sabemos se existem evidéncias significativas no aumento da taxa de
evolucdo de novas variantes genéticas para os DENV (Aradjo et al, 2009a). Estudos com o
genoétipo Sudeste Asidtico do DENV-2, considerado virulento, demonstraram que esta linhagem
tem estado estdvel geneticamente desde a década de 1940. De fato, o genétipo Sudeste Asidtico
deslocou variantes menos virulentas (isto €, ndo associadas a FHD e/ou SCD), como o genétipo
Americano, em muitos paises (Rico-Hesse, 2007).

No Norte do México, o dltimo relato da circulacdo do gendtipo Americano foi em 1995 e,
desde entdo, predominou o genétipo Sudeste Asidtico, que se disseminou para outras regides do
México, bem como para outros paises do continente americano. Os tultimos isolados do genétipo
Americano foram detectados no Peru no ano de 1996, e ndo hd evidéncias de que o gendtipo
Sudeste Asidtico tenha causado surtos neste pais (Rico-Hesse, 2007).

Neste trabalho, demonstramos que os trés principais gendtipos do DENV-3 (GI-III)
apresentaram uma forte estrutura temporal, com os mais antigos isolados situados proximos a raiz
da arvore filogenética e os mais recentes localizados na por¢do distal. Este resultado indica
claramente que os DENV-3 estdo evoluindo geneticamente ao longo do tempo, provavelmente
devido ao processo de adaptacdo a novas populacdes suscetiveis, independente da forma clinica
da doenca. Estudos de evolugdo molecular com foco em diferentes formas clinicas da doenga,
como dengue classico e dengue grave, sao fundamentais para esclarecer estas relagdes.

O fato de dois diferentes genétipos de DENV-3 (GIII e GV) circularem no Brasil requer
andlise especial, pois ndo sabemos qual serd a repercussdo epidemioldgica e clinica deste novo
gendtipo no pais. Levando em consideracdo a alta viruléncia do genétipo 1II do DENV-3, é pouco
provével que o GV deste sorotipo se dissemine de forma significativa para outras regides do pais,
considerando ainda que em muitas localidades exista a co-circulagdo de diferentes sorotipos

(DENV-1-3).
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5. CONCLUSOES

1) O grupo de casos fatais de dengue ocorridos durante a epidemia de 2002 no Rio de Janeiro,
apresentou uma viremia por DENV-3 significativamente maior quando comparado ao grupo de
casos nao fatais (12,5 log;o copias de RNA/ml e 7,9 logo copias de RNA/ml, respectivamente) (t-
teste, P=0,001; Mann-Whitney test, P=0,002). Este resultado sugere uma correlacdo entre

viremia e gravidade da doenca;

2) Nos casos fatais, 52,1% foram classificados como infec¢do primdria. Portanto, a teoria da
infeccdo seqiiencial por si s6 ndo explicou todos os casos aqui estudados. Este resultado sugere
que as formas graves por DENV-3 podem ter sido conseqii€éncia da patogenicidade ou viruléncia

deste virus;

3) No grupo de casos ndo-fatais, observou-se uma viremia significativamente maior em casos
classificados como infec¢ao primdria. Este resultado sugere uma rdpida resposta imune antiviral

em casos de infeccdo secunddria, com conseqiiente diminuicao da viremia.

4) A pesquisa dos virus dengue em diferentes tecidos provenientes de casos fatais permitiu a
detecc@o do antigeno e/ou do RNA viral em amostras de figado, pulmdo, bago, cérebro, rim,

medula dssea e coragdo, demonstrando a ampla circulacdo dos DENV-3 no organismo.

5) A positividade pelo RT-PCR em tempo real alcancou 58,4% (45/77), sendo superior a
imunohistoquimica 44% (26/59), RT-PCR convencional 30,5% (22/72) e isolamento viral 2,7%
(2/74).

6) No estudo de evolucdo molecular, a drvore filogenética identificou cinco gendétipos para os

DENV-3, denominados GI-V.
7) A érvore filogenética dos DENV-3 foi caracterizada por uma forte estrutura temporal, com os

antigos isolados situados proximos a raiz da arvore e os mais recentes localizados na porcao

distal.
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8) A é4rvore filogenética dos DENV-3 sugere uma forte subdivisdo geografica, com poucas

evidéncias de co-circulagdo de genétipos em uma mesma localidade.

9) Nido foram observadas diferencas significativas nas médias das taxas de evolugdo dos trés
principais gendtipos dos DENV-3 [GI (8,3x10™ substituicdes/sitio/ano), GII (10.1x10™

substituicdes/sitio/ano) e GIII (8. 1x10* substituicdes/sitio/ano)].

10) A taxa de evolucdo estimada para o DENV-3 foi de 8.7x10™ (7.7)(10'4 — 9.7x10™)

substituicdes/sitio/ano.

11) O tempo estimado para o mais recente ancestral comum (Tmrca) dos DENV-3 foi de 1891

(1876 — 1904).

12) A taxa de evolugdo viral em paises que sofreram epidemias de dengue desde a década de 70
como Indonésia (8.4x10™ substituicdes/sitio/ano) e Thailandia (9.8x10™ substituicdes/sitio/ano)
foi similar a de paises que sofreram epidemias de dengue desde a década de 90 [América (9.2x10°

4 substitui¢des/sitio/ano)].

13) As andlises dos padroes de migracdo dos DENV-3 sugerem que a propagacdo do GI foi
direcionada principalmente para a por¢do maritima do Sudeste Asidtico (Timor Leste, Malésia e

Filipinas) e Sul do Pacifico, onde a maioria dos virus parece ter sido originada da Indonésia.
14) A maioria das linhagens do GII parece ter sido proveniente da Tailandia e permaneceu dentro
de zonas continentais no Sudeste Asidtico (Bangladesh, Mianmar, Singapura, e Vietnd), com

excecdo da Malasia.

15) O GIII atingiu o maior territério dos DENV-3, com circulacdo na Asia, Africa e nas

Américas, parecendo ter sido originado da Asia (Sri Lanka).

16) Os dados de migracdo do GIII sugerem que a introducdo desta linhagem nas Américas tenha

sido pelo México.
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17) O GIII rapidamente foi disseminado nas Américas utilizando vdrias rotas em dire¢do a

América Central, Caribe e América do Sul.

18) Nossa andlise filogeogrifica revelou que a ocorréncia da co-circulacio de diferentes
geno6tipos de DENV-3 em uma tnica localidade é um evento raro. Isto pode ser resultado de um

fluxo genético limitado entre regides geograficas distintas.

19) Um mesmo gendtipo foi observado em paises vizinhos como a Indonésia e Tailandia, onde o

DENV-3 causa epidemias desde a década de 70, causadas pelos GI e GII, respectivamente.

20) Foi observada a co-circulacdo dos GI e GII na Malésia, Tailandia e Indonésia, GII e GIII em
Singapura e GI/GIII em Taiwan. No entanto, a ocorréncia destas co-circulacdes parece ndo ter se

estabelecido.

21) A distancia genética observada entre as amostras brasileiras classificadas como GV (no
periodo de 2002 a 2004) e o virus protétipo isolado nas Filipinas em 1956 foi de 0,3%. Esta
distincia é significativamente baixa considerando a taxa de evolucdo dos DENV-3 (8.7x10™

substituicdes/sitio/ano).
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6. PERSPECTIVAS

No contexto da aplicacio do RT-PCR em tempo real para a quantificagcdo dos virus
dengue, diferentes protocolos precisam ainda ser avaliados e desenvolvidos. Um protocolo que
detecte e quantifique os quatro sorotipos com alta sensibilidade, ainda é um desafio.

Como demonstrado neste estudo, esta abordagem € especialmente Util para correlacionar a
viremia e a gravidade da doenca, o que contribui para as questdes relacionadas a compreensao da
patogenia desta doencga. Nesse sentido, pode-se aplicar este modelo para os DENV-1 e DENV-2
em diferentes epidemias.

Um aspecto interessante serd avaliar a viremia dos DENV por dia de doenca em diferentes
grupos: dengue cldssico e dengue grave, a partir da aplicacdo do RT-PCR em tempo real.

No aprimoramento da técnica de RT-PCR em tempo real, a avaliacio dos sistemas
TagMan e Sybr Green para diminuir os custos da reacdo € outra questao relevante.

Outro estudo importante a ser realizado serd compreender a dindmica de circulagdo dos
DENV no Brasil. Para este fim, torna-se necessario a unido de diferentes grupos de pesquisa do
pais na execu¢do de um projeto multidisciplinar de caracterizacdo genética, inicialmente com o
sequenciamento do gene E.

Como demonstrado neste estudo, o gene E ¢ uma regido informativa. Durante o
desenvolvimento desta tese, foram iniciadas vdrias atividades nesse sentido, primeiro com o
desenho de oligonucleotideos iniciadores para o sequenciamento completo dos DENV1-3
(Tabelas 6.1, 6.2 e 6.3), no treinamento de pesquisadores de outros Estados nas técnicas de
sequenciamento e andlise filogenética dos DENV e no estabelecimento de colabora¢des com
vérios Estados brasileiros.

Como resultado, esperamos em curto prazo, determinar os padrdes de migracdo dos
DENV no Brasil. Em contrapartida, a caracterizacdo genética a partir do sequenciamento
completo do genoma dos DENV abre caminhos para a pesquisa de marcadores genéticos de
viruléncia e outros estudos de evolugao.

A implantacdo e o desenvolvimento de métodos para a pesquisa de novos Flavivirus
circulantes no pais representam um passo importante considerando a circulacdo do virus do Nilo
Ocidental em paises visinhos como a Argentina. O isolamento do virus Sdo Luiz no estado de
Sao Paulo alerta a necessidade da pesquisa deste agente etiologico no Rio de Janeiro e em outros
estados brasileiros. No futuro, a pesquisa de outros virus do género Alphavirus, como o

Chikungunya, também sera de grande importancia.
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Tabela 6.1: Oligonucleotideos para o sequenciamento completo do genoma dos DENV-1, de
acordo com seqiiéncia obtida a partir de um isolado brasileiro (n° acesso no GenBank

AF513110). Os oligos foram desenhados para amplificar ~900pb/regido, com ~200pb de

sobreposicao entre regioes.

Posicao do genoma Produto Tm

Regido | Primer sense A (5’- 3°) Primer antisense B (5°- 3°) (de acordo com (pb) 0O

AF513110) A/B
1 EEAA ((}::l;(i "léAfAGTG GAC g((jlg TAT TCC CAC GCA 6938 93 62/63
5 ég;? ((:J%:F QTG GGA CGT E}ég ggc AAT GTG AGG 660 — 1469 $05 63/63
3 gég ((;}((;: O AACTTTGTG ggg ?IEA TCTGIT CCT 1193 — 1900 707 63/64
4 gé(; ((}}((};2 TCA CAA GAA ig% é:rr"? GCT GCT GAC 1691 — 2539 848 63/63
5 g(A}g é’i’é ?}AA TTC AAG igg "é((}:C CTA GAT GCC 2330 — 3017 885 62/62
6 ¥(A}z Sr}"(F}G ACC ACC GGC gég g(A}g AAG TCC ATC 2050 _ 3842 490 63/62
7 ggg z%gg ((;FT GAT GGC ggg gﬁA CAGTCCTCT 3607 — 4506 896 62/64
8 %g? ((;: ET TOCTEG CAG ¥g£ é?g é(g]G GAA CTC 4431 - 5335 904 63/62
9 %T;g ((I;EA CAAGAGTIO EC(J:CA((J:(%G TCTATT GET 5187 - 6068 881 63/63
10 zi(é i(,i?r AAG GAG AGG g}g %TG TGG AGT GCG 5884 _ 6751 867 62/63
11 ¥(A}$ ((:Jgg ;F}GT TCT TCC igz Sr}éé gTT TCC TGG 6579 _ 7447 568 62/63
1 ggi iz;c GGG ATT GTT %:g (T:gic ATG TTT CCT 268 - 8160 20 3763
13 ggg ?gg Fl%%fT OTGACA ngi(éi%ng ATCAAC 7983 — 8802 819 62/62
14 izéi éic CTT CGG ACA gié 28:1;:1;’1;;1‘ TCC AAC 8608 — 9500 290 62/63
15 ééﬁ ¥8§’ ? ACCOTGAT Eﬂ; %T TCCCGATGA 9325 - 10183 858 | 63/62
16 gch} iéﬁ Z-,éi iGT e gi("jf E%TFGCC TGG AAT 10006 - 10675 669 63/63
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Tabela 6.2: Oligonucleotideos para o sequenciamento completo do genoma dos DENV-2, de
acordo com seqiiéncia obtida a partir de um isolado brasileiro (n° acesso no GenBank

AF489932). Os oligos foram desenhados para amplificar ~900pb/regido, com ~200pb de

sobreposicao entre regioes.

Posicao do genoma Produto Tm

Regido | Primer sense A (5’- 3°) Primer antisense B (5°- 3°) (de acordo com (pb) 0

AF489932) A/B
1 igz (éiA CCG ACA AAG ggCA ,S((}:jc"} ::G GCT 14— 906 290 /64
) g?g ((j:AAG TGG CAC TCG E‘Ei CA((}:G GTA GCC ATG 708 — 1586 $78 62/62
3 ?;F}g (A}gA CTG TCA CGA géﬁ %i’é(é?G CCT GCA 1467 — 2405 638 62/63
4 ggé :IESC CTG GGA GGA é((l}% é’};T GCT CCA GAG 2202 — 3106 004 63/63
5 gég ggé éAA CTC ATG (A}égr} g{:T TGG GAA AGG 2958 — 3800 842 62/62
6 ggi %GT TACCATGAC (A}gg g?g GAT GGTTCA 3656 — 4709 1053 63/63
7 2?2; Z}IFAEC OGCAGCAGE ggCA S&? [S :S GeT 4475 — 5456 981 63/63
8 iég iCA TCA GAA CCG E}gﬁ gg% ECT GTC TGC 5254 _ 6185 031 /62
O |rcaTicctaG | ccacaa 0| vie-eus | 92 | 662
10 (A}gg géT CCT CAC AGT é(é’g %ég TTT TGC TGA 6791 — 7737 046 64/63
11 %;F}é :1;TT GGC CGG AGC %E; ((J;A(;}A TTC CAA TGT 7508 — 8354 846 63/62
12 ?;F}i gé(A} (A}F?((:} CTT TAG igr};l; "(r},ST CCA AGC CAC 2170 — 8994 824 61/63
13 géé :?TC GGC TCG TGA gi? "é(él;}TGG TTT CTG 8825 _ 9746 01 63/63
14 (A}ig é((}}g gé”g AGA AGA i’gé :Frgi CTT GAT CCG 9473 — 10304 431 62/62
15 E}gg g{c ATTGATTGGE gl;g E%TFGCC TGG AAT 10109 - 10662 553 63/63
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Tabela 6.3: Oligonucleotideos para o sequenciamento completo do genoma dos DENV-3, de
acordo com seqiiéncia obtida a partir de um isolado brasileiro (n° acesso no GenBank

AY679147). Os oligos foram desenhados para amplificar ~900pb/regidao, com ~200pb de

sobreposicao entre regioes.

