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Resumo

A emergéncia das arboviroses pelo no mundo é um grave problema de satide
puablica. Apesar de todo conhecimento sobre a estrutura do MIF e seu
envolvimento em doencas inflamatoérias, poucos trabalhos investigaram sua
participacdo em patologias de etiologia viral, especialmente seu papel
imunomodulador. O objetivo geral desta tese foi analisar o envolvimento do
MIF na infeccao pelos SinV e DenV, dois arbovirus patogénicos para humanos,
bem como estudar o papel modulador do MIF sobre a ativagdo promovida
pela infeccao destes virus em células humanas. O SinV é um arbovirus da
tamilia Togaviridae e género dos Alphavirus. Este grupo de virus é responsavel
por diversos surtos de poliartralgia e artrite pelo mundo, porém pouco se
sabe sobre os mecanismos moleculares envolvidos na patogénese. Nesta tese
foi avaliada a resposta inflamatdria induzida pela infeccao pelo SinV em uma
cultura primdaria de macréfagos humanos e sua possivel correlacdo com a
artrite induzida pela infeccdo. N6s demonstramos que os macréfagos
humanos sao células alvo para a replicagdo do SinV e sua infeccdo promove a
liberacao de MIF e a indugao da expressao e secrecao de TNF-a, IL-1 e IL-6.
Durante a infeccao pelo SinV, a ativacdo dos macréfagos também acarreta no
aumento da expressao de MMP1 e MMP3, que podem estar associadas ao
dano articular observado durante a infeccdo pelo SinV. Quando o MIF é
neutralizado por anticorpos ou inibido pela agdo do ISO-1, a sintese de
citocinas e a expressdo de metaloproteinases sofrem uma dréstica redugdo.
Além disso, macroéfagos de camundongos infectados que ndo expressam MIF
apresentam uma menor secrecao de TNF-a e IL-6 comparada com a secrecdo
de macréfagos de animais selvagem. Na patogénese do DenV, o MIF apesar
de ja ser descrito como uma citocina elevada em soro de pacientes infectados,
nada se sabe sobre as células produtoras durante a infec¢do, os mecanismos
envolvidos em sua producdo e o seu papel na patogénese. Nesta tese nds
confirmamos que as concentracdes de MIF estdo aumentadas no plasma de
pacientes com DHF e que este apresenta correlacdo com a gravidade da
doenca. Além disso, caracterizamos a secrecdo de MIF por macréfagos e
células de hepatocarcinoma humano (HepG2) infectadas pelo virus. O MIF
liberado por estas células parece ser proveniente de estoques pré-formados
que colocalizam com corpusculos lipidicos. A infeccdo pelo DenV também
induziu a expressao de TNF-a e IL-6. Com a neutralizacao e inibigdo do MIF
no sobrenadante dos macroéfagos em cultura, ocorre uma significativa redugao
nos niveis de TNF-a e IL-6. Além disso, a utilizacdo de camundongos que ndo
expressam MIF reforcou a participagdo de seus efeitos imunomodulatérios
durante a infeccao pelo DenV. Porém, mesmo com a acao do MIF bloqueada
nao foi possivel identificar uma modulacdo no titulo viral. Estes resultados
demonstram a existéncia de um papel imunomodulatério do MIF na cascata
inflamatoria induzida pela infeccao do SinV e do DenV.



Abstract

The emergence of Arboviruses in the world is a serious public health problem.
Despite all knowledge about the structure of MIF and its involvement in
inflammatory diseases, few studies have been investigated about their
involvement in diseases of viral etiology, especially its immunomodulator
role. The aim of this thesis is to analyze the involvement of MIF in infection
SinV and DenV. Both are arboviruses pathogenic to humans. In addition, this
study intends to understand the modulatory role of MIF on the infection by
these viruses in human cells. The SinV is an arbovirus of the family
Togaviridae and genus Alphavirus. This group of viruses is responsible for
several outbreaks of arthritis polyarthralgia in the world. However, we have
an incipient knowledge of the molecular mechanisms involved in the
pathogenesis. The inflammatory responses induced by SinV infection in a
primary culture of human macrophages and its possible correlation with
arthritis induced by infection were also investigated. The research
demonstrated that human macrophages are target cells for replication of SinV;
the infection promotes the release of MIF and the induction of expression and
secretion of TNF-a, IL-1B and IL-6. During SinV infection, activation of
macrophages also involves increasing the expression of MMP1 and MMP3,
which can be associated with articular damage observed during infection
SinV. When the MIF is neutralized by antibodies or inhibited by the action of
ISO-1, the synthesis of cytokines and expression of metalloproteinases are
reduced a lot. Furthermore, macrophages from infected mice which do not
express MIF have a lower secretion of TNF-a and IL-6 when compared with
wild animals. In the pathogenesis of DenV, the MIF despite described as a
cytokine elevated in serum of infected patients, nothing is known about the
producing cells during infection, the mechanisms involved in its production
and its role in pathogenesis. In this thesis we confirmed that the
concentrations of MIF are increased in the plasma of patients with DHF. The
latter is correlated with the severity of the disease. In addition, we
characterized the secretion of MIF by macrophages and cells of human
hepatocellular carcinoma (HepG2) infected by the virus. The MIF released by
these cells seems to come from stocks pre-formed with suggestive localization
in lipid bodies. The DenV infection has also induced the expression and
secretion of IL-6 and TNF-a. With the neutralization and inhibition of MIF in
the supernatant of macrophages in culture, there is a significant reduction in
the levels of TNF-a and IL-6. Moreover, the use of mice that does not express
MIF confirms the participation of MIF as immunomodulatory cytokine during
DenV infection. The study concludes that there is an immunomodulatory role
of MIF in the inflammatory spillover induced by infection of SinV and DenV.
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Introducao geral




1. Introducao geral

1.1. Os arbovirus

Os arbovirus consistem no grupo de mais de 500 virus ecologicamente e
epidemiologicamente distintos, que apresentam um artrépode como vetor em
seu ciclo de transmissdo. Esse conjunto de virus desperta um grande interesse
uma vez que representa uma das grandes causas de morbidade e mortalidade no
mundo (Weaver e Barrett, 2004). Dados da Organizagdo Mundial de Satude
(OMS) de 2004 contabilizaram que mais de 1,5 milhdes de pessoas morrem por
ano acometidas por algum tipo de arbovirose (WHO, 2004). Mesmo sendo um
problema de ordem global, as estratégias no controle destes parasitos e das
doengas transmitidas por eles ainda sdo insuficientes. A emergéncia destas
doengas pelo mundo pode ser explicada por uma variedade de aspectos que vao
desde o desenvolvimento sdcio-econdmico local, urbanizacdo, devastacdo
ambiental, aumento das viagens do homem pelo mundo, até as mudancas
climaticas (Gould e Higgsc, 2009).

Em geral, os arbovirus necessitam de um hospedeiro para sua replicagdo e
amplificacdo, como, por exemplo, um passaro ou um pequeno mamifero, e um
vetor, no caso um artrépode, para a transmissdao. Em muitos casos, o vetor é um
mosquito, cuja fémea ingere o virus durante a sua alimentacdo em algum animal
infectado e o transfere através da saliva para um novo hospedeiro, o qual pode
desenvolver aspectos clinicos da doenca durante a infecgdo pelo virus (Figura 1).

Esta tese esta dividida em duas partes, abordando, cada uma delas,
aspectos da interacdo de um arbovirus com suas células hospedeiras. Na
primeira trataremos do virus Sindbis (SinV), pertencente ao género Alphavirus,
da familia Togaviridae; e na segunda do virus do dengue (DenV), pertencente a
familia Flaviviridaze. Ambos possuem um genoma de RNA fita simples, de

polaridade positiva, e podem promover em humanos uma infeccdo desde



assintomadtica, até gerar um quadro clinico grave, podendo culminar na morte do

individuo infectado.

g
{

Ciclo Ciclo Ciclo
urbano enzoobticc rural
Aedes aegypti Vv H Ochlerotatus and
etor PPsorophora spp. (VEEV),
enzodotico Culex tritaeniorhynchus,
ou ponte Culex spp.
WEV)

Amplificagdo em

Quebra do ciclo Amplificagdo em
humanos (ex. Dengue,  “gnzo6tico (ex.  animais domésticos (ex.
febre amarela , dengue e febre virus encefalite
Chikungunya) amarela) venezuelana e japonesa)

Figura 1. Mecanismos tipicos de emergéncia dos arbovirus. A maioria das
arbovirores é mantida em um ciclo enzodtico envolvendo passaros, roedores e
primatas, servindo como reservatérios. A infec¢io de humanos pode ocorrer
através da entrada do homem em é&reas silvestre ou quando os niveis de
amplificagdo do virus resultam em uma transmissao tangencial para humanos.
Além disso, pode ocorrer a transmissao e amplificagdo a partir de um ciclo rural
onde a amplificagdo ocorre em animais domésticos e através de um ciclo urbano
com a amplificagdo em humanos (Weaver e Barret, 2004).

1.2. O virus Sindbis

O virus Sindbis (SinV) é um membro da familia Togaviridae, pertencente
ao género dos Alfavirus. Este género pode ser dividido em dois subgrupos, um
conjunto de virus primariamente associados a encefalite, como o da encefalite
equina do leste (EEE) e o da encefalite equina venezuelana (VEE), e um segundo

N

conjunto primariamente associado a poliartrite. O SinV se enquadra neste



segundo grupo, juntamente com outro membros, como os virus Chikungunya,
Mayaro e o Ross River (RRV). Os principais alfavirus associados a sintomas de

artrites estdo listados na Tabela 1.

Tabela 1. Alfavirus artrogénicos e a sua distribui¢do geografica.

Virus Distribuicdo geogrifica
Ross River Australia, Nova Guiné e Ilhas do sul do
Pacifico.
Barmah Forest Australia
O’'Nyong-Nyong Africa
Mayaro América do Sul
Igbo-Ora Africa
Chikungunya Africa, India, e Asia
Sindbis Africa, Australia, Europa e Asia.

Adaptada de Toivanen, 2008.