Posicao do genoma Produto Tm

Regido | Primer sense A (5’- 3°) Primer antisense B (5°- 3°) (de acordo com (pb) 0

AY679147) A/B
| |coaccaaca - |aagoar oo | 2o s | o
) g?g ((,‘:CAG TGG CGT TAG g;chg gg}c CTG TTC CAG 707 — 1613 007 62/62
3 ggg %}:g AAT ATG GAA ggi((}}CA CCA CAGCTC 1452 — 2393 041 62/63
4 zgr}g zgé "g;T GAA CTC g”?((j: EéAT GTG CAG GTT 2206 — 3071 865 /64
5 égr}é E}E}é TAG GCT AAT gégx %?A TTC CAT TTG 2050 — 3835 885 62/62
7 ggﬁ gxng AGA GGC TGA ég’i"lfCCCATC TCA GCT 4305 — 5194 436 62/63
8 (A}$é gﬁG CGC AAA CGA gié ETG GCA TTG GTC 5004 _ 5846 842 62/63
9 (A}gé Zg: AAG CCG GAA %Sg géT GTT CTG ACG 5607 — 6463 856 62/63
11 gzé Tré((}} CCA ACC AGG g%g g:l;’g CTT CGT GTC 7020 — 7884 864 62/62
o [RETTERT [GILCORIT | i | on | o
13 i?é gé(T; iGC ACTATG E;CT:E: ?%E g CCTCTTIC 8430 — 9346 916 62/63
14 gﬁi g,l;G GTT GGG ACA gi% éi:l;GAT GGT GAG 9165 — 9954 786 62/63
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7. CONSIDERA COES SOBRE OS ASPECTOS ETICOS

O presente estudo utiliza a casuistica do Centro de Referéncia de Dengue e aprovado pelo

Comité de Etica em Pesquisa-CEP/FIOCRUZ. Protocolo CEP: 274/05 (anexo).
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7. ANEXOS
Neste item estdo incluidos os trabalhos publicados desta tese e os trabalhos publicados

como co-autor.
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Dengue outbreaks have occurred in several regions in Brazil and cocirculating dengue virus type 1 (DENV-1),
DENV-2, and DENV-3 have been frequently observed. Dual infection by DENV-2 and DENV-3 was identified by type-
specific indirect immunofluorescence assay and confirmed by reverse transcription polymerase chain reaction in a
patient in Ceara with a mild disease. This is the first documented case of simultaneous infection with DENV-2 and
DENV-3 in Brazil. Sequencing confirmed DENV-2 and DENV-3 (South-East/American) genotype Il and (SriLanka/

India), genotype Il respectively.
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Dengue is one of the most important arboviral infec-
tions affecting humans, caused by one of the four sero-
types of dengue virus (DENV-1, 2, 3, 4). They belong to
the genus Flavivirus, family Flaviviridae (Gubler 1998).
The prevalence of this disease has grown in recent de-
cades and is now endemic in more than 100 countries in
Africa, the Americas, the Eastern Mediterranean, South-
cast Asia, and the Western Pacific (Chaturvedi et al. 2004).
Since 1986, dengue epidemics have been reported in Bra-
zil, initially involving DENV-1 and after 1990, DENV-2. With
the introduction of DENV- 3 in 2000, three serotypes are
now circulating in Brazil (Nogueira et al. 2005). With the
change in the epidemiological pattern that has occurred
in approximately 30 years, the Americas, and more recently
Brazil, can be considered a hyperendemic region, with
multiple cocirculating serotypes. Since 1986, the state of
Ceara began reporting dengue transmission with epidemic
peaks in 1987, 1990, 1994, and 2001. Only DENV-1 was in
circulation until 1994, when DENV-2 was introduced. This
serotype caused a large epidemic with 47,789 notified
cases, in which 14 deaths have been reported (Souza et al.
1995). In March 2002, DENV-3 was first isolated in Ceara
by the Central Laboratory of Public Heath, thus it became
an area of high endemicity with three cocirculating sero-
types. Interestingly, in spite of the high or hyperendemic-
ity of dengue viruses in some populations, relatively few
cases of double infection have been reported (Gubler et
al. 1985, Laille et al. 1991, Maneekarn et al. 1993, Sisouk et
al. 1995). More recently two cases were reported in Brazil
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involving DENV-1 DENV-2 (Santos et al. 2003). Simulta-
neous infection with DENV-2 and DENV-3 was reported
by Kanesa-Thasan et al. (1994), by Wang et al. (2003)
during an outbreak in Taiwan in 2000, and more recently
by Wenming et al. (2005), who confirmed simultaneous
infection with dengue 2 and 3 viruses in a Chinese patient
returning from Sri Lanka.

A case of concurrent infection due to DENV-2 and
DENV-3 was confirmed during an outbreak of dengue in
the state of Ceara in the Northeastern region of Brazil in
2003. The patient was a 36 year-old male who lived in
Tau4, a town of approximately 52,000 inhabitants, located
337 km far from Fortaleza city, the state capital. The onset
of symptoms started on February 2, with high fever, head-
ache, arthralgia, myalgia, retrobulbar pain, and asthenia.
No hemorrhagic manifestation and no severe signs were
observed, and the patient was fully recovery after one
week. A mild disease, in spite of dual infection, has been
observed by other authors and does not support the hy-
pothesis that double infection with dengue viruses leads
to more severe hemorrhagic disease (Gubler et al. 1985,
Santos et al. 2003). Interestingly, DENV-2 and DENV-3 vi-
ruses have been well documented in severe cases in Bra-
zil (Nogueira et al. 2001, 2005). The serum was obtained
two days after the onset of symptoms and the procedures
for virus isolation and virus identification were performed
using the protocol previously described by Nogueira et
al. (2001) using monoclonal antibodies. Polymerase chain
reaction directly from the serum has been suggested in
order to avoid selection of a dengue serotype during at-
tempts of virus isolation in tissue culture. The present
results show that both serotypes were identified, by the
virus isolation process and by molecular method (Fig. 1).

For RNA extraction the supernatant of C6/36 was ex-
tracted using a QIAmp Viral Mini Kit (Qiagen, US) ac-
cording to the manufacturer’s protocol. Reverse transcrip-
tion (RT-PCR) for detecting and typing DENV in acute
sera and tissue culture fluid were carried out according to
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Fig. 1: M: 100-bp, ladder (Gibco). Lanes - 1: DENV-1 positive
control; 2: DENV-2 positive control; 3: line DENV-3 positive con-
trol; 4: patient serum showing dual infection with DENV-3 and
DENV-2; 5: negative control.

Lanciotti et al. (1992). Primers for sequencing DENV-
2 and DENV-3 were performed according to Rico-Hesse
(1990) and Lanciotti et al. (1994), respectively.

Fig. 1 shows gel exhibiting two bands corresponding
DENV-2 and DENV-3 viruses. Figs 2 and 3 show the phy-
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logenetic analysis of isolates corresponding to DENV-
2 E/NSI (Rico-Hesse 1990) and DENV-3 prM/M/E gene
regions (Lanciotti et al. 1994). The genotypes found cor-
responded to genotype III (South-East/Asia) and geno-
type III (Indian Subcontinent) DENV-2 and DENV-3, re-
spectively.

Vertical transmission is of great epidemiological im-
portance and suggests that vector mosquitoes may play
an important role in the maintenance (Castro et al. 2004) of
virus in the environment and mosquitoes may act as res-
ervoirs of these viruses (Joshi et al. 2006). Laboratory
data demonstrated that the mosquito Aedes aegypti may
be infected with double combinations of different arbovi-
ruses and that it is also capable of transmitting these vi-
ruses simultaneously. According to Wenming et al. (2005)
it is possible to assume that mosquitoes infected with
DENV-2 and DENV-3 may transmit them both in areas
where two or more serotypes of the virus exists, together
with a high prevalence of the vector.

In spite of both serotypes involved in this case can
lead to severe form of dengue in Brazil, a dual infection
did not caused a dengue severe clinical presentation in
this patient. Understanding of the DHF pathogenesis is
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Fig. 2: phylogenetic analysis of 30 dengue viruses type 2 using 240 nucleotides from the E/NSI junction. Representatives of the other
serotypes were used as an out group; 1000 bootstrap replications were used to estimate the reliability of the predicted tree.
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Fig. 3: phylogenetic analysis of 35 dengue viruses type 3 using 1976 nucleotides from the E gene. Representative of the other serotypes
were used as an out group; 1000 bootstrap replications were used to estimate the reliability of the predicted tree.

not complete so far and two distinct hypotheses to ex-
plain the mechanism of DHF have been suggested. Im-
mune responses and viral virulence have been consid-
ered as two major factors responsible for the pathogen-
esis (Kurane 2001). Serological tests showed a primary
infection in this case; therefore it is plausible to admit that
this case should be classified as dengue fever, which rep-
resents the majority of dengue infection.

This is the first documented case of dual infection
with DENV-2 and DENV-3 in Brazil.

REFERENCES

Castro MG, Nogueira RM, Schatzmayr HG, Miagostovich MP,
Lourengo-de-Oliveira R 2004. Dengue virus detection by

using reverse transcription-polymerase chain reaction in sa-
liva and progeny of experimentally infected Aedes albopictus
from Brazil. Mem Inst Oswaldo Cruz 99: 809-814.

Chaturvedi UC, Shrivastava R. Dengue haemorrhagic fever: a
global challenge 2004. Indian J Med Microbiol 22: 5-6.

Gubler DJ 1998. Dengue and dengue hemorrhagic fever. Clin
Microbiol Rev 11: 480-496.

Gubler DJ, Kuno G, Sather GE, Waterman SH 1985. A case of
natural concurrent human infection with two dengue vi-
ruses. Amer J Trop Med Hyg 34: 170-173.

Joshi V, Sharma RC, Sharma Y, Adha S, Sharma K, Singh H,
Purohit A, Singhi M 2006. Importance of socioeconomic sta-
tus and tree holes in distribution of Aedes mosquitoes (Diptera:



928  Concurrent infection of DENV-2 and DENV-3 ¢ Fernanda Montenegro de Carvalho Aratijo et al.

Culicidae) in Jodhpur, Rajasthan, India. J Med Entomol 43:
330-336.

Kanesa-Thasan N, lacono-Connors L, Magill A, Smoak B, Vaughn
D, Dubois D, Burrous J, Hoke C 1994. Dengue serotypes 2
and 3 in US forces in Somalia. Lancet 343: 678.

Kurane I, Takasaki T 2001. Dengue fever and dengue haemor-
rhagic fever: challenges of controlling an enemy still at large.
Rev Med Virol 11: 301-11.

Laille M, Deubel V, Saint-Marie FF 1991. Demonstration of con-
current dengue 1 and dengue 3 infection in six patients by
polymerase chain reaction. J Med Virol 34: 51-54.

Lanciotti RS, Calisher CH, Gubler DJ, Chang GJ, Vordam AV
1992. Rapid detection and typing of dengue viruses from clini-
cal samples by using reverse transcriptase-polymerase chain
reaction. J Clin Microbiol 30: 545-551.

Lanciotti RS, Lewis JG, Gubler DJ, Trent DW 1994. Molecular
evolution and epidemiology of dengue-3 viruses. J Gen Virol
75:65-75.

Maneekarn N, Morita K, Tanaka M, Igarashi A, Usawattanakul
W, Sirisanthana V, Innis BL, Sittisombut N, Nisalak A,
Nimmanitya S 1993. Applications of polymerase chain reac-
tion for identification of dengue viruses isolated from patient
sera. Microbiol Immunol 37: 41-47.

Nogueira RMR, Miagostovich MP, Filippis AMB, Pereira MAS,
Schatzmayr HG 2001. Dengue type 3 in Rio de Janeiro,
Brazil. Mem Inst Oswaldo Cruz 96: 925-926.

Nogueira RM, Schatzmayr HG, Filippis AMB, dos Santos FB,
Cunha RV, Coelho JO, Souza LJ, Guimaraes FR, Aratijo ESM,
De Simone TS, Baran M, Teixeira Jr G, Miagostovich MP
2005. Dengue virus type 3, Brazil, 2002. Emerg Infect Dis
11:1376-1381.

Rico-Hesse R 1990. Molecular evolution and distribution of den-
gue viruses type 1 and 2 in nature. Virology 174: 479-493.

Santos CLS, Bastos MAA, Sallum MAM, Rocco IM 2003. Mo-
lecular characterization of dengue viruses type 1 and 2 iso-
lated from a concurrent human infection. Rev Inst Med Trop
Sdo Paulo 45: 11-16.

Sisouk T, Kanemura K, Saito M, Phommasack B, Makino Y,
Arakaki S, Fukunaga T, Insisiengmay S 1995. Virological
study on dengue epidemic in Vientiane municipality, Lao PDR,
1994. Jap J Trop Med Hyg 23: 121-125.

Souza RV, da Cunha RV, Miagostovich MP, Timbo MJ,
Montenegro F, Pessoa ET, Nogueira RM, Schatzmayr HG
1995. An outbreak of dengue in the state of Ceara, Brazil.
Mem Inst Oswaldo Cruz 90: 345-346.

Wang WK, Chao DY, Lin SR, King CC, Chang, SC 2003. Con-
current infections by two dengue virus serotypes among den-
gue patients in Taiwan. J Microbiol Immunol Infect 36: 89-
95.

Wenming P, Man Y, Baochang F, Yongqiang D, Tao J, Hongyuan
D, Ede Q 2005. Simultaneous infection with dengue 2 and 3
viruses in a Chinese patient return from Sri Lanka. J Clin
Virol 32: 194-198.



Informe especial / Special report

Dengue viruses in Brazil, 1986—-2006

Rita Maria Ribeiro Nogueira," Josélio Maria Galvao de Aratjo,’

and Hermann Gongalves Schatzmayr?

Suggested citation

Nogueira RMR, Araujo JMG, Schatzmayr HG. Dengue viruses in Brazil, 1986-2006. Rev Panam Salud
Publica. 2007;22(5):358-63.

ABSTRACT

Key words

A total of 4 243 049 dengue cases have been reported in Brazil between 1981 and 2006, in-
cluding 5 817 cases of dengue hemorrhagic fever/dengue shock syndrome (DHF/DSS) and a
total of 338 fatal cases. Although all Brazilian regions have been affected, the Northeast and
Southeast regions have registered the highest number of notifications. DENV-1 and DENV-4
were isolated for the first time in the Amazon region of Brazil in 1981 and 1982. The disease
became a nationwide public health problem following outbreaks of DENV-1 and DENV-2 in
the state of Rio de Janeiro in 1986 and 1990, respectively. The introduction of DENV-3 in
2000, also in the state of Rio de Janeiro, led to a severe epidemic with 288 245 reported dengue
cases, including 91 deaths. Virus strains that were typed during the 2002 epidemic show that
DENV-3 has displaced other dengue virus serotypes and entered new areas, a finding that
warrants closer evaluation.

Unusual clinical symptoms, including central nervous system involvement, have been ob-
served in dengue patients in at least three regions of the country.