Inicialmente isolado a partir do mosquito Culex em uma vila chamada
Sindbis, no delta do rio Nilo no Egito, em 1952 (Taylor et al., 1955), o SinV foi
descrito como um virus sem associacao com doencas. Posteriormente, o SinV foi
também isolado de mosquitos e de espécies de vertebrados na Europa, Africa,
India, Australia e Filipinas. No inicio dos anos 80, no norte europeu comegaram a
surgir as primeiras evidéncias sorolégicas que associavam as epidemias de artrite
e “rash” com a infeccdo pelo SinV. Os primeiros locais onde o SinV foi
reconhecido como um causador desta patologia em humanos foi no norte da
Europa (Espmark e Nilasson, 1984) e no sul da Africa (Jupp et al, 1986).
Atualmente ja se sabe que o SinV é o agente causador da “Pogosta disease”, uma
doenca descrita na Finlandia desde 1974, associada com a artrite, com surtos

epidémicos aproximadamente de sete em sete anos (Kurkela et al., 2004; Kurkela



et al., 2005). Dentre os alfavirus causadores de artrite em humanos, o SinV é o

que apresenta a maior distribuicdo geografica (Figura 2).

Figura 2. Distribuicdo global do SinV. As areas marcadas de vermelho
representam onde o virus ja foi isolado. As bolas negras indicam os locais onde a
doenca promovida pelo SinV em humanos foi detectada. Adaptada de Kurkela et
al., 2004.

Os principais vetores do SinV sdo os mosquitos ornitofilicos dos géneros
Culex e Culiseta. As aves migratoérias sdo as principais candidatas a hospedeiro
amplificador do SinV, as quais representam a maior fonte de sangue para os
vetores, além de serem capazes de transportar o virus por longas distancias
geograficas (Lundstro'm et al., 2001; Brummer-Korvenkontio et al., 2002). Um
fator que reforga a importancia das aves migratérias na distribuicdo geografica
do SinV sdo as evidéncias de que cepas de SinV do norte da Europa sao muito

similares com as do sul da Africa (Norder et al., 1996; Kurkela et al., 2004).



1.2.1. O virus: estrutura, entrada na célula do hospedeiro e ciclo de replicacao

O SinV é um virus envelopado, com genoma de RNA fita simples de
polaridade positiva, com aproximadamente 11,7 kb, podendo ser subdividido em
duas subunidades, a 49S e a 26S, codificando 4 proteinas ndo estruturais e 3
estruturais. A particula viral consiste em um nucleocapsideo envolto por uma
bicamada lipidica onde as proteinas de envelope estdo dispostas (Figura 3). Ap6s
a picada do mosquito, o virus possui tropismo no hospedeiro pelo musculo
esquelético e pelos linfonodos préximos ao local da inoculagdo. Em humanos, a
pele e as articulacdes sdo alvos da replicagdo do SinV e outros alfavirus
artrogénicos (Fraser et al., 1981; Suhrbier e La Linn; 2004). Porém, ainda nao se
conhece que células-alvo do tecido articular seriam responsaveis pela artrite.

Igualmente como para outros alfavirus, a entrada do SinV na célula
hospedeira ocorre através da ligacdo das proteinas do envelope a um receptor de
superficie, acarretando na endocitose da particula viral. Apds a acidificagdo
endossomal, as proteinas do envelope sofrem mudangas conformacionais que
promovem a fusdo da membrana viral com a membrana do endossoma, sendo,
portanto, o seu RNA depositado no citoplasma da célula do hospedeiro. No
citoplasma, a subunidade genomica 49S serve como RNAm nas células
infectadas, sendo traduzida em 4 proteinas ndo estruturais denominadas nsP1-4.
Estas proteinas ndo estruturais sdo sintetizadas como duas poliproteinas, uma
P1-2-3 e outra P1-2-3-4 (Lopezet al., 1985) Estas poliproteinas sdo clivadas pelo
dominio protease da nsP2, originando as formas intermediarias e maduras que
sdo importantes no ciclo replicativo do virus (Hardy e Strauss, 1989; Strauss et al.,
1992).

Durante os estdgios iniciais da infeccdo, as proteinas ndo estruturais,
provavelmente em associacdo com fatores do hospedeiro, utilizam a fita positiva
como molde para a producao de fitas de polaridade negativa, as quais servem de
molde para confeccdo de fitas positivas. Um promotor interno na fita polaridade

negativa é utilizado para a transcricio do RNAm da subunidade 26S. Esta



subunidade é traduzida em uma tnica poliproteina que é processada gerando as

proteinas estruturais do capsideo (C) e as proteinas do envelope 1 e 2 (E1 e E2)

(Figura 3).
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Figura 3. Estrutura da particula e organizacdo do genoma do SinV. A estrutura
da particula a esquerda é uma reconstituigdo a partir de imagens 3D obtidas por
crioeletromicroscopia a 20 A de resolucdo. A direita encontra-se a particula em
um corte central a 11 A de resolucdo. Nesta imagem é possivel visualizar a
localizacao das glicoproteinas de envelope, a bicamada lipidica, a proteina do
capsideo e o RNA. Logo abaixo das particulas, encontra-se uma representacao da
organizacdo do genoma do SinV. (Imagens das particulas retiradas da péagina da
web do Dr. Mukhopadhyay’s).