Dengue, dengue/epidemiology, dengue virus/classification, diagnosis, genome,

Brazil.

The high level of dengue virus activ-
ity on the American continent and the
reinfestation of Brazil by the Aedes ae-
gypti vector in 1977 contributed to the
reintroduction of the dengue viruses
(DENV) into Brazil in the 1980s (1, 2).
Since that time, more than 60% of the
reported cases of dengue in the Region
of the Americas have occurred in
Brazil (Figure 1). In this article, we de-
scribe the introduction of dengue
viruses in Brazil, the virus strains, and
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spread of the disease to different re-
gions of the country.

A dengue outbreak caused by the
DENV-1 and DENV-4 viruses (1981—
1982) occurred in the city of Boa Vista,
in the state of Roraima, in the Amazon
region close to the Venezuelan border
(3). This outbreak was contained by
local vector control measures and no
dengue activity was reported for the
next four years in Brazil. It was only
after 1986, with the DENV-1 virus in-
troduction into the state of Rio de
Janeiro (4), that dengue infections be-
came a nationwide public health prob-
lem. Difficulties implementing effec-
tive vector control programs in large

urban communities resulted in the
rapid spread of the virus and explo-
sive virgin soil epidemics in several
states. The situation was aggravated in
1990 by the introduction of DENV-2
virus, also into the state of Rio de
Janeiro (5). With its subsequent spread
to other regions of the country, there
were more severe clinical presenta-
tions and the first fatal cases due to
secondary infections.

Absent from the Americas for al-
most 15 years, DENV-3 was reintro-
duced in 1994 (6), reaching Brazil by
2000 where it caused a widespread
and severe dengue epidemic in the
summer of 2001-2002 (7-9).
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FIGURE 1. Reported dengue cases in Brazil and the Region of the Americas, 1995-2006
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Note: Figures were compiled from information provided by the Ministry of Health, Brazil (available at http://portal.saude.gov.br/portal/arquivos/pdf) and the PAHO Health Surveillance and Dis-
ease Management Web site (available at: http://www.paho.org/english/ad/dpc/cd/dengue.htm).

The three dengue virus serotypes
spread successively throughout the
country and by the end of 2006, 25 of
the 27 Brazilian states had reported
dengue epidemics. A total of 4 243 049
reported cases in the last 20 years in
Brazil were caused by DENV-1,
DENV-2, and DENV-3 circulation (10).

Dengue in the State of
Rio de Janeiro

The state of Rio de Janeiro was the
site of the introduction and dissemina-
tion of DENV-3, a new serotype in the
country, as well as DENV-1 and
DENV-2, making it obvious that this
area is important for dengue epidemi-
ology in Brazil. As an important
tourist center with high levels of Ae.
aegypti infestation, the area merits
close attention in terms of entry of
dengue viruses into Brazil.

Dengue infection was first con-
firmed in the state of Rio de Janeiro by
the Flavivirus Laboratory at the Os-
waldo Cruz Institute in April 1986.
The DENV-1 virus was isolated from
patients presenting with exanthematic

disease during an explosive epidemic
in the municipality of Nova Iguacgu (4).
This municipality belongs to the
Greater Metropolitan Area of the state,
which includes the capital Rio de
Janeiro and 20 other municipalities,
and has a population of over 11 mil-
lion out of the state’s 14.7 million total.
Nova Iguacu is located about 25 km
from downtown Rio de Janeiro, with a
large population that commutes daily
to surrounding areas. This heavy cir-
culation of people facilitated the rapid
spread of dengue virus to susceptible
populations, causing an epidemic of
approximately 92 000 cases reported
during the 1986-1987 period (11). The
infections were clinically characterized
as classic dengue fever. The only fatal-
ity reported as a result of this episode
was that of a young patient.

From Rio de Janeiro, the virus spread
rapidly along the coast to different
states, all previously infested with the
vector. Epidemics in these areas pre-
sented similar characteristics to that of
Rio de Janeiro: only DENV-1 was in-
volved and no severe cases of dengue
hemorrhagic fever (DHF) or dengue
shock syndrome (DSS) were reported.
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By April 1990, an active surveillance
program established by the munici-
pality of Niterdi in the Rio de Janeiro
Greater Metropolitan Area allowed
for early identification of DENV-2 dur-
ing a period of high DENV-1 virus ac-
tivity, exactly four years after the first
DENV-1 strain isolations. The epi-
demic in 1990-1991 presented two
waves and a significantly higher pro-
portion of patients with thrombocy-
topenia and clinical presentations re-
quiring hospitalization were seen in
the period when DENV-2 was pre-
dominant (5).

Both the DENV-1 and DENV-2
viruses were isolated during an epi-
demic recognized in 1995-1996, with
a total of 51465 reported cases of
dengue fever. In January 1998 a new
epidemic occurred in the Paraiba river
valley, in the western part of the state
of Rio de Janeiro and quickly spread to
other municipalities, including an im-
portant tourist area on the northern
coast (11). DENV-2 spread from Rio de
Janeiro to different parts of the coun-
try, showing more severe clinical pre-
sentations in comparison with the pre-
vious DENV-1 outbreaks.
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Because of the epidemiological im-
portance of the state of Rio de Janeiro,
a virological surveillance program was
mounted in the city of Nova Iguagu
over the years, including during peri-
ods between epidemics. This made it
possible to isolate a strain of the
DENV-3 virus in 2000 from a case of
classic dengue fever as well as from
the vector Ae. aegypti collected in the
field (7, 8, 12).

DENV-3 virus introduction in-
creased the number of reported cases
to 69 269 in 2001 and during the sum-
mer of 2002, DENV-3 caused the most
severe epidemic so far observed in the
state of Rio de Janeiro (8, 9). The num-
ber of cases in 2001-2002 exceeded the
epidemic of 1990-1991, when about
100 000 cases with 462 DHF/DSS cases
and 8 deaths were reported. In the
DENV-3 epidemic in the summer of
2002, a total of 288 245 cases were re-
ported, with 1 831 cases of DHF/DSS
and 91 deaths, corresponding to 1 735
reported cases per 100 000 inhabitants
(9). The highest notification of cases
was in the Greater Metropolitan Area
of the state.

Laboratory studies carried out in
2000/2001 on 1 478 reported dengue
cases confirmed a 54.5% infection rate
by serology and/or virus isolation and
polymerase chain reaction (RT-PCR)
(8). Three DENV-1, one DENV-2, and
320 DENV-3 strains were detected, re-
vealing that DENV-3 represented
98.7% of the circulating viruses during
the 2002 epidemic in the state of Rio de
Janeiro. Forty fatal cases were con-
firmed for DENV-3 by our institution
and at least two different laboratory
methodologies were used on 20 of
these cases. DENV-3 was the only
serotype detected in these fatal cases
and virtually all of them were primary
infections by DENV-3 (9).

Dengue viruses in other Brazilian
states

The southeastern and northeastern
regions of Brazil have been the most
affected by dengue infections, with
epidemics occurring almost yearly. In
the southeastern region, besides Rio
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de Janeiro, the states of Minas Gerais
and Espirito Santo have reported epi-
demics in both the state capitals and
inland municipalities. In the state of
Sao Paulo, dengue virus activity was
mainly observed in inland municipali-
ties, with some severe epidemics and
sporadic activity in coastal locations.

The northeastern region, an impor-
tant tourist area comprising seven
states along the coast, has suffered
successive dengue epidemics and was
responsible for the highest number of
dengue notifications during the late
1990s. In 1994, the state of Ceara re-
ported an epidemic with 47 889 cases,
including 25 cases of DHF and 12
deaths. An increase in DHF was ob-
served in 2003, when 23 796 dengue
cases were reported, including 291
DHF cases and 20 deaths. This sce-
nario was also observed in 2005 with
22 817 cases reported, including 195
DHEF cases and 20 deaths (13-16).

The midwestern region, which in-
cludes the Federal District and the na-
tion’s capital Brasilia, confirmed
DENV-1 circulation in 1990. In 1995
DENV-2 was isolated and one case of
dual infection was reported (17).

Dengue epidemics caused by
DENV-2 occurred in the state of To-
cantins in 1991 (18) and in the state of
Para in 1995 (19), both in Brazil’s
northern region. The state of Roraima
confirmed dengue activity in 1996, 14
years after the first outbreak occurred
in that area. In 1998, the state of Ama-
zonas reported a dengue epidemic
with 23 910 cases. In 2001, all the states
in the Amazonas region had epi-
demics of different magnitudes (10),
including Acre and Amapd, confirm-
ing the expansion of Ae. aegypti in the
Amazon basin.

In the southern region, the state of
Parana is the only one that has re-
ported dengue since 1995. No au-
tochthonous cases were reported in
2006 in the states of Santa Catarina or
Rio Grande do Sul (10).

It should be emphasized that, ac-
cording to available epidemiological
data, dengue infections in the country
are found in all age groups in the pe-
riod studied, with no predominance in
children.

Nogueira et al. ® Dengue viruses in Brazil

Genetic characterization of
dengue viruses

The co-circulation of DENV-1 and
DENV-2 in Brazil began in 1990 with
the subsequent appearance of DHF/
DSS and fatal cases (Figure 2). This oc-
curred initially in Rio de Janeiro and
later in other states (5, 20-22). An in-
crease in the number of more severe
cases in Brazil, similar to other coun-
tries of the Americas, coincided with
the introduction of the DENV-2 South-
east Asian genotype into the conti-
nent (23).

Analysis by genome sequencing per-
formed on DENV-1 and DENV-2 iso-
lated in Brazil identified genotypes
from the Americas and Southeast Asia
of DENV-1 and DENV-2, respectively
(24-26). The complete nucleotide se-
quence analysis in our laboratory of
one Brazilian DENV-2 isolated in 1998
confirmed that the Southeast Asian
genotype Il is circulating in Brazil (27).

The DENV-3 genotype introduced
into the continent has been associated
with major DHF/DSS epidemics in
Sri Lanka and India and with DHE/
DSS cases and deaths in Mexico and
Central American countries (28, 29).
DENV-3 strains isolated in Rio de
Janeiro in 2000, 2001, 2002, and 2003
have been sequenced by our group
and in one strain the complete genome
was detailed (GenBank accession no.
AY679147), confirming that this strain
corresponds to genotype III of the In-
dian subcontinent (30-32).

The data on dengue strain typing
after introduction of DENV-3 show
that this genotype dislodged other
serotypes when first introduced into
the area, showing its high infection ca-
pacity in both humans and vectors.
These data however, need more care-
ful evaluation and comparison with
epidemiological data from other coun-
tries in the Region of the Americas.

Clinical symptoms

Besides the usual symptoms of
dengue observed in the cases of DHF/
DSS, unusual manifestations involv-
ing the central nervous system were

Rev Panam Salud Publica/Pan Am | Public Health 22(5), 2007
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FIGURE 2: Number of DHF/DSS cases and deaths resulting from dengue infections reported in Brazil, 1990-2006
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reported during the 1986-1987 epi-
demic in Rio de Janeiro and later in
different states, including one case in
which the dengue antigen was de-
tected in neuronal cells by immuno-
histochemistry (33-36). Neurological
manifestations in 41 patients were re-
ported in the state of Pernambuco be-
tween March and July 1997 and Febru-
ary and May 2002. The brain was
involved in 5 of 7 of these cases in 1997
and 20 of 34 cases in 2002; the spinal
cord was involved in 2 of 34 cases in
2002; peripheral nerves were involved
in 2 of 7 cases in 1997 and 12 of 34
cases in 2002. Cerebral hemorrhage
and acute disseminated encephalo-
myelitis were also diagnosed (16, 37).

In the state of Rondonia, acute en-
cephalomyelitis was observed in 51
patients presenting signs and symp-
toms of dengue from November 2004
to March 2005. Anti-dengue IgM anti-
bodies were detected in sera, and one
patient, in whom the RT-PCR test de-
tected DENV-3, presented IgM in cere-
brospinal fluid (38, 39).

Dengue cases with high levels of
serum aminotransferases have also
been observed. Yellow fever infections

were occasionally suspected but not
confirmed by epidemiologic investiga-
tions and laboratory results.

During the DENV-3 epidemic in Rio
de Janeiro in 2002, viral RNA was de-
tected in the cerebrospinal fluid, liver,
brain, lung, spleen, and kidneys of
fatal cases by RT-PCR (9).

CONCLUSIONS

Dengue virus activity in Brazil dur-
ing the past 20 years is demonstrated
by the high number of reported cases
and states involved in epidemics. The
co-circulation of three dengue sero-
types is responsible for the increased
occurrence of severe forms of the dis-
ease, such as DHF/DSS.

The presence of Ae. aegypti in about
80% of the country and the difficulties
of implementing successful vector
control are well-known in Brazil and
in many other countries in the region.
Barriers to adequate vector control in-
clude poor urban planning, demo-
graphic pressure, and the shortage of
vector surveillance and personnel able
to cover huge geographic areas.
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While vector control continues to be
difficult, progress has been made in no-
tification of dengue outbreaks in Brazil.
A network of laboratories that are capa-
ble of diagnosing dengue infections has
been established in all states of Brazil,
under the supervision of Reference Lab-
oratories at the regional level.

Considering the widespread pres-
ence of the disease vector and the lack
of a vaccine to prevent dengue infec-
tions, constant improvement in the
rapid identification and correct clinical
management of dengue cases by
health services is crucial in order to re-
duce the impact of the disease and the
number of fatal cases.
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Special report

RESUMEN

Virus del dengue en Brasil,
1986-2006

Palabras clave

En Brasil se han notificado 4 243 049 casos de dengue entre 1981 y 2006, de ellos 5 817
casos de dengue hemorragico/sindrome de choque por dengue (DH/SCD) y un total
de 338 casos mortales. A pesar de que la enfermedad ha afectado a todas las regiones
brasilefias, el mayor nimero de casos se ha notificado en las regiones nororiental y su-
roriental. Los virus del dengue (DENV) 1 y 4 se aislaron por primera vez en la regién
amazodnica de Brasil en 1981 y 1982. La enfermedad se convirtié en un problema na-
cional de salud publica después de los brotes de DENV-1y DENV-2 en el Estado de
Rio de Janeiro en 1986 y 1990, respectivamente. La introduccién del DENV-3 en 2000,
también en el Estado de Rio de Janeiro, llevé a una grave epidemia con 288 245 casos
notificados de dengue y 91 muertes. Las cepas del virus identificadas durante la epi-
demia de 2002 demostraron que el DENV-3 ha desplazado a los otros serotipos y se
ha expandido a nuevas zonas, algo que merece una evaluacién mas profunda. En los
pacientes con dengue de al menos tres regiones del pais se han observado sintomas
clinicos atipicos, entre ellos alteraciones del sistema nervioso central.