Na montagem de novas particulas, as proteinas do capsideo envolvem o
RNA formando o nucleocapsideo. Este nucleocapsideo interage com o dominio
citoplasmatico das proteinas do envelope que foram sintetizadas e direcionadas
para a membrana plasmatica da célula hospedeira. Esta interagdo resulta no
enovelamento do nucleocapsideo dentro da bicamada onde estdo presentes as
proteinas do envelope e no brotamento das novas particulas para fora da célula

infectada.



1.2.2. Manifestacoes clinicas

Os sintomas mais frequentes em individuos infectados pelo SinV sdo
artrite, manchas avermelhadas na pele (“rash”), febre, dores musculares e
nauseas (Kurkela et al., 2005). As manchas avermelhadas na pele ocorrem de
forma difusa podendo afetar as palmas e as solas, com a formacdo de uma
vesicula central que pode ser, em alguns casos, hemorrédgicas (Malherbe et al.,
1963; Espmark e Niklasson, 1984). Elas aparecem em 3 a 4 dias da doenga e
podem durar em média mais 3 ou 4 dias (Tesh, 1982).

Os sintomas articulares incluem poliartralgia e artrite. As dores articulares
afetam principalmente as grandes articulagdes e sdo capazes de imobilizar o
individuo infectado. As dores sdao assimétricas e envolvem mais de uma
articulacdo. Durante as epidemias as pessoas infectadas sdo rapidamente
incapacitadas com dores severas, porém em criangas os sintomas sdo menos
severos (Tesh, 1982). A maioria dos pacientes se recupera em poucos dias, mas
diversos trabalhos descreveram que as dores articulares podem ser persistentes
por meses ou anos (Espmark e Niklasson, 1984; Levine et al., 1994; Turunen et al.,

1998; Laine et al., 2000; Kurkela et al., 2005).

1.2.3. Artrite associada a infeccao por alfavirus

O aumento das epidemias de infeccao por arbovirus associadas a artralgia
e a artrite severa e de longa duracdo pelo mundo reforca a importancia de se
compreender esta patologia (Calabrese, 2008; Toivanen, 2008 Apesar disto, a
maioria dos trabalhos que buscaram compreender a patogénese das doencas
causadas pelos alfavirus estdo focados na encefalite induzida em camundongos
(Griffin, 2005) As células do tecido articular que sdo alvo da infec¢do bem como
0s mecanismos pelos quais a infecgdo pelo SinV e outros alfavirus promovem
artrite sdo muito pouco conhecidos. A maioria dos trabalhos com énfase na

artrite faz apenas associacdes clinicas e epidemiolégicas, com excecao apenas de



alguns trabalhos com o RRV, onde alguns aspectos da artrite induzida por este
virus foram investigados em estudos com camundongos e in vitro.

Acredita-se que a artrite viral, de uma forma geral, inicie-se com a
replicacdo viral que gera um infiltrado de células mediadoras da resposta
inflamatodria no tecido articular. Em pacientes infectados com RRV, o RNA viral
ja foi isolado do espaco sinovial do joelho (Soden et al., 2000). A artrite destes
pacientes é caracterizada por um grande infiltrado inflamatério de células
mononucleares, sendo os mondcitos/macréfagos os principais constituintes
(Fraser et al., 1981, Hazelton et al., 1985). Além disso, estudos in wvitro
demonstraram que o RRV infecta células sinoviais e macréfagos humanos
(Journeaux et al., 1987; Mateo et al., 2000). Em um modelo animal de artrite
induzida pelo RRV, os animais infectados desenvolvem uma severa inflamacdo e
dano no tecido muscular e tecido articular (Lidbury et al., 2000; Morrison et al.,
2006). O infiltrado celular das articulacdes destes animais é caracterizado pela
presenca de macrofagos, células NK e linfocitos, mas os macréfagos representam
o principal tipo celular encontrado (Morrison et al., 2006). Além disso, o
tratamento dos animais com agentes toxicos para macréfagos antes da infeccao
previne completamente a inflamacdo muscular induzida pelo RRV (Lidbury et al.,
2000). Estes achados sugerem que os macréfagos sdo de grande importancia no
desenvolvimento da artrite viral.

Em camundongos, o RRV e o SinV infectam condrdcitos e células
periosteais (Murphy et al., 1973; Heise et al., 2000). Além disso, estes animais
infectados com SinV logo apds o nascimento apresentam replicacdo viral
primariamente no musculo esquelético, na pele e fibroblastos do tecido
conjuntivo (Trgovcich et al.,, 1996), além de desenvolver uma resposta
inflamatéria sistémica com a produgdo de citocinas como TNF-a, IFN-y e IL-6
(Klimstra et al., 1999).