Dengue, dengue/epidemiologia, virus del dengue, diagnéstico, genoma viral, Brasil.
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ASPECTS OF DENGUE
VIRUS INFECTIONS IN
BRAZIL 1986-2007

ABSTRACT

Dengue infections were reported and confirmed for the first
time at laboratory level, in the northern Region of Brazil in 1981-
1982. DENV-1 and DENV-4 were isolated in this outbreak, which
was controlled by vector reduction. However following the reinfestation
of the American Region by the vector Aedes aegypti, the disease
spread nationwide after the epidemics that occurred in the state of
Rio de Janeiro caused by DENV-1, DENV-2 and DENV-3 in 1986,
1990 and 2000, respectively. The introduction of DENV-3 led to a
severe epidemic in 2002, with 288,245 reported dengue cases, in-
cluding 91 deaths, mostly primary infections. A total of 4,243,049
dengue cases were reported in Brazil up to 20086, including 5,817
cases of DHF/DSS and a total of 338 fatal cases. Provisional data
for 2007, collected by December, show about 500,000 reported cases,
with 1,076 cases of dengue hemorrhagic fever and 121 deaths. Data on
the typing of isolated dengue virus strains after 2002, show that DENV-
3 has been able to dislodge the other dengue virus serotypes entering
new areas, confirming a high infection capacity in both humans and vec-
tors. DENV-3 predominate until 2005 but later DENV-1 and DENV-2
returned in different parts of the country. Non usual clinical symptoms,
like central nervous system involvement have been observed as well
as an increasing number of small children among the patients.
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dengue viruses (DENV) in the 1980’s (Pinheiro &
Korber 1997, Gubler 1992). Indeed the country has
been responsible in last decades for more than
60% of the total reported cases of dengue in the
Americas (Figure 1).

INTRODUCTION

Dengue virus activity on the American conti-
nent and the reinfestation of Brazil by Aedes aegypti
around 1977, contributed to the reintroduction of the
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Source: http://www.paho.org/english/ad/dpc/cd/dengue.htm and Ministry of Health, Brazil
Figure 1: Reported dengue cases in Brazil and Americas




The dengue outbreak due to DENV-1 and
DENV-4 viruses (1981-1982) occurred in the city
of Boa Vista, in the state of Roraima, close to the
Venezuelan border (Osanai et al. 1993).The epi-
sode was controlled by local measures of vector
control and no dengue activity was reported during
the following four years in the country. However after
1986, with the DENV-1 virus introduction into the
state of Rio de Janeiro, dengue infections became
a nationwide public health problem (Schatzmayr et
al. 1986). Poor vector control programs in urban
communities resulted in the rapid spread of the vi-
rus and consequently the occurrence of explosive
epidemics in several states. In 1990 after the intro-
duction of DENV-2 virus, also into the state of Rio
de Janeiro (Nogueira et al. 1993a) and its subse-
quent spread to other regions of the country, more
severe clinical presentations and fatal cases were
detected (Ministry of Health 2007).

The distribution of the dengue hemorrhagic cases
and fatal cases (Figure 2) show a peak in 2002,
due to the outbreak in Rio de Janeiro and an in-
creasing number of cases in the last years 2 years,
reflecting a tendency of dengue to become an en-
demic disease in many parts of the country.

Dengue and the state of Rio de Janeiro.

Dengue infections were first confirmed in the
area by our laboratory in April 1986, during an ex-
plosive epidemic of an exanthematic disease caused
only by DENV-1, in the municipality of Nova Iguacu
(Schatzmayr et al. 1986), which belongs to the
Greater Metropolitan area of the state, with about
11 mi population, including the city of Rio de Janeiro.
Nova Iguacu is located about 25 km from Rio de
Janeiro downtown, with a large population which
commutes daily to surrounding areas. In the epi-
demic DENV-1 spread quickly in the susceptible
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Source: Ministry of Health, Brazil.

Figure 2: Number of DHF/DSS cases and deaths reported in Brazil, 1990 / 2007

DENV-3 was reintroduced into the continent
in 1994 (Anonimous 1995), reaching Brazil by 2000
when it caused a severe dengue epidemic in Rio de
Janeiro city, in summer 2001-2002 (Nogueira et al.
2001, DeSimone et al. 2004, Nogueira et al. 2002).

The Rio de Janeiro area, as an important tour-
ist center with high levels of Ae. aegyptiinfestation,
has a crucial importance regarding the entry of den-
gue viruses into Brazil. For this reason the area will
be more closely analyzed.

The dengue virus serotypes spread succes-
sively throughout the country and Brazil was respon-
sible for about 60% of dengue cases reported in
the Americas in the last decade. By the end 2007,
all Brazilian states had reported dengue epidemics
or isolated cases, with a total of about 4,800,000
cases in the last 20 years, caused by DENV-1,
DENV-2 and DENV-3 (Ministry of Health 2007).

population, causing an epidemic of approximately
92,000 cases, reported during the 1986-1987
period (Miagostovich et al. 1993) but only one fatal
case was confirmed.

Causing infections clinically characterized as
dengue classical fever, the virus spread rapidly
along the Atlantic coast to different states, all
infested with the vector. Epidemics in these areas
present similar characteristics to the epidemic in
Rio de Janeiro with only DENV-1 involved and very
few severe cases.

By April 1990 DENV-2 was identified at Rio
de Janeiro during a period of high DENV-1 virus ac-
tivity, exactly four years after the first DENV-1 strain
isolations. The new epidemic 1990-1991 presented
two waves and show a higher proportion of patients
with thrombocytopenia and clinical presentations re-
quiring hospitalization (Nogueira et al. 1993).




DENV-1 and DENV-2 were isolated during a
new epidemic recognized in 1995-1996, with a to-
tal of 51,465 reported cases of dengue fever. By
January 1998 a new epidemic occurred in the
Paraiba river valley, in the western part of the state,
expanding also to an important tourist area on the
northern coast (Nogueira et al. 1993). DENV-2 also
spread from Rio de Janeiro to different regions of
the country, showing more severe clinical presen-
tations, when compared with previous DENV-1
outbreaks.

Avirological surveillance program established
by our group in Nova lguacu city along the years,
resulted in the isolation of a strain of the DENV-3
virus in 2000, from a case of classical dengue fever
and also from the vector Aedes aegypticollected in
the field (Nogueira et al. 2001, Lourengo-de-Oliveira
et al. 2002). DENV-3 virus introduction increased
the number of reported cases to 69,269 in 2001 and
during the summer of 2002 occur the most severe
epidemic so far observed in the state of Rio de
Janeiro (De Simone et al. 2004). The number of
cases exceeded the epidemic of 1990-1991, when
about 100,000 cases with 462 DHF/DSS cases and
8 deaths were reported. In the DENV-3 epidemic
in summer 2002, a total of 288,245 cases were re-
ported, with 1,831 cases of DHF/DSS and 91
deaths, corresponding to 1,735 reported cases per
100,000 inhabitants (Nogueira et al. 2005).

Three DENV-1, one DENV-2 and 320 DENV-
3 strains were detected, revealing that this new se-
rotype represented 98.7% of the circulating viruses
during the 2002 epidemic. Forty fatal cases were
confirmed by our group and DENV-3 was the only
serotype detected in these cases. Virtually all fatal
cases were primary infections by DENV-3 (Nogueira
et al. 2005).

In the last years, an increase in the numbers
of children as dengue patients have observed in-
cluding severe and fatal cases and these data de-
serve a closer evaluation.

The dengue situation in other regions
of Brazil.

The northeastern region of Brazil, an impor-
tant tourist area along the Atlantic coast, has suf-
fered successive dengue epidemics and it was re-
sponsible for the highest number of dengue notifi-
cations during the later 1990°s. The state of Ceara

in 1994 reported an epidemic with about 50,000
cases, including 25 cases of DHF and 12 deaths.
An increase in DHF was observed in 2003, with
23,796 reported dengue cases, including 291 DHF
and 20 deaths. This scenario was also observed in
2005 with 22,817 cases, 195 DHF cases and 20
deaths (Nogueira et al. 1995, Cunha et al. 1998,
Cunha et al. 1999, Cordeiro 1997).

In the southeastern region, besides Rio de
Janeiro, the states of Minas Gerais S&o Paulo and
Espirito Santo also reported epidemics. In the state
of Sao Paulo, dengue virus activity was mainly ob-
served in inland municipalities, with some severe
epidemics and sporadic activity in coastal localities.

The midwestern region, including the Federal
District, confirmed DENV-1 circulation in 1990. In
1995 DENV-2 was isolated and one case of dual
infection was reported (Rocco et al. 1998).

A dengue epidemic caused by DENV-2 oc-
curred in the state of Tocantins in 1991 (Vascon-
cellos et al. 1993) and in the state of Para in 1995
(Travassos da Rosa et al. 2000). Dengue activity
was confirmed in 1996 in the state of Roraima, fif-
teen years after the first outbreak occurred in 1981.
In 1998, the state of Amazonas reported a dengue
epidemic with 23,910 cases. In 2001 all states in
the region were involved in epidemics of variable
magnitudes (Ministry of Health 2007), including Acre
and Amapa, confirming the expansion of Ae. aegypti
in the Amazon valley.

In the southern region, the state of Parana
has reported dengue since 1995. No autochthonous
cases were reported up to the end of 2006 in the
states of Santa Catarina and Rio Grande do Sul
but in 2007 dengue epidemics were confirmed in
the last state as well as non-epidemic cases in Santa
Catarina (Ministry of Health 2007). This new data
confirm that dengue infections are now present in
all country.

The cocirculation of DENV-1 and DENV-2 in
Brazil began in 1990 with the subsequent appear-
ance of DHF/DSS and fatal cases (Figure 2), ini-
tially in Rio de Janeiro and later in other states
(Zagne et al. 1994, Souza et al. 1995,Vasconcellos
et al. 1994). The number of more severe cases in
Brazil increases, similarly to other countries of the
Americas and was coincident with the introduction
of the DENV-2 southeast Asian genotype into the
Americas (Rico-Hesse 1997).




Genome sequencing performed on DENV-1
and DENV-2 isolated in Brazil, identified the Carib-
bean and the Southeast Asian genotypes of DENV-
1 and DENV-2, respectively (Rico-Hesse 1990,
Deubel et al 1993, Miagostovich et al. 1998). Qur
laboratory carried on the complete nucleotide se-
quence analysis in of one Brazilian DENV-2 iso-
lated in 1998 and confirmed that this genotype is
the one circulating in Brazil (Santos et al. 2002).

Major DHF/DSS epidemics in Sri Lanka and
India and with DHF/DSS cases and deaths in Mexico
and Central American countries the DENV-3 has been
associated with the DENV-3 genotype introduced into
our continent (Lanciotti et al. 1994, Figueroa & Ramos
2000). The DENV-3 strains isolated in Rio de Janeiro
in 2000, 2001, 2002 and 2003 have been also se-
quenced by our group and in one of them the com-
plete genome was detailed (GenBank accession no.
AY679147), confirming that this strain corresponds
to the genotype Il of the Indian subcontinent
(Miagostovich et al. 2000, Miagostovich & Nogueira
2004, Miagostovich et al. 2006).

AR, st ot e Ut e ) Uetig ue Sirdm
typing after introduction of this genotype, has been
able to dislodge the other serotypes when first in-
troduced into an area. However a more careful
evaluation of these data is still needed.

Involvement of the central nervous system
in dengue cases were first reported during the
1986-1987 epidemic in Rio de Janeiro and later in
different states, including one case when dengue
antigen was detected in neuronal cells by immu-
nohistochemistry (Chimelli et al. 1990, Vasconcelos
et al. 1998, Miagostovich et al. 1997, Nogueira et
al. 2002). In 41 patients neurological manifesta-
tions were reported in the state of Pernambuco
between March and July 1997 and February and
May 2002. The anatomical regions involved were
the brain, the spinal cord and peripheral nerves.
Cerebral hemorrhage and acute disseminated
encephalomyelitis were also diagnosed (Cordeiro
1997, Ferreira et al. 2005).

Acute encephalomyelitis was observed in 51
patients in the state of Rondonia, presenting signs
and symptoms of dengue from November 2004 to
March 2005. IgM antibodies were detected in sera
and one patient presented IgM in cerebrospinal
fluid in whom the RT-PCR test detected DENV-3;
the same serotype was isolated from the blood
(Ministry of Health 2005, Silva Junior & Pimenta
Junior 2007).

High levels of serum aminotransferases in
dengue cases have also been observed in dif-
ferent areas.

In the DENV-3 epidemic in Rio de Janeiro,
viral RNA was detected by RT-PCR in the cere-
brospinal fluid, liver, brain, lung, spleen and kidneys
of fatal cases (Nogueira et al. 2005).

Dengue virus activity in Brazil during the past
20 years reaches by December 2007, all states of
the country. The circulation of three dengue sero-
types is certainly responsible for the increased oc-
currence of more severe forms of the disease. The
new data on the increase of children in the dengue
patients, at least in the state of Rio de Janeiro,
brought the concept that dengue should be already
considered an important paediatric disease, which
may become of increasing importance in the next
future, following the Asian patterns.

The well known difficulties of implementing
successful vector control, due to poor urbanization
planning, lack of personnel for vector surveillance
in huge geographic areas and demographic pres-
sira hava hean ahsanvasiind'b revoutiny, vuridode
ing to the presence of Ae. aegypti in about 80% of
our municipalities.

It should pointed out that a network of labora-
tories, capable of diagnosing dengue infections has
been implemented in all states, which has been re-
sponsible for confirmation of cases in support to the
epidemiological surveillance.

The constant improvement of the medical
services aiming a rapid and correct handling of den-
gue cases seems crucial to our country at moment,
in order to reduce the impact of the disease and the
number of fatal cases.
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Summary We examined levels of dengue virus type 3 (DENV-3) RNA in association with the
type of infection (primary or secondary) in 42 patients with fatal and non-fatal outcomes in
Rio de Janeiro, Brazil, 2002. Subjects with fatal outcomes had mean virus titers significantly
higher than those who survived (12.5 vs. 7.9 logio RNA copies/ml). Because primary infections
were confirmed among the fatal cases (52.1%), antibody-dependent enhancement alone did not
explain all the cases of severe disease in this study population. These findings suggest that high
levels of DENV-3 may have contributed to the severe form of dengue in Rio de Janeiro, 2002.

© 2009 Royal Society of Tropical Medicine and Hygiene. Published by Elsevier Ltd. All rights

reserved.

1. Introduction

The pathogenesis of dengue hemorrhagic fever (DHF) and
dengue shock syndrome (DSS) has been one of the major
issues in dengue virus research. Among the risk factors
reported for DHF and DSS, viral strain and host immune
status have been identified as key.'"3 Based on the obser-
vation that individuals experiencing secondary infection
had a higher probability of developing DHF and/or DSS,
the immune hypothesis states that cross-reactive, non-

* Corresponding author. Tel.: +55 21 2562 1707;
fax: +55 21 2562 1779.
E-mail address: joselio@ioc.fiocruz.br (J.M.G. de Araljo).

neutralizing antibodies from previous infection may enhance
dengue virus infection.? As different dengue viral strains
have been associated with outbreaks of very mild or very
severe disease, the viral hypothesis contends that severe
dengue disease is the result of infection with a more virulent
strain.’* For these reasons, we examined levels of dengue
virus RNA and the type of infection (primary or secondary)
in patients with fatal and non-fatal outcomes in 2002 during
a severe DENV-3 epidemic in the State of Rio de Janeiro,
Brazil.