Mesmo com poucas evidéncias, dentre os mecanismos que desencadeiam

a artrite viral parece que a resposta imune a infecgdo por estes virus possui um



papel de destaque. O papel da resposta inflamatéria na artrite reumatéide (AR),
uma doenca que promove dores e danos articulares, é bem estabelecido e mesmo
apresentando etiologias diferentes, reforca esta afirmacdo. Na AR, a membrana
sinovial, normalmente hipocelular, se torna hiperpléasica, apresentando uma
marcante infiltracdo de linfécitos T e B, macréfagos e de fibroblastos do espaco
sinovial (McInnes e Schett, 2007)As alteragdes celulares encontradas sao
importantes na progressdo da doenga, onde cada tipo celular desempenha um
papel especifico no desenvolvimento e manutencdo da AR.

Os macréfagos que infiltram o espago sinovial sdo células-chaves no
desenvolvimento da AR. Estas células sdo capazes de secretar uma variedade de
mediadores inflamatérios, como citocinas, fatores de crescimento e
metaloproteinases de matriz, alterando o ambiente onde se encontram (Mclnnes
e Schett, 2007; Szekanecz e Koch, 2007). Porém, o papel que os macréfagos
desempenham, bem como os fatores secretados por eles no desenvolvimento da
artrite viral, ndo sdo bem estabelecidos. Desta forma, estudos que busquem
caracterizar a infeccdo de virus artrogénicos em macréfagos, bem como os
mediadores sintetizados por eles, parecem ser de grande importancia para a

compreensdo da artrite viral.

1.3. O virus do dengue

O DenV pertence a familia Flaviviridae e ao género Flavivirus, no qual estdo
incluidos diversos virus responsaveis por causar doengas graves em humanos,
como os virus da febre amarela, da encefalite japonesa, do oeste do Nilo e da
Hepatite C (Lindenbach et al., 2001), sendo a infecgdo promovida pelo DenV a
causa mais prevalente de doenga e mortalidade do grupo.

As epidemias de dengue vém crescendo dramaticamente ao longo dos
anos, tornando-se uma das mais importantes doengas virais transmitidas por
artropodes em regides tropicais e subtropicais (Figura 4). Segundo a OMS,

estima-se que o virus infecte de 50 a 100 milhdes de pessoas anualmente, dentre
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as quais aproximadamente 500 mil desenvolvem a forma mais grave da doenga,
que resulta na morte de em média 20 mil individuos, principalmente de criancas
(Gubler, 2002, WHO, 2006). Apesar de sua importdncia, a compreensao dos
mecanismos envolvidos na patogénese promovida pela infeccao pelo DenV em
humanos ainda permanece, em diversos aspectos, longe de ser alcancada. Estas
lacunas sobre 0os mecanismos moleculares envolvidos na interacdo entre o virus e

humanos acaba refletindo na falta de um tratamento especifico e eficaz contra a

dengue.
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Figura 4. (A) Distribuicdo global de dreas com recente transmissao do DenV em
vermelho, e 4reas infestadas com o mosquito Aedes aegypti em 2005, em rosa
(Halsted SB, 2007). (B) Crescimento do ntimero de caso de febre do dengue e
dengue hemorragica e de paises onde foram reportados casos de dengue ao
longo dos anos (WHO, 2009).
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1.3.1. O virus: estrutura, entrada na célula do hospedeiro e ciclo de replicacao

O DenV é transmitido para humanos através da picada de uma fémea
contaminada do mosquito do género Aedes. Dentre os Aedes, o A. aegypti é o vetor
mais eficiente, porém A. albopictus e A. polynesuensis também estdo envolvidos em
alguns casos de transmissao (Qi et al., 2008).

Existem quatro sorotipos do DenV, sendo estes antigenicamente
relacionados, mas distintos, classificados como DenV-1, 2, 3 e 4. A infec¢do por
qualquer um dos diferentes sorotipos ndo é capaz de proteger o individuo da
infecgdo pelos demais sorotipos (Halstead et al., 1983). No Brasil, os sorotipos 1, 2
e 3 foram introduzidos em 1986, 1990 e 2001, respectivamente (Massad et al.,
2001).

O genoma do DenV compreende uma fita simples de RNA de polaridade
positiva, com 10,7 kb, que codifica uma tnica poliproteina. O RNA encontra-se
empacotado por vérias copias da proteina do capsideo, seguido por uma
bicamada lipidica derivada da membrana plasmatica do hospedeiro. Na
membrana, estdo inseridas 180 cépias das duas glicoproteinas virais, formando
uma particula de aproximadamente 50 nm de didmetro (Figura 5A) (Kuhn et al.,
2002). A partir da regido 5 estdo codificadas trés proteinas estruturais: capsideo
(C), proteina precursora de membrana (prM), a qual sofre clivagem proteolitica
por proteases do hospedeiro para formar a proteina de membrana do virus
maduro, e a proteina de envelope (E), em sequéncia. Apds as proteinas
estruturais, apresentam-se sete proteinas ndo estruturais (NS): NS1, NS2A, NS2B,
NS3, NS4A, NS4B e NS5, as quais sao importantes no ciclo replicativo do virus
(Figura 5B).
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Figura 5. (A) Representagéo esquematica da estrutura do virderdpie. Estrutura da
particula viral obtida por criomicroscopidddaptada de Smith et al., 2002). (B)
Organizagdo do genoma do dengue, mostrando os elementos estruturais do RNA

e a sequéncia em que as proteinas virais estdo codificadas, ressaltando alguma
das funcdes desempenhadas pelas estruturas e proteinas (Adaptada Clydeet al.,
2006).

A entrada do dengue nas células do hospedeiro ocorre por endocitose
ap0s a sua ligacdo a um receptor presente na superficie da célula (Clyde et al.,
2006). Os receptores envolvidos no processo de entrada ainda ndo sdo
completamente conhecidos, porém alguns receptores e co-receptores ja foram
descritos, como o DC-SIGN em células dendriticas (Tassaneetrithep et al., 2003) e
a heparina (Chen et al., 1997). Durante a endocitose, ocorre a acidificagdo
endossomal, promovendo a mudanca na conformacdo da proteina E da forma

dimérica para a forma trimérica, levando a exposicdo do peptideo de fusdo e
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conseqiientemente a fusdo da membrana do virus com a membrana do
endossoma (Bressanelli ef al., 2004).

Ja no citoplasma da célula hospedeira, logo inicia-se a traducdo das fitas
de RNA internalizadas. Posteriormente ocorre a sintese das fitas de RNA
polaridade negativa, as quais sdo moldes para a sintese de mais fitas positivas,
que sdo importantes para a sintese de mais proteinas e para a montagem de
novas particulas virais. A montagem e a formagdo das particulas imaturas
ocorrem na membrana do reticulo endoplasmatico. A proteina prM destas
particulas sdo entdo clivadas por proteases do hospedeiro tornando-se maduras e

sdo liberadas por exocitose (Clydeet al., 2009.

1.3.2. Manifestagoes clinicas

A infeccdo de humanos pelo DenV pode ser assintomatica ou apresentar
trés formas clinicas: a dengue classica ou febre do dengue (DF), a febre
hemorragica do dengue (DHF), a qual pode evoluir para a forma mais grave, a
sindrome do choque do dengue (DSS), resultando em alguns casos na morte do
paciente. Os quadros de DF, DHF e DSS podem ser causados por qualquer um
dos quatro sorotipos do DenV (WHO, 1997).

A DF apresenta-se como uma febre autolimitada que ocorre do segundo
ao sétimo dia apdés a infeccdo. Os sintomas observados incluem febre alta,
mialgia, dor de cabeca na regido retro-orbital, dores articulares, nauseas e
vOmitos. Estes sintomas sao acompanhados por uma leucopenia e vérios niveis
de trombocitopenia. Os pacientes acometidos pela DF normalmente se
recuperam destes sintomas uma semana apds o estabelecimento da doenca sem
complicacdes (Kurane, 2007). Ja na DHF, mesmo sendo uma forma mais grave, os
estagios iniciais da doenca sdo muito semelhantes aos da DF, porém os pacientes
desenvolvem de forma abrupta um extravasamento do plasma devido a um
aumento severo da permeabilidade vascular, trombocitopenia, hemorragia local

ou generalizada e distarbios de coagulacdo. Essas manifestacdes podem evoluir
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para o choque hipovolémico, faléncia circulatéria, diminuicdo da pressdo de
pulso e hipotensdao (Rigau-Perez et al., 1998), caracterizando a DSS, e culminar

com a morte do individuo infectado (Guzman e Kouri, 2003).

1.3.3. Imunopatogénense

Os mecanismos envolvidos no desenvolvimento da DHF/DSS ainda nao
sdo completamente conhecidos. Existem fortes evidéncias de que a intensidade
da resposta imune induzida pela infec¢do pelo DenV tenha um papel de extrema
importancia na cascata que promove o extravasamento do plasma (Lei et al.
2001). Em conjunto com estas evidéncias, elevadas concentracdes de citocinas
pro-inflamatoérias vém sendo detectadas no plasma de pacientes com DHF/DSS,
havendo correlacdo com a severidade da doenga (Iyngkaran et al., 1995; Green et
al., 1999; Gagnon et al., 2002; Suharti et al., 2003). Essas alteracdes, juntamente
com a ativagdo de células T, culminam com a ruptura da homeostase do controle
da coagulacdo sanguinea e volemia (Navarro-Sanchez et al., 2005).

Diversos fatores foram descritos como sendo importantes no
desenvolvimento das formas mais graves da doenca. Esses fatores incluem a
suscetibilidade genética do individuo, tendo sido demonstrado que o
polimorfismo do gene do sistema antigeno leucocitario humano (HLA) pode
conferir um fenétipo de protecdo ou suscetibilidade a infeccdo (Chiewsilp et al.,
1981; Loke et al., 2001; Stephens et al., 2002); a viruléncia das cepas de DenV, com
algumas cepas do virus possuindo maior capacidade de replicar e
consequentemente desencadear uma maior resposta imune (Leitmeyer et al., 1999;
Diamond et al, 2000); a autoimunidade, caracterizada pela presenca de
anticorpos contra proteinas virais que apresentam reagao cruzada com antigenos
proprios, como por exemplo, anticorpos contra a proteina NS1 (Lin et al., 2003;
Falconar, 1997); a ocorréncia de infec¢des secunddrias e heterdlogas, sendo este o
fator crucial da teoria antibody-depedent enhancement (ADE) ou aumento