2. Materials and methods

The human serum specimens examined in this study were
obtained from 42 patients with confirmed dengue virus type

0035-9203/$ — see front matter © 2009 Royal Society of Tropical Medicine and Hygiene. Published by Elsevier Ltd. All rights reserved.
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3 (DENV-3) infection, who presented acute febrile illness
with two or more of the following clinical manifestations:
headache, retrobulbar pain, myalgia, arthralgia, rash and
hemorrhagic manifestations. Informed consent was obtained
from patients or from the patients’ families. All cases were
classified according to WHO definitions.”> Nineteen cases
were outpatients categorized as ‘non-fatal cases’ [dengue
fever (DF)] and the remaining 23 were ‘fatal cases’ (19
DHF and 4 DSS). Viral RNA for real-time RT-PCR assays was
extracted from 140 pl of human serum specimens with the
QlAamp Viral RNA Mini Kit (QIAGEN, Valencia, CA, USA)
in accordance with the manufacturer’s suggested protocol.
For the quantitative TagMan assay, a 10-fold-dilution series
containing a known amount of target viral RNA (107 RNA
copies/ml) was used for RNA extraction. Real-time RT-PCR
assays were performed as described previously by Houng et
al.® The number of viral RNA copies detected was calcu-
lated by generating a standard curve from 10-fold dilutions
of DENV-3 RNA, isolated from a known amount of local virus
propagated in Aedes albopictus C6/36 cells,’” the titer of
which was determined by plaque assay. In order to classify
the type of infection in fatal and non-fatal cases as either
primary or secondary dengue, IgG ELISA was conducted as
described previously by Miagostovich et al.8 According to the
IgG-ELISA criteria, the immune response is defined as pri-
mary when acute-phase serum samples obtained before day
5 of illness have 1gG antibody titers <1:160 and convalescent-
phase sera have titers <1:40960. Infections are considered
secondary when IgG titers are >1:160 in the acute-phase
serum and >1:163 840 in convalescent-phase samples. Para-
metric (t test) and non-parametric (Mann—Whitney test)
statistical methods within SPSS for Windows 8 (SPSS Inc.,
Chicago, IL, USA) were adopted to compare levels of dengue
virus RNA in fatal and non-fatal cases; P<0.05 was consid-
ered significant.

3. Results and discussion

Adopting quantitative real-time RT-PCR, we examined lev-
els of dengue virus RNA in patients with fatal (n=23)
and non-fatal (n=19) outcomes. Subjects with fatal out-
comes had mean virus titers significantly higher than those
who survived: 12.5 logio RNA copies/ml and 7.9 logio RNA
copies/ml, respectively (t test, P=0.001; Mann—Whitney
test; P=0.002) (Figure 1). These results suggest that a
high level of DENV is an important factor in the patho-
genesis of severe dengue, corroborating several earlier
reports.”” Among the fatal cases, 52.2% (12/23) were clas-
sified as primary infections, and 30.4% (7/23) as secondary
infections. Four cases could not be characterized due to
lack of information. Among the non-fatal cases, 47.4%
(9/19) were determined as primary infections and 52.6%
(10/19) as secondary infections. Because primary infections
were confirmed among the fatal cases, antibody-dependent
enhancement alone did not explain all the cases of severe
disease in this study population.

The correlation between levels of DENV-3 RNA and the
type of infection (primary or secondary) was examined. In
fatal cases, the mean virus titer was higher in patients
with primary infections (12.48 log;o RNA copies/ml) than
in patients with secondary infections (11.86 logiy RNA
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Figure 1  Mean log titer (95% Cl) in 23 fatal (dengue hem-

orrhagic fever and dengue shock syndrome) and 19 non-fatal
(dengue fever) cases.

copies/ml); however, this difference was not significant
(t test, P=0.10; Mann—Whitney test, P=0.21). In non-
fatal cases, the mean virus titer was significantly higher in
patients with primary infections (9.74 log,o RNA copies/ml)
than in patients with secondary infections (6.23 logg RNA
copies/ml) (t test, P=0.05; Mann—Whitney test, P=0.02).
These results are suggestive of rapid immune response
activation in patients classified as secondary infection and
consequent reduction of viremia.

In conclusion, these findings suggest that high levels of
DENV-3 may have contributed to the severe form of dengue
in Rio de Janeiro, 2002. These results are of great impor-
tance for understanding the viral pathogenesis of dengue
viruses.
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ABSTRACT

Dengue virus can infect many cell types from the vascular, muscular and hematological systems causing
diverse clinical and pathological signs. The purpose of the present study was to investigate by different
diagnostic methods dengue virus in human tissue specimens obtained from fatal cases (n=29) during a
large-scale dengue fever epidemic in 2002 in the State of Rio de Janeiro, Brazil. The combination of four
procedures provided diagnostic confirmation of DENV-3 infection in 26 (89.6%) out of the 29 suspected
fatal cases. Dengue virus (DENV) was isolated from 2/74 (2.7%) tissue samples, inoculated into C6/36 cells
and identified as DENV-3, nested RT-PCR accusing 22/72 (30.5%) samples as DENV-3. Real-time RT-PCR
yielded the highest positivity rate, detecting viral RNA in 45/77 (58.4%) clinical specimens, including the
liver (n=18), lung (n=38), spleen (n=38), brain (n=6), kidney (n=3), bone marrow (n=1) and heart (n=1).
Immunohistochemical tests recognized the DENV antigen in 26/59 (44%) specimens. Given the accuracy
and effectiveness of real-time RT-PCR in this investigation, this approach may play an important role for

Real-time RT-PCR

rapid diagnosis of dengue infections.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Dengue infection is the most prevalent arthropod-borne viral
disease in subtropical and tropical regions of the world (Halstead,
1980). All four of the dengue virus serotypes (genus Flavivirus,
family Flaviviridae) consist of a single positive-strand RNA sur-
rounded by an icosahedral nucleocapsid (Hammon et al., 1960).
Dengue virus infection causes either a relatively mild disease,
known as classic dengue fever (DF) or a more severe form,
dengue hemorrhagic fever (DHF), a fulminating illness character-
ized by hemorrhagic manifestations and plasma leakage, which
may progress to dengue shock syndrome (DSS) and death (Halstead,
1988). The virus can infect many cell types from the vascular,
muscular and hematological systems causing diverse clinical and
pathological signs (Seneviratne et al., 2006).

* Corresponding author at: Laboratory of Flavivirus, Oswaldo Cruz Institute, Av.
Brasil 4365, 21045-900 Rio de Janeiro, R], Brazil. Tel.: +55 21 2562 1707;
fax: +55 21 2562 1779.
E-mail address: joselio@ioc.fiocruz.br (J.M.G. de Aratjo).

0166-0934/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.jviromet.2008.09.023

Studies of specimens from patients presenting DHF/DSS
revealed the presence of viral antigens or RNA in diverse tis-
sues including liver, spleen, brain, lymph node, thymus, kidney,
lung, heart, bone marrow and skin and mainly in mononuclear
phagocytic cells (Bhamarapravati et al., 1967; Bhoopat et al., 1996;
Boonpucknavig et al., 1979; Hall et al.,, 1991; Miagostovich et
al., 1997; Yoskan and Bhamarapravati, 1983). The purpose of the
present study was to investigate by different diagnostic approaches
dengue virus in human tissue specimens from fatal cases during a
large-scale dengue fever epidemic in 2002 in the State of Rio de
Janeiro, Brazil.

2. Materials and methods
2.1. Study population

The human tissue specimens examined included liver (n=28),
lung (n=14), spleen (n=16), brain (n =11), kidney (n=5), bone mar-
row (n=1) and heart (n=2) obtained from 29 patients presenting
with acute febrile illness with two or more of the following clini-
cal manifestations: headache, retrobulbar pain, myalgia, arthralgia,
rash and hemorrhage. All samples were received refrigerated and
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separately from private and public hospitals in the metropolitan
area of Rio de Janeiro city and stored at —70 °C until tested. Epidemi-
ological aspects and the description of disease evolution resulting
in death were reported previously by Nogueira et al. (2005). All
samples were collected between January and March 2002 from
patients ranging in age from 11 to 64 years old. Ethical clearance
was obtained with the approval resolution number CSN196/96 from
the Oswaldo Cruz Foundation Ethical Committee in Research (CEP
274/05), Ministry of Health, Brazil.

2.2. Tissue treatment

Fragments of tissue (1-2 g) were ground in 1.5 mL of Leibovitz-
15 culture medium (Sigma) and centrifuged (10,000 rpm at 4 °C, for
15 min). The supernatant was inoculated in a C6/36 cell culture and
used for RNA extraction.

2.3. Virus isolation

A total of 74 tissue samples were prepared for virus isolation
by inoculation into monolayers of a C6/36 Aedes albopictus cell line
(Igarashi, 1978). Dengue virus isolates were identified by an indirect
fluorescent antibody test (IFAT) with serotype-specific monoclonal
antibodies, as described previously by Gubler et al. (1984).

2.4. RNA extraction

Viral RNA for the nested RT-PCR and real-time RT-PCR assays
was extracted from 140 pL of tissue specimens (supernatant) by
the QIAamp Viral RNA Mini Kit (QIAGEN, Valencia, CA), in accor-
dance with the manufacturer’s suggested protocol. RNA was eluted
in 60 wL of buffer AVE and stored at —70°C.

2.5. Nested Reverse Transcriptase PCR assay

The nested RT-PCR protocol for DENV detection and typing
was performed on 72 tissue samples, as described previously by
Lanciotti et al. (1992).

2.6. Real-time Reverse Transcriptase PCR (TagMan) assay

One-step real-time RT-PCR assays were performed in the ABI
Prism® 7000 Sequence Detection System (SDS) (Applied Biosys-
tems, Foster City, CA). Samples were assayed in a 30 pL reaction
mixture containing 8.5 wL of extracted RNA, 0.63 L of 40x Multi-
scribe enzyme plus RNAse inhibitor, 12.5 pL TagMan 2 x Universal
PCR Master Mix (Applied Biosystems, Foster City, CA) and 300 nM
of each specific primer and fluorogenic probe. Primer sequences
(DV3.U: 5-AGC ACT GAG GGA AGC TGT ACC TCC-3'; DV.L1: 5'-CAT
TCC ATT TTC TGG CGT TCT-3') and probe (DV.P1: 5'-CTG TCT CCT
CAG CAT CAT TCC AGG CA-3') were obtained from Houng et al.
(2001) and designed for the 3’ noncoding sequences (3'NC). The
TagMan probe was labeled at the 5’ end with 5-carboxyfluorescein
(FAM) reporter dye and at the 3’ end with 6-carboxy-N,N,N',N'-
tetramethylrhodamine (TAMRA) quencher fluorophore. The 5’
nuclease TagMan assay relies on the 5’ exonuclease activity of the
Taq polymerase to free the reporter dye in the quenched probe.
The accumulation of the amplified PCR product is proportional to
an exponential increase in the fluorescence emitted from the freed
reporter dyes (ARn). The threshold cycle (Ct) represents the PCR
cycle at which the SDS software first detects a noticeable increase in
reporter fluorescence above a baseline signal. Positive and negative
controls were included in every assay.

Amplification and real-time detection consisted of the following
cycling profile: reverse transcription at 45°C for 30 min followed

by one step at 95°C for 10 min and 45 cycles at 95°C for 15s and
60°C for 1 min. The ABI Prism® 7000 SDS (version 1.1; PE Applied
Biosystems) was adopted to examine the fluorescence emitted dur-
ing amplification. A single fluorescence reading for each sample was
taken at the annealing-elongation step.

2.7. Immunohistochemical procedure

The immunohistochemical procedure was undertaken on 59 tis-
sue samples, as described previously by Miagostovich et al. (1997).
Briefly, sections of formalin-fixed, paraffin-embedded tissues were
processed by the avidin biotin complex (ABC) method according to
the manufacturer’s protocol (Vectastain AEC Kit, Vector Laborato-
ries, Inc. Burlingame, CA, USA). Monoclonal antibodies for DENV-1,
-2,and -3 were directed against the E protein, positive and negative
controls were included.

3. Results

The combination of four methods provided diagnostic confirma-
tion of DENV-3 infection in 26 (89.6%) out of the 29 suspected fatal
cases. As demonstrated in Table 1, the use of only one diagnostic
tool provided positive results in 9/26 cases (34.6%), only one case
determined by immunohistochemistry (3.8%), and in 8/26 patients
diagnosis was confirmed by real-time RT-PCR (30.8%). In the other
17/26 cases (65.4%), infection was detected by at least two different
diagnostic approaches.

A total of 77 clinical samples (tissue specimens from the liver,
lung, spleen, brain, kidney, bone marrow and heart) were collected
from the 29 patients with fatal outcome. The diagnostic results

Table 1
Investigation of suspected fatal dengue cases (n=29) by virus isolation, nested RT-
PCR, immunohistochemistry and real-time RT-PCR.

Case Virus Nested Immunohistochemistry Real-time

number isolation RT-PCR RT-PCR

1 - + - +

2 — _ +

3 = + +

4 - +

5 i i NP i

6 _ _ _ _

7 NP +

8 - - NP -

9 - - NP +

10 - — + +

1 - - - +

12 - - NP +

13 —_ + + +

14 — + + +

15 - - +

16 + + +

17 + + + +

18 i 1 i

19 - - + _

20 - — NP -

21 — — + +

22 = = + +

23 - — + +

24 - - NP +

25] - — e i

26 —_ + + +

27 = + = +

28 - — e i

29 - + - +

Total 2/29 (6.8) 10/29 14/22 (63.6) 25/29
(344) (86.2)

" Positive/total analyzed (%). Positive sample (+), negative sample (—), and not
performed (NP).
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Table 2

Dengue diagnosis of 77 clinical samples (tissue specimens from liver, lung, spleen, brain, kidney, bone marrow and heart), collected from the 29 patients with fatal outcome,

by virus isolation, nested RT-PCR, immunohistochemistry and real-time RT-PCR.

Clinical specimen Virus isolation positive/total

Nested RT-PCR positive/total

Immunohistochemistry Real-time RT-PCR positive/total

analyzed (%) analyzed (%) positive/total analyzed (%) analyzed (%)
Liver 2/26 8/27 14/22 18/28
Lung 0/14 5/12 3/11 8/14
Spleen 0/15 3/15 5/13 8/16
Brain 0/11 3/11 2(7 6/11
Kidney 0/5 2/5 2/4 3/5
Bone Marrow 0/1 NP NP 11
Heart 0/2 1/2 0/2 1/2
Total 2[74 (2.7) 2272 (30.5) 26/59 (44.0) 45/77 (58.4)

NP: not performed.

yielded by the four distinct approaches are shown in Table 2. DENV
was isolated from two liver specimens (2.7%) out of 74 after inocu-
lation into C6/36 cells and identified as DENV-3. Nested RT-PCR
detected 22 (30.5%) out of 72 tissue samples as infected by the
same serotype and real-time RT-PCR confirmed the infection in 45
(58.4%) out of the 77 tissue specimens investigated. The immuno-
histochemical procedures detected viral antigens in 26 (44.0%) out
of 59 tissue samples. In all tissues, the immunoreactivity pattern
was positive for cytoplasmic granular staining. DENV was observed
mainly in hepatocytes and Kupfer cells (liver), the neuronal cell
body (brain) and lymphoid cells—especially macrophages (spleen).
The cell type could not be identified in lung, kidney, heart and bone
marrow tissues. Only the qualitative analysis was applied for real-
time RT-PCR and the immunohistochemical procedure. Among all
the specimens tested, the liver was the most frequent site for the
recovery of DENV isolates, nested RT-PCR, immunohistochemistry
and real-time RT-PCR yielding positive results in 24 (92.3%) out
of the 26 confirmed DENV-3 cases (Table 3). In this investigation,
only one single bone marrow specimen was available (patient 11,

Table 3), from which the presence of viral RNA was confirmed by
real-time RT-PCR. The same method also determined a positive
result in a liver sample from the same patient, reinforcing DENV-3
infection in this case.

4. Discussion

During 2002, a total of 813,104 dengue cases were notified
in Brazil, mainly in the southeastern and northeastern regions
(Nogueira et al., 2007). This number corresponded to 80% of all
the reported dengue cases in the Americas (Nogueira et al., 2007).
The introduction of DENV-3 into Rio de Janeiro in 2000 placed
the region at high risk of a new epidemic involving this serotype,
since the emergence of a new serotype into a susceptible pop-
ulation with high mosquito densities may produce a large-scale
epidemic after a lag period (Rigau-Perez et al., 2002). Indeed one
year after the appearance DENV-3, this serotype was responsible for
the most severe epidemic in the State’s history in terms of the num-
ber of reported cases, severity of clinical manifestations and the

Table 3

Dengue virus detection regarding tissue samples from 29 suspected fatal cases.

Case number Liver Lung Spleen Brain Kidney Bone marrow Heart
1 + + + + +

2 = + = +

3 +

4 + +

5 + _

6 _ _ _ _ _

7 + + +

8 —

9 + - - -

10 + + + +

11 + — +

12 + = +

13 i i i

14 + + + +
15 - - iz -

16 +

17 + + + +

18 + + + +

19 +

20 -

21 +

22 + +

23 +

24 +

25 i3

26 + + + + +
27 +

28 + +

29 + + — + +

Total’ 2429 (82.7) 10/14 (71.4) 10/16 (62.5) 8/11(72.7) 5/4 (80) 1/1(100) 2/2(100)

" Positive/total analyzed (%). Positive sample (+), negative sample (—) and unavailable sample (in white).



J.M.G. de Aratijo et al. / Journal of Virological Methods 155 (2009) 34-38 37

number of confirmed deaths. In this DENV-3 epidemic, the num-
ber of DHF/dengue shock syndrome cases (1831) and deaths (91)
exceeded the total number of DHF/DSS cases (1621) and deaths (76)
in the entire country from 1986 to 2001 (Barbosa da Silva et al.,
2002). Furthermore, an increase in unusual clinical features was
observed during this epidemic characterized by the incidence of
Central Nervous System (CNS) involvement and hepatitis (Nogueira
et al., 2005).

In this study, the liver was the most important organ for virus
detection, according to all four diagnostic methods. Recently, the
liver was recognized as a major target organ in the pathogenesis of
DENV infection, its active hepatocyte replication perhaps account-
ing for these findings (Couvelard et al., 1999; Lin et al., 2000). In
this study, examination of liver specimens confirmed virus infec-
tion in 24 out of 26 fatal cases (Table 3), similar to that described
previously in Indonesia (Sumarmo et al., 1983).

Heart involvement has been reported during dengue fever
(Basilio-de-Oliveira et al., 2005; Horta Veloso et al., 2003), and in
the present study heart involvement was confirmed in two cases
by the identification of DENV-3 RNA by nested or real-time RT-PCR.
Cardiac manifestations of dengue infection are uncommon, nev-
ertheless cardiac rhythm disorders, such as atrioventricular block
(Donegani and Bricefio, 1986; Khongphatthallayothin et al., 2000)
and ectopic ventricular beats (Chuah, 1987), have been described
during episodes of dengue hemorrhagic fever, most of them pre-
senting a benign course with spontaneous resolution. These clinical
features have been attributed to viral myocarditis, however the
exact mechanism has yet to be elucidated definitively.

Although CNS involvement has been reported previously dur-
ing dengue epidemics, including those in Brazil (Leao et al., 2002;
Nogueira et al., 2002), it increased expressively of this clinical fea-
tures during the 2002 outbreak when many patients complained of
dizziness. In 8 fatal cases of this investigation, CNS involvement was
clarified further by the detection of viral antigens or DENV-3 RNA
in brain tissue samples (Table 3). Neurological disorders associated
with dengue cases have been referred to as dengue encephalopa-
thy, attributed to immunopathological responses and not to CNS
viral infection. However, the isolation of DENV-3 and detection of
DENV-2 by RT-PCR in cerebrospinal fluid (CSF) provides evidence
that DENV possesses neurotropism and can lead to encephalitis in
both primary and secondary infections (Lum et al., 1996). The break-
down of the blood-brain barrier has been shown previously in fatal
dengue cases (Miagostovich et al., 1997).

The clinical syndrome of dengue-associated bone marrow sup-
pression has been well documented (La Russa and Innis, 1995),
and a review of experimental dengue infections of volunteers
together with histopathological studies of bone marrow from
patients with severe dengue virus infection suggest that marrow
suppression evolves rapidly (La Russa and Innis, 1995). The strong
link of dengue with neutropenia and thrombocytopenia suggests
that bone marrow cells may be potential targets for dengue viral
infections. Rothwell et al. (1996) infected long-term marrow cul-
tures with DENV-2 and characterized the viral antigen-positive
cells. These investigations demonstrated two types of stromal cells
that were positive for DENV-2 antigens by immunofluorescence
microscopy and immunohistochemical staining. Taking this into
account, dengue virus infection in a bone marrow specimen from
a suspected fatal case was investigated by virus isolation and real-
time RT-PCR. Positivity in this sample was only confirmed by the
molecular diagnostic procedure.

In this study population, examination of available tissue sam-
ples of the spleen, kidney and lung gave positive results in 10, 4 and
10 fatal cases, respectively, using either immunohistochemistry or
nested and real-time RT-PCR (Table 3). These data confirmed the
positivity observed in a retrospective study of tissue specimens

from patients with DHF/DSS, by the detection of viral antigens or
RNA (Bhamarapravati et al., 1967; Miagostovich et al., 1997).

The application of four distinct assays (virus isolation, nested
RT-PCR, immunohistochemistry and real-time RT-PCR) provide a
better understanding of viral tropism in fatal cases of dengue virus
infection. Real-time RT-PCR provided the best performance and was
responsible for 58.4% positivity in the 77 histological samples, while
nested RT-PCR gave positive results in 30.5% (22/72). Furthermore,
real-time RT-PCR alone was able to establish DENV-3 diagnosis in
8 out of 26 confirmed cases (30.8%). Analysis of the current data is
in agreement with the results of another Brazilian study by Poersch
etal. (2005), where the investigations compared both dengue diag-
nostic methods.

In Brazil, dengue virus infections continue to be a formidable
public health problem. The greater accuracy, sensitivity and speed
of the real-time RT-PCR make it suitable for effective dengue
surveillance and indicates its use as a potential complement for
the diagnosis of fatal cases.
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In this study, we revisited the phylogeography of the three of major DENV-3 genotypes and estimated its
rate of evolution, based on the analysis of the envelope (E) gene of 200 strains isolated from 31 different
countries around the world over a time period of 50 years (1956-2006). Our phylogenetic analysis
revealed a geographical subdivision of DENV-3 population in several country-specific clades. Migration
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geographic proximity, may limit the continual dispersion and reintroduction of new DENV-3 variants.
Estimates of the evolutionary rate revealed no significant differences among major DENV-3 genotypes.
The mean evolutionary rate of DENV-3 in areas with long-term endemic transmissions (i.e., Indonesia and
Thailand) was similar to that observed in the Americas, which have been experiencing a more recent
dengue spread. We estimated the origin of DENV-3 virus around 1890, and the emergence of current
diversity of main DENV-3 genotypes between the middle 1960s and the middle 1970s, coinciding with
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first cases of DENV-3 hemorrhagic fever in Asia.
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1. Introduction (Gubler, 1998, 2002, 2004; Zanotto et al., 1996). It has been

estimated that 50-100 million infections occur annually, and more

Dengue virus (DENV) (family Flaviviridae) has a single-stranded
positive-sense RNA genome of approximately 11kb and is
transmitted by Aedes aegypti mosquitoes among humans. Infection
with DENV may cause an acute “influenza-like” febrile disease
called classic dengue fever (DF), or the potentially fatal dengue
hemorrhagic fever (DHF) and dengue shock syndrome (DSS). The
four known distinct antigenic groups (i.e., serotypes) of DENV
(DENV-1 to DENV-4) contain well-defined phylogenetic clusters
(i.e., genotypes) that are causing human pandemics. The incidence,
geographic distribution and severity of DENV epidemics have
dramatically increased since the mid-1950s, probably due to the
rapid increase in human population size, uncontrolled urbaniza-
tion, and the advent of massive human movement which facilitates
the spread and proliferation of mosquitoes and infected people

* Corresponding author. Tel.: +55 21 2562 1707; fax: +55 21 2562 1779.
E-mail address: joselio@ioc.fiocruz.br (Josélio M.G. Aradjo).
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than 2.5 billion people live in areas of risk for DENV infection
(Gubler, 1998, 2002, 2004).

Using a maximum likelihood framework, Twiddy et al. (2003)
extended and re-evaluated the first comprehensive estimates of
the rate and time frame of DENV evolution (Zanotto et al., 1996). It
was inferred that the current global genetic diversity in the four
serotypes of DENV appeared around the last 100 years. Moreover,
Twiddy et al. (2003) suggested that all serotypes may be evolving
according to a molecular clock; but, for reasons that remain
unclear, DENV-3 and the DENV-2 American/Asian genotype had
significantly higher substitutions rates when compared to other
DENV strains. It has been suggested that under epidemic
conditions (i.e., when a new variant is introduced into a susceptible
population) the viral transmission rate is higher than under
endemic conditions, thus increasing the overall diversity and
evolutionary rate of the new variant in the population (Twiddy
et al, 2003). A higher evolutionary rate could also be a
consequence of the emergence of DENV variants with particular
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biological properties, such as increased transmissibility, infec-
tiousness, and/or virulence (Cologna and Rico-Hesse, 2003;
Holmes and Twiddy, 2003; Messer et al., 2003; Rico-Hesse,
2003; Rico-Hesse et al., 1997). Alternatively, the lineage-specific
rate differences in DENV evolution described by Twiddy et al. could
be also caused by the low number of sequences used, particularly
for DENV-1 (n=9), DENV-3 (n=21), and DENV-4 (n=20)
serotypes.

DENV-3 was isolated for the first time during an epidemic
outbreak in Philippines in 1956 (Hammon et al., 1960), and since
then several DF/DHF outbreaks caused by this serotype have been
described world-wide. Five distinct genotypes of DENV-3 have
been identified to date (Lanciotti et al., 1994; Wittke et al., 2002).
Genotypes I to III (GI to GIII) are responsible for most DENV-3
infections and have been associated with DF/DHF epidemics in
Southeast Asia, Indian subcontinent, South Pacific, East Africa, and
the Americas. Genotypes IV and V (GIV and GV) were not
associated with DHF epidemics and are only represented by a
few early sequences from the Americas, South Pacific, and Asia.
Many phylogenetic studies on DENV-3 have documented the viral
spread within individual countries (Aquino et al., 2006; Chungue
et al., 1993; Diaz et al., 2006; Islam et al., 2006; Kobayashi et al.,
1999; Peyrefitte et al., 2003, 2005; Podder et al., 2006; Raekiansyah
et al.,, 2005; Rodriguez-Roche et al., 2005; Usuku et al., 2001;
Uzcategui et al., 2003; Wittke et al., 2002; Zhang et al., 2005) or
specific regions (Messer et al., 2003), but we still have an
incomplete understanding of the global dispersion and evolu-
tionary history of the distinct DENV-3 genotypes.

The objective of the present study was to revise the global
phylogeography and evolutionary history of the main DENV-3
genotypes based on the analysis of a large number (n=200) of
envelope (E) gene sequences of DENV-3 strains isolated from 31
different countries around the world over a time period of 50 years
(1956-2006).

2. Materials and methods
2.1. Sequence datasets

Complete E gene sequences (1479 bp in length) with known
date of isolation and representing the full extent of genetic
diversity in DENV-3 were collected from GenBank
(www.ncbi.nlm.nih.gov). Sequences were excluded from the
analysis if they were previously identified as recombinant
(Worobey et al., 1999), or were 100% similar to any other strain
in the data set. For those genotypes where there were more than 75
sequences available, such as for GII and GIII, a maximum of six
sequences randomly chosen from a particular country in a given
year were included. This resulted in a final data set of 200 DENV-3 E
sequences from 31 countries spanning a 50-year period. This
primary dataset was further divided into six subsets comprising
sequences from distinct genotypes and geographical origin. Table 1

Table 1
Sequence datasets.

Dataset Number of Date range Geographic origin
sequences

DENV-3 200 1956-2006 Asia, America, South Pacific,
and Africa

GI 43 1973-2005 Asia and South Pacific

GI-ID 24 1973-2005 Indonesia

GlI 75 1973-2005 Asia

GII-TH 56 1973-2002 Thailand

GIII 75 1981-2006 Asia, America, and Africa

GIII-AM 63 1994-2005 America

shows the number, date of isolation range, and origin of the DENV-
3 E sequences included in each dataset. Nucleotide sequences were
aligned using CLUSTAL X program (Thompson et al., 1997) and
later hand edited. All alignments are available from the authors
upon request.

2.2. Phylogenetic analysis

A Bayesian phylogenetic tree for the complete data set of 200
DENV-3 E sequences was inferred with MrBayes program
(Ronquist and Huelsenbeck, 2003), under a General Time
Reversible model of nucleotide substitution (Rodriguez et al.,
1990) with gamma-distributed rate variation and a proportion of
invariable sites (GTR + I" + I). Two runs of 4 chains each (one cold
and tree heated, temperature =0.20) were run for 10 x 10°
generations, with aburn-inof 2.5 x 10° generations. Convergence
was assessed using the average standard deviation in partition
frequency values across independent analyses, using a threshold
value of 0.01. Convergence of parameters was also confirmed by
calculating the Effective Sample Size (ESS) using TRACER v1.4
program (Rambaut and Drummond, 2007), excluding an initial
10% for each run. All parameters estimates showed ESS values
>200.