dependente de anticorpo (Halstead e O'Rourke, 1977).
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O fenémeno de ADE é um dos mecanismos mais difundidas e aceitos para
explicar a evolugdo para as formas de DHF/DSS. Aproximadamente 90% dos
casos de DHF ocorrem em infec¢des secunddrias heterélogas (Green e Rothman,
2006). Nesta teoria, em uma infeccdo secundaria heteréloga, os anticorpos
presentes contra o sorotipo do DenV da primeira infeccao seriam capazes de se
ligar ao virus do sorotipo da segunda infeccdo, sendo, porém, incapazes de
neutraliza-lo. Esses anticorpos nao neutralizantes ligados ao virus formariam um
complexo imune capaz de ligar-se a receptores para a porcao Fc dos anticorpos,
presentes na superficie de células como macréfagos e mondcitos. Isso facilitaria a
entrada do virus nestas células alvo e conseqiientemente amplificaria a
replicagao viral, a produgao de citocinas e a ativacdo de células imunes (Green e
Rothman, 2006).

Durante a ADE, ocorre um conseqiiente aumento da apresentacdo de
antigenos e no nivel de ativacdo de células T. Neste cenario, a expansao das
células T de memoria pré-existentes e de baixa especificidade se sobressai em
relagdo a proliferacdo de células T “naive” (ndo ativadas previamente) de alta
especificidade ao novo sorotipo, promovendo uma desregulacdo da reposta
imunolégica ao DenV (Pang et al., 2007). Essa maior ativacdo também eleva a
sintese de IFNy e TNFa, que quando presentes na circulagdo sdo capazes de agir
diretamente nas células do endotélio vascular, aumentando a sua
permeabilidade e levando ao extravasamento do plasma (Mangada et al., 2002).
Desta forma, é possivel perceber uma correlagdo entre as formas mais graves da
doenca com o nivel de ativacido do sistema imune.

1.3.3.1. Ativagdo da resposta imune pela infecgao pelo DenV

Durante a infeccao ocorre um aumento na concentracao de varias citocinas
no soro dos pacientes infectados pelo DenV. Diversos estudos revelaram a
existéncia de um perfil caracteristico destas citocinas (Chaturvedi et al., 2000), e o
mais interessante é que o perfil encontrado em pacientes com DF ¢é diferente dos

que desenvolvem DHF (Tabela 2). Algumas citocinas estdo aumentadas em
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pacientes com DF e diminuidas na DHF, como IL-12, e outras apresentam uma
relacdo inversa, como IL-8 e IL-10. O aumento destas citocinas no soro é o
resultado de uma cascata de ativacado e interacao das células do sistema imune,
bem como das células ndo imunes (Lei et al., 2001). Além de citocinas, é possivel
encontrar correlagdo com os niveis de quimiocinas encontradas no soro de
pacientes, como por exemplo, altos niveis de MIP1[3 estdo associados a um bom

prognostico da doenga (Bozza et al., 2008).

Tabela 2. Perfil dos niveis de citocinas encontradas no soro de pacientes com DF
e DHF em comparacdo com os niveis encontrados em individuos sauddveis.

Citocina

DF

DHF

IL-1B* Sem alteracao Sem alteracao
IL-2 Muito elevada Elevada
1L-4 Diminuida Muito elevada
IL-6* Elevada Muito elevada
IL-8* Diminuida Muito elevada
IL-10* Diminuida Muito elevada
IL-12* Muito elevada Diminuida
1L-13 Diminuida Muito elevada
1L-18* Elevada Muito elevada
TNF-o* Elevada Elevada
IFN-y Muito elevada Elevada
TGE-p* Diminuida Muito elevada
hCF* Elevada Muito elevada

* Citocinas secretadas por macréfagos (Adaptada de Chaturvedi, 2000 e 2006).

A identificagdo das células-alvo de replicagdo do virus e quais as células
do sistema imune seriam importantes no controle da infecgdo, principalmente
nos estagios iniciais da doenca, é muito importante para a compreensdo da
patogénese da dengue. Existem evidéncias de que os alvos do DenV incluiriam

as células dendriticas (CD), mondcitos, células NK (matadoras naturais),
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linfécitos, hepatodcitos e as células do endotélio vascular (Pang et al., 2007). Porém
ndo se sabe ao certo se o virus seria capaz de replicar em todas elas, mas ao
menos de forma indireta elas seriam afetadas durante a infeccdo. Estas células
sao capazes de produzir citocinas e outros mediadores inflamatoérios, e, além
disso, no caso dos macréfagos e células dendriticas, sao capazes de apresentar
antigenos virais a células T, ativando-as, montando uma rede de interacdes de
que culminam na resolugdo ou desenvolvimento das formas mais graves da

doenca (Figura 6).
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Figura 6. Interacdo do DenV com as células envolvidas na patogénese do dengue.
As células envolvidas podem ser infectadas ou apenas ativadas pelo conjunto de
mediadores inflamatdrios secretados apds a infeccdo. Mondcitos e Células
dendriticas infectadas apresentam antigenos as células B, que produzem
anticorpos contra proteinas virais (proteina E e NS1) e para as células T, as quais
produzem diversas citocinas em resposta a esta ativagdo. O resultado desta
cascata de ativagdo promove alteracdes no endotélio vascular que culminam com
o extravasamento do plasma (Adaptada de Green e Rothman, 2006).
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1.3.3.2. Papel dos Macroéfagos