2.3. Migration analysis

To investigate the migratory patterns of DENV-3 we examined
each of the three main genotypes separately, since the isolation of
viruses from different genotypes at the same locality would sum
splits due to cladogenetic and migratory events, causing inferential
errors. Geographical origin of each sample was coded as a set of
terminal unordered character states for each dengue time-
stamped, geo-referenced sample, represented as a single capital
letter. The most parsimonious reconstructions (MPRs) sets of
changes at each internal state in the viral phylogeny was calculated
with PAUP v4.0b10 (Swofford, 2002) and MacClade v4.07
(Maddison and Maddison, 2005) and taken as surrogate for
migration events. To help resolve among equally parsimonious
reconstructions that leads to ambiguities in character tracing, we
used assignments that delay (DELTRAN) or accelerate (ACCTRAN)
character transformations (Swofford and Maddison, 1987). The
phylogenies used for each genotype came from the global
maximum posterior probability (MAP) tree obtained with Bayesian
inference (BI) with BEAST v1.4.7 (Drummond et al, 2002;
Drummond and Rambaut, 2006) for the entire dataset of 200
DENV-3 E sequences from which, subtrees for each genotype were
analyzed in separate. For comparison, phylogenetic trees for each
genotype were also inferred with the maximum likelihood (ML)
criterion as implemented in the program GARLI v0.95 (Zwickl,
2006) that estimates simultaneously the best topology, branch
lengths and the best values for the parameters for the GTR +I" +1
model of nucleotide evolution. Independent random runs were
conducted with GARLI and the tree with highest likelihood was
subsequently used as input for further optimization in both GARLI
and PAUP, since both programs calculate the same likelihood score
for a tree under the same model. The topology used for calculating
the MPRs was the fully resolved consensus of 100 bootstrap
replicates with GARLI.

2.4. Estimation of evolutionary rates and dates

Seven different datasets were used to estimate the evolu-
tionary rate (u, units are nucleotide substitutions per site per
year; subs/site/year), and the time of the most recent common
ancestor (Tmrca, years) of the viruses sampled. First, we used the
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200 E gene sequences to estimates the overall rate and Ty, for
DENV-3. The age of relevant internal nodes, such as those
corresponding to the MRCA of distinct genotypes, were also
estimated by setting up specific taxon subsets within the global
DENV-3 dataset. Second, we analyzed the GI, GII, and GIII datasets
to obtain rates and divergence times for individual genotypes
separately. Third, separate analyses were also performed on the
viruses collected from Indonesia (GI-ID dataset), Thailand (GII-TH
dataset), and the Americas (GIII-AM dataset) to estimate rates and
divergence times for DENV-3 in these specific localities. Evolu-
tionary parameters were estimated by using the Bayesian Markov
Chain Monte Carlo (MCMC) method implemented in BEAST v1.4.7
(Drummond et al, 2002; Drummond and Rambaut, 2006).
Analyses were carried out with a Bayesian Skyline coalescent
tree prior (Drummond et al., 2005) under the GTR + I" + I model,
and using both a strict and a relaxed (uncorrelated lognormal)
(Drummond et al., 2006) molecular clock. MCMC chains were run
for 1-3 x 107 generations for each data set, with a burn-in of 1-
3 x 10°. BEAST outputs were inspected with TRACER v1.4, with
uncertainty in parameter estimates reflected by their 95% Highest
Posterior Density (HPD) values. All parameters estimates showed
ESS values >100. Molecular clock models were compared by
calculating the Bayes Factor (BF) (Suchard et al., 2001) from the
posterior output of each of the models using TRACER v1.4 as
explained in BEAST website (http://beast.bio.ed.ac.uk/Model_-
comparison). A log BF (natural log units) >2.3 indicates strong
evidence against the null model.

3. Results
3.1. Phylogeography of DENV-3

Our phylogenetic analysis of 200 DENV-3 E gene sequences
recovered the five genotypes previously described for this serotype
(Lanciotti et al., 1994; Wittke et al., 2002). It also suggested the
existence of a strong geographical subdivision of DENV-3
population with no evidences of significant co-circulation of
distinct genotypes in a single locality (Fig. 1). Genotype I contained
most of the Indonesian strains from 1973 to 2004, along with two
early Malaysian isolates (1974 and 1981), one Thai isolate (1988),
and three well-supported monophyletic groups of strains isolated
in South Pacific (1989-1994), Philippines (1997-2005), and East
Timor (2005). Genotype II included almost all DENV-3 strains
isolated in Thailand between 1973 and 2002, along with two
Myanmar strains (1988 and 2005), one isolate from Singapore
(1995), one isolate from Indonesia (1998), and three strongly
supported groups of strains from Malaysia (1992-1994), Bangla-
desh (2000-2002), and Vietnam (1996-2005). Genotype III was
composed by Sri Lankan isolates from 1981 to 2000, along with
single isolates from India (1984), Samoa (1986), Somalia (1993),
Japan (2000), Singapore (2004), and Taiwan (2006). Moreover, all
American strains sampled after 1994 were monophyletic, sugges-
tive of a single introduction of this genotype into the continent,
consistent with previous studies (Aquino et al., 2006; Diaz et al.,
2006; Messer et al., 2002; Peyrefitte et al., 2005; Rodriguez-Roche
etal., 2005). The American cluster was further subdivided into four
well-supported lineages containing isolates from: (1) Mexico, (2)
Venezuela, (3) Cuba/Martinique/Brazil/Paraguay/Bolivia, and (4)
Cuba/Peru/Ecuador. Genotype IV was the most divergent group
and included three early Puerto Rican strains from 1960s and
1970s. Genotype V was represented by the oldest prototype strain
Philippines/1956, and two Asian isolates from 1973 and 1980.
Finally, one isolate sampled from Thailand in 1962 did not fall into
any established genotype and was located toward the common
ancestral node of GII and GIIL

3.2. Migration patterns of DENV-3 genotypes

Before reconstructing the MPRs along the trees for each
genotype we tested for panmixis by calculating with MacClade
the expected number of changes along 25,000 equiprobable trees
and again over other 25,000 trees obtained by random partition.
The observed number of character state changes for each DENV-3
genotype was much lower than expected by chance (P < 0.00004
for all analyses). By increasing the number of random trees we
could never sample the observed values in the random distribution
(data not shown). Therefore, the DENV-3 genotypes are under high
constraints for geographical gene flow and the reconstruction of
the observed character state changes along the trees was justified.

Because the viral-based tree did not use geographical informa-
tion at the inference step, it was used for the reconstruction of the
migratory history of samples. Sub-trees for each of the three main
DENV-3 genotypes, derived from the global MAP tree obtained
with BI, had congruent topologies and supported the same sets of
MPRs for each genoptype. All the most parsimonious states at each
node are shown in Fig. 2. Nine steps were required to trace the
MPRs for GI (Fig. 2a). The character tracings were unequivocal and
had a single MPR for all nodes, irrespective of the resolving option.
The node connecting it to the global MAP tree had Indonesia as
point of radiation, since it was the ancestral state at the root. From
there, independent lineages of the virus spread to the French
Polynesia, reaching Fiji and Tahiti; to the Philippines, also reaching
Taiwan; and more recently to the East Timor. Three distinct
lineages related to Indonesia were also found in Malaysia and in
Thailand.

Seven steps were required to trace the MPRs for GII (Fig. 2b).
The rooting position in the MAP tree and the ancestral state for GII
unambiguously suggested an origin in Thailand (T). From there, the
virus appeared to have gone into Myanmar (M) and Bangladesh (B).
The ancestral state at that node in the tree is ambiguous, including
T, B, or M. Using DELTRAN, the state would resolve into T indicating
that the virus went into the two places at different occasions.
However, ACCTRAN would result on either B or M, indicating that
the virus may have moved serially following either T >B > M,
T > M > B (i.e., stepping-stone model) or alternatively, B <T > B.
Likewise, the independent movement of the GII into Singapore (S)
and Malaysia (Y) from Thailand (T) had an ambiguous set of MPRs,
including T, S, or Y. DELTRAN suggested Thailand broadcasting to
both places and ACCTRAN indicated a stepping-stone process
T>Y>S, T>S>Y, or simultaneously from Thailand Y < T > S.

GlII required the highest number of reconstruction steps (23 on
average, Fig. 2c). Moreover, its rooting and internal MPRs were
problematic. The MAP tree obtained with Bl indicated a strain from
American Samoa isolated in 1986 at the root of the genotype, but
older sequences from 1981 to 1985 were sampled in Sri Lanka.
Both rooting options did not alter either the cost or the character
transformations (and therefore implied migration events) across
the tree, but rooting at American Samoa (as shown in Fig. 2c) leaves
the state at the root of the tree undefined. In any case, the virus
apparently spread from Sri Lanka into nearby India and more
recently into Japan, Singapore and Taiwan. An interesting event,
which epitomized the cosmopolitan nature of GIII, was its
sampling in Somalia in 1993 making the elucidation of the entry
into the Americas problematic. DELTRAN suggested that the virus
was broadcasted into Africa and the Americas from Sri Lanka.
ACCTRAN pointed to a scenario in which the virus may have gone
from Sri Lanka into Africa, and then into the Americas.

The spread of GIII into the Americas appears to have had Mexico
as hub, since the data at hand allowed the unequivocal
reconstruction of the ancestral state into the Americas there.
Moreover the data resolved well the movement of the virus from
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Fig. 1. Majority-rule Bayesian consensus tree of 200 E gene sequences representing the global diversity of DENV-3. Genotypes (roman numerals) and country-specific clades

are indicated. Estimates for the age of some relevant nodes on the tree (point to by arrows) are also highlighted. Posterior probabilities are shown for key nodes. The names of
DENV-3 isolates include reference to country origin, year of isolation, and GenBank accession number. Country represented are American Samoa (AS), Bangladesh (BD),

Please cite this article in press as: Aradjo, ].M.G., et al., Phylogeography and evolutionary history of dengue virus type 3. Infect. Genet.
Evol. (2008), doi:10.1016/j.meegid.2008.10.005



http://dx.doi.org/10.1016/j.meegid.2008.10.005

G Model
MEEGID-493; No of Pages 10

J.M.G. Aratijo et al./Infection, Genetics and Evolution xxx (2008) xxX—Xxx 5

Mexico into Venezuela and certainly, two more independent
entries into South America that had several possible routes.
DELTRAN resolved additional entries into South America via
Mexico passing the virus via two routes. The first route went into
the Pacific side of the Andes hitting Ecuador and Peru, and the
second one went via the Caribbean, with Martinique passing the
virus into Brazil and from there into Bolivia and Paraguay.
ACCTRAN did not resolve if Mexico or Martinique, was the origin
of the virus that went into the Pacific side of South America.
However, there was no issue with the reconstruction of the entry
into Brazil from Martinique. Moreover, both DELTRAN and
ACCTRAN were unanimous in that a virus coming from Pacific
side of the Andes moved back from South America into Cuba.

3.3. Estimation of evolutionary rates and dates

The phylogenetic tree of globally sampled DENV-3 isolates was
characterized by a clear temporal structure, with the oldest
sampled viruses tending to fall closest to the root of the tree, while
those sampled more recently were located at the most distal tips
(Fig. 1). This temporal structure allowed us to estimates the rate of
molecular evolution and the Ty, for different DENV-3 datasets.
The substitution rate was first estimated for the complete DENV3
data set of 200 sequences, using both strict and relaxed molecular
clock models. The BF analysis clearly favored a relaxed molecular
clock model over a strict clock model (Table 2), indicating
detectable variation in evolutionary rates among branches. The
coefficient of rate variation was estimated at 0.28 (95% HPD, 0.15-
0.41). Despite this variation, the median evolutionary rate (E gene)
and Tyrca Oof DENV-3 estimated under both strict (¢ = 8.7 x 1074
subs./site/yr; Tmrea = 1891) and relaxed (14 = 8.9 x 10~ subs./site/
y1; Tonrca = 1893) molecular clock models were very close (Table 3).
This result was also similar to that previously obtained by Twiddy
et al. (1 =9.0 x 107* subs./site/yr, Tmrea ~1900) using a much
smaller data set of DENV-3 sequences (n=21) (Twiddy et al,,
2003). By setting up specific taxon sub-groups within the global
DENV-3 phylogeny, we also estimated the age of the major
genotypes resulting in a median Ty, estimate of 1967 for GI and
GII, and 1975 for GIII, under either strict or relaxed molecular clock
models (Table 3).

The detected variation in evolutionary rates among DENV-3
lineages could reflect rate differences among distinct genotypes
(Twiddy et al., 2003), and/or rate heterogeneity within a single
genotype. To test these hypotheses, we analyzed each genotype
separately. The BF analysis showed that the relaxed clock method
was favored over the strict clock method in the GII and GIII data
sets (Table 2), indicating significant rate heterogeneity within
these genotypes. The coefficient of rate variation for GII and GIII
was estimated at 0.25 (95% HPD, 0.01-0.44) and 0.37 (95% HPD,
0.13-0.61), respectively. On the other hand, the median evolu-
tionary rate estimates of the distinct genotypes were very similar
and displayed a considerable overlap of HPD intervals (Table 3),
clearly suggesting that there are no major differences in evolution
rate among main DENV-3 genotypes. Accordingly, the median
Tmrca €stimated for each genotype was almost equal to that
previously obtained using the complete DENV-3 data set (Table 3).

It has been suggested that under epidemic conditions, such as
when a new variant is introduced into a susceptible population, the
mean viral evolutionary rate could be higher than under endemic
conditions (Twiddy et al., 2003). To test this hypothesis, we

compared the DENV-3 in Indonesia and Thailand, where GI and GII
have been evolving since the early 1970s, with DENV-3 lineages
from the Americas, where GIII only emerged in the early 1990s.
Significant rate heterogeneity was detected within GIIIl American
lineages (Table 2). The median evolutionary rate of DENV-3
lineages circulating in different regions, however, was very similar
and displayed a considerable overlap of HPD intervals (Table 4),
indicating no major differences in rates of DENV-3 among regions
with endemic or epidemic patterns of dengue transmission. The
median Ty, estimated for GI-ID and GII-TH datasets were close to
that previously estimated using all GI and GII sequences (Table 4),
supporting the notion that Indonesia and Thailand are the
epicenters for these DENV-3 lineages; whereas the median Tpyca
for the GIlI-American clade was estimated around 1991 (Table 4).

4. Discussion

This study represents the largest phylogeographic and evolu-
tionary analysis reported for DENV-3 to date. Our phylogenetic
analysis of 200 DENV-3 E sequences with world-wide distribution
revealed a clear geographical subdivision of viral strains.
Genotypes I, II, and III have been evolving independently in
Indonesia, Thailand, and Sri Lanka, respectively, over the last 30-40
years. Our data supports the notion that these countries not only
sustain the oldest DENV-3 epidemics but also were sources for
dengue lineages that have subsequently spread over the world.
Strains more recently isolated in South Pacific (1989-1994),
Philippines (1997-2005), East Timor (2005), Malaysia (1992-
1994), Bangladesh (2000-2002), Vietnam (1996-2005), and the
Americas (1994-2006) segregated into distinct monophyletic
clusters within the main genotypes; indicating that each country
formed a geographically distinct mostly self-contained region with
regard to DENV-3 viruses, with few instances of repeated gene flow
among regions.

The plausible routes of DENV-3 migration are described in
Fig. 3. According to our analyses the spread of GI was mainly
circumspect to the maritime portion of Southeast-Asia (East Timor,
Malaysia, and Philippines) and South Pacific, where most migrant
strains appeared to have been broadcasted from Indonesia. By
contrast, most GII strains appeared to have been broadcasted from
Thailand and stayed within continental areas in South-East Asia
(Bangladesh, Myanmar, Singapore, and Vietnam), with the
exception of Malaysia. GIIl was the most widely spread of all
DENV-3 genotypes, and most GIII strains found in Asia, East Africa
and the Americas appeared to have been transmitted from or near
from Sri Lanka. It is unclear if the American GIII lineage came from
Africa or Asia. The oldest GIII sequences in the Americas were
identified in Panama and Nicaragua in 1994 (CDC, 1995; Guzman
et al., 1996), but our migration data suggested that the GIII was
introduced into the Americas through Mexico where the first GIII
strains were identified in 1995 (Briseno-Garcia et al., 1996). More
sampling in those countries will be necessary to elucidate the
precise point of introduction of GIII to the Americas. In any case,
GIII viruses rapidly spread to others countries in the region
(Nogueira et al., 2001; Peyrefitte et al., 2003; Rigau-Perez et al.,
2002; Usuku et al., 2001; Uzcategui et al., 2003), using several
independent routes from Central America to the Caribbean and
South America.

Our phylogeographic analysis also revealed that the co-
circulation of different DENV-3 genotypes in a single location is

Bolivia (BO), Brazil (BR), China (CH), Cuba (CU), Ecuador (EC), Fiji (F]), Indonesia (ID), India (IN), Japan (JP), Sri Lanka (LK), Myanmar (MM), Martinique (MQ), Mexico (MX),
Malaysia (MY), Nicaragua (NI), Panama (PA), Peru (PE), French Polynesia (PF), Philippines (PH), Puerto Rico (PR), Paraguay (PY), Singapore (SG), Somalia (SO), Tahiti (TA),
Thailand (TH), East Timor (TP), Taiwan (TW), Venezuela (VE), Vietnam (VN). The tree is rooted using GIV, which have been shown to represent an appropriate outgroup.
Horizontal branch lengths are drawn to scale with the bar at the bottom indicating 0.2 nucleotide substitutions per site.
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a rare event. This could result from a limited gene flow among
distantly geographic regions. However, genotype differences were
observed even between neighboring countries like Indonesia and
Thailand, where DENV-3 epidemics have been consistently
dominated by GI and GII, respectively, since the 1970s. Notwith-
standing, there is evidence of incursions into Indonesia by “Thai-
like” GII strains in 1988 (represented by strain DQ675520)
(Raekiansyah et al., 2005), as well as into Thailand by “Indone-
sian-like” GI strains in 1998 (represented by strain AY145714)
(Wittke et al., 2002). Nevertheless, these incursions seem to have
failed to become established, since none of the later Indonesian
and Thai isolates grouped within GII and GI, respectively. These
facts suggested that several factors, other than geographic
proximity, could have had a significant impact on the observed
spatial dispersion patterns of DENV-3.

Table 2
Bayes factors between different molecular clock models for DENV-3.

It is hard to envisage a general vicariance mechanism that
would explain a lack of genotype overlapping at the same
geographic locality. Possibly competition among genotypes, and/
or regional differences in mosquito vector competence for each
genotype (Anderson and Rico-Hesse, 2006; Armstrong and Rico-
Hesse, 2001; Cologna et al.,, 2005) may be involved. Another
possible explanation for the observed patterns could involve viral
neutralization by cross-immunity among closely related strains
caused by a pre-exposed human population. This would allow for
distinct serotype co-circulation but make it difficult for intra-
serotype (i.e., genotype) co-circulation, due to a reduction in
numbers of the available susceptible human hosts to levels below
that necessary to sustain significant epidemics (Adams et al,,
2006). This would help explain why the evolution of DENV-3 is
characterized by phylogenetic trees with a strong temporal

Dataset Model comparison log BF® Evidence against Hy"
DENV-3 Strict (Hop) vs. relaxed (H;) clock 22.8 (04) Decisive

GI Strict (Ho) vs. relaxed (H;) clock —0.8 (0.4) Negative

GII Strict (Ho) vs. relaxed (H;) clock 5.0 (0.5) Decisive

GIII Strict (Hop) vs. relaxed (H;) clock 10.8 (0.5) Decisive

GI-ID Strict (Hp) vs. relaxed (H;) clock —0.4 (0.3) Negative

GII-TH Strict (Ho) vs. relaxed (H;) clock 1.6 (0.4) Weak

GIII-AM Strict (Hop) vs. relaxed (H;) clock 12.8 (0.4) Decisive

¢ log BF (Bayes factor) is the difference (in natural log units) of the marginal likelihood of null (Hp) and alternative (H;) model. The standard error of the estimates is given in

parenthesis.

b Evidence against Hy is assessed in the following way: In BF <0 indicates no evidence against the null model; In BF between 0 and 2.3 indicates weak evidence against the

null model, In BF between 2.3 and 3.4 indicates strong evidence against the null model; In
>4.6 indicates decisive evidence against the null model.

BF between 3.4 and 4.6 indicates very strong evidence against the null model; In BF
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Estimated substitutions rates and dates for DENV-3 genotypes.

Tmrca DENV-3

Tinrca GI

Tinrca GII

Tinrca GIII

1891 (1876-1904)
1893 (1865-1918)

1967 (1963-1970)
1967 (1963-1970)

1966 (1961-1970)

1967 (1965-1970)
1967 (1964-1970)

1975 (1972-1978)
1975 (1972-1978)

Dataset Molecular clock "

DENV-3 Strict 8.7 x 1074 (7.7 x 107* t0 9.7 x 10~%)
Relaxed 8.9 x 1074 (7.9 x 10~ to 10.0 x 10~%)

Gl Strict 8.3 x 1074 (6.8 x 10~ to 9.8 x 10~%)
Relaxed 8.4 x 1074 (6.9 x 10~* to 10.1 x 10~%)

GlI Strict 10.1 x 1074 (8.7 x 10% to 11.7 x 10~%)
Relaxed 103 x 107% (8.7 x 10~* to 12.0 x 10~%)

GIII Strict 8.1 x 1074 (6.6 x 10~* t0 9.7 x 10~%)
Relaxed 8.2x1074(6.6 x 107* t0 9.9 x 10~%)

1966 (1961-1970) = =

= 1969 (1966-1971) =
= 1969 (1966-1971) =

1974 (1969-1978)
1974 (1967-1979)

Estimates of the median evolutionary rate (1, substitutions site™! year~') and, median time for the most recent common ancestor (Tyca, year). The age estimated for some
relevant internal nodes within the global DENV-3 tree (corresponding to the T, of major genotypes) are also shown. 95% HPD intervals are shown between parentheses.

Table 4

Estimated substitutions rates and dates for DENV-3 in Indonesia, Thailand and the Americas.

DENV Genotype Region 7 M

3 I Indonesia 8.4 x 1074 (6.2 x 107* to 10.7 x 10~%) 1970 (1966-1973)
1l Thailand 10.0x 104 (8.2 x 10*t0o 11.8 x 10°%) 1969 (1966-1971)
1 America 9.2 x 1074 (6.9 x 104 to 11.5 x 10°4) 1991 (1987-1993)

2 Asian I? Thailand 8.5 x 1074 (7.2 x 107* t0 9.9 x 107%) -
Asian-American® America 8.0 x 1074 (6.6 x 10* to 9.5 x 107%) =

4 I Thailand 10.7 x 1074 (84 x 10% to 13.1 x 107%) =
° America 8.3 x 1074 (6.8 x 10~* to 10.0 x 10~%) =

Estimates of the median evolutionary rate (x, substitutions site~! year~'), and median time of the most recent common ancestor (Tyca, year) for the GI-ID (strict molecular
clock), GII-TH (relaxed molecular clock), and GIII-AM (relaxed molecular clock) datasets. 95% HPD intervals are shown between parentheses.

2 Data taken from Zhang et al. (2006).
P Data taken from Carrington et al. (2005).
¢ Data taken from Klungthong et al. (2004).

structure as previously noted for this and other DENV serotypes
(Goncalvez et al., 2002; Klungthong et al., 2004; Twiddy et al.,
2003; Wittke et al., 2002; Zhang et al., 2005, 2006), which may
indicate the strong pruning effect of DENV lineages by host
immunity. Finally, we cannot also exclude the possibility that GI
and GII are circulating as minor variants in Thailand and Indonesia,
respectively, but have remained undetectable because the low
number of sequences analyzed (sampling bias).

Our analyses of rates of nucleotide substitution in DENV-3
revealed that the relaxed clock model outperforms the strict clock
model, indicating detectable variation in evolutionary rates among
DENV-3 lineages. Significant rate variation among genotypes was
described previously for DENV-2 (Twiddy et al., 2003), suggesting
that rate variation detected in DENV-3 could be also consequence
of differences among genotypes. However, the analysis of each
DENV-3 genotype separately revealed that rate heterogeneity in
DENV-3 can be mainly explained by rate differences within
genotypes, particularly within GII and GIII, rather than among
genotypes. The median evolutionary rate of the distinct DENV-3
genotypes analyzed was very similar (ranging from 8.3 x 107
subs./site/yr to 10.3 x 10~4 subs./site/yr) and displayed a con-
siderable overlap of the HPD intervals, clearly suggesting no major
differences in evolution rate among genotypes. It is also interesting
to note that although the relaxed clock model outperforms the
strict clock model in most DENV-3 datasets analyzed, the median
value of estimates obtained under both relaxed and strict clock
models were very close in all analyses. This is fully consistent with
the concept that the substitution rate estimated from large data
sets are reliable indicators of the average rate of evolution, even if
rate heterogeneity is present (Jenkins et al., 2002).

A previous study suggested that DENV-3 is evolving at a rate
(t=9.0x10"*[7.3 x 107 to 10.8 x 10~*] subs.[site/yr) signifi-
cantly faster than other DENV serotypes; and proposed similar

rates of substitutions for each DENV-3 genotype (Gl =7.5 x 10~*
[45%x107* to 10.7 x 1074] subs./site/yr; GllI=11.6 x 1074
[7.8 x 107* to 15.9 x 10~%] subs./site/yr) (Twiddy et al., 2003).
Those estimates, however, were based on the analysis of very small
DENV-3 datasets (total = 21, GI = 8, GIII = 8), and no estimations of
the substitution rate for GII were provided. We re-estimated these
evolutionary rates using much larger data sets of DENV-3
sequences (total =200, Gl =43, GIl =75, GIll =75). Our median
rate estimates for DENV-3 (8.9 x 1074 subs./site/yr) and GI
(8.3 x 10~* subs./site/yr) were similar to those previously reported
by Twiddy et al. whereas the median rate estimated for GIII
(8.2 x 10~* subs./site/yr) was considerably lower, although within
the large confidence interval of the previous estimate. The median
evolutionary rate estimated for GII was 10.3 x 10~ subs./site/yr.
Overall, the confidence intervals of our estimates (6.6 x 10~ to
12 x 10%4) were significantly narrower than those described by
Twiddy et al. (4.5 x 107* to 15.9 x 10~4), probably due to the
higher number of sequences used in the present study.

It has been suggested that the ecological conditions for DENV
dissemination may alter the viral evolutionary rate, which could
explain some rate differences among dengue lineages previously
described (Twiddy et al., 2003). Our analyses revealed, however,
that the median evolutionary rate of GI in Indonesia and GII in
Thailand (areas with long-term endemic infections), was similar to
that observed for GIII in the Americas (a region with a recent
epidemic pattern of DENV-3 transmission). Our DENV-3 rate
estimates were also comparable to those estimated for DENV-2
(genotype Asian I) and DENV-4 (genotype I) circulating in Thailand
(Klungthong et al., 2004; Zhang et al., 2006), and for DENV-2
(genotype Asian-American) and DENV-4 (genotype II) circulating
in the Americas (Carrington et al., 2005) (Table 4). These studies
confirmed a lack of association between dengue substitution rate
and ecological pattern of virus spread, and revealed no major
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Fig. 3. Plausible sites of origin and migration routes of DENV-3 genotypes I (a), I (b), III
(c) and III-AM (d). (a) (1) Indonesia, (2.1) French Polynesia/Tahiti, (2.1.1) Fiji, (2.2)
Philippines, (2.2.1) Taiwan, (2.3) Malaysia, (2.4) Thailand, (2.5) East Timor. (b) (1)
Thailand, (2.1) Indonesia, (2.2) Myanmar, (2.3) Bangladesh, (2.4) Singapore, (2.5)
Malaysia, (2.6) Vietnam. (¢) (1.0) Samoa, (1.1) Sri Lanka, (2.1) Singapore, (2.2) Taiwan,
(2.3) Japan, (2.4) India, (2.5) Somalia, (2.6) Mexico. (d) (1) Mexico, (2.1) Nicaragua,
(2.2) Panama, (2.3) Venezuela, (2.4) Martinica, (2.4.1) Cuba (2000), (2.4.2) Brazil,
(2.4.2.1) Paraguay, (2.4.2.2) Bolivia, (2.5) Ecuador, (2.5.1) Peru, (2.5.2) Cuba (2001/
2002). Inconclusive routes of DENV-3 were identified with the signal “?".

lineage-specific rate differences among DENV-2, DENV-3, and
DENV-4. Whether lineage-specific rate differences in DENV
evolution previously described (Twiddy et al., 2003) really exist,
or simply reflects a previous use of much smaller datasets needs
further investigation.

We estimated the Ty, of DENV-3 at around 1890, fully
consistent with previous estimation (T2 ~ 1900) (Twiddy et al.,
2003). Our analysis also suggested that the current global genetic
diversity of genotypes I, II, and III arose almost simultaneously
within a short time period between the middle 1960s and the
middle 1970s, coinciding with the description of the first cases of
DHF by DENV-3 in Asia (Gubler et al., 1979; Nisalak et al., 2003;
Sumarmo, 1987; Wallace et al., 1980) and the rapid increase in
human population size, urbanization, and human movement.
According with our estimations, GIII strains were probably
introduced into Latin America around 1991, few years earlier
than the initial detection of this genotype in the continent in 1994
(CDC, 1995; Guzman et al., 1996). Similar time intervals of few
years between the estimated introduction and initial detection
were also described for DENV-2 and DENV-4 in the Americas
(Carrington et al., 2005).

In conclusion, this study proposes that global DENV-3 evolution
could be well characterized as a collection of discrete, country-
specific viral population bursts, with limited co-circulation of
distinct genotypes in a single region. Despite this strong spatial
subdivision, DENV-3 strains of distinct genotypes and from
different localities have been evolving at roughly the same rate
over time. Whether such similar evolutionary rate estimates
translate into comparable biological properties (such as transmis-
sibility, infectiousness, and/or virulence) across distinct DENV-3
lineages is still unclear. Our data also suggested that the current
diversity of the three main DENV-3 genotypes arose within the last
30-40 years, coinciding with the emergence of large-scale DHF/
DSS epidemics in Asia.
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