Os macroéfagos sdo células fagociticas alvo da infeccao pelo DenV. Quando
ativados, produzem uma variedade de citocinas, quimiocinas e fatores
citotéxicos, além de apresentarem antigenos virais as células B e T, mediando a
resposta inflamatoéria em resposta a infeccao. Apesar de sua baixa suscetibilidade
a infeccdo quando comparada as células dendriticas, a eficiéncia da replicagdo é
maior do que em linfécitos B (Chaturvedi ef al., 2006). Além disso, a replicacdo
do DenV, bem como a ativacdo dos macréfagos, é aumentada na presenca de
anticorpos ndo neutralizantes para o DenV, onde ocorre maior internalizacdo do
complexo imune virus/anticorpos através da ligacdo a receptores para a porcao
Fc presentes na superficie dos macréfagos (Halstead et al., 1977), conforme
descrito no fendémeno da ADE.

Diversas citocinas e quimiocinas sdo secretadas por macréfagos em
resposta a infecgao pelo DenV, tais como, TNF-a, IFN-a, IL-1B, IL-6, IL-8, MIP-1a
e RANTES (Chaturvedi et al., 2006). Estudos utilizando macréfagos humanos em
cultura demonstraram que o perfil de citocinas secretadas durante os trés
primeiros dias de infeccdo é do tipo Thl (caracteristicas da resposta imune
efetora) e ap0ds este periodo ocorre uma inversao para um perfil de resposta do
tipo Th2 (caracteristica da resposta humoral) (Chaturvedi et al., 1999). Essas
observagdes sdo compativeis com o perfil de citocinas encontradas no soro de
pacientes com dengue classica (perfil Thl) e com a progressdao para a dengue
hemorragica (perfil Th2), sendo que a maioria das citocinas encontradas é
secretada por macréfagos (Tabela 2), o que evidencia a importancia destas
células no desenvolvimento da doenca (Chaturvedi et al., 1999). Dentre as
citocinas secretadas podemos destacar a IL-12, a qual estd associada ao combate
ao virus e a protecdo e a recuperacdo do hospedeiro, muito elevada em pacientes
com dengue classica e completamente ausente em pacientes com dengue

hemorragica. Por outro lado, as concentracdoes de IL-8 estdo diminuidas em
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individuos com dengue cldssica e muito elevadas em pacientes com dengue
hemorragica.

Além das citocinas, uma outra associacdo dos macréfagos com a dengue
estd na sua atividade citotoxica. Durante a infeccdo pelo DenV os macréfagos
produzem um fator citotéoxico (CF), o qual é capaz de matar células CD4+ e
induzir macréfagos a produzirem uma outra citotoxina (CF2) que amplifica o
efeito de CF (Chaturvedi et al., 2006). Quando presentes, CF/CF2 induzem os
macroéfagos a produzirem radicais livres, nitrito e espécies reativas de oxigénio.
Estas moléculas sdo capazes de matar células alvo por apoptose e induzir a
producdo de perdxido de hidrogénio e de citocinas pré-inflamatérias como, IL-13
e IL-8. A importancia desta via foi demonstrada com a inoculagio de CF
purificada de soro de pacientes com dengue hemorragica em camundongos, o
que aumentou a permeabilidade vascular e causou danos na barreira
hematoencefalica dos animais (Dhawan et al., 1990; Khanna et al., 1990). Além
disso, altos niveis de anticorpos para CF foram encontrados no soro de pacientes
com dengue classico, sendo que esses niveis diminuem com o aumento da
gravidade da doenga (Chaturvedi et al., 2006).

Diante de toda esta complexa cascata de citocinas e mediadores
inflamatérios secretados durante a infeccdo, compreender a rede de interacdes
existente entre estes diferentes mediadores apresenta-se como um fator de

extrema importancia na compreensao da patogénese do dengue.

1.3.3.3. Papel das células hepaticas

A presenga de hepatomegalia em pacientes com DHF e o aumento de
enzimas do figado no soro de individuos infectados sdo evidéncias clinicas do
envolvimento do figado na patogénese do dengue (Seneviratne et al., 2006).
Diversos trabalhos demonstraram que as concentragdes de transaminases, tal
como a aspartato transaminase e a alanina aminotransferase, estdo aumentadas

2

em pacientes infectados pelo DenV e que este aumento é ainda maior em
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individuos que apresentavam DHF/DSS (Kuo et al., 1992; Wahid et al., 2000;
Mohan et al., 2000). Além disso, ja foram descritos casos de faléncia hepatica
fulminante como uma das complica¢des da DHF/DSS (Alvarez e Ramirez-Ronda,
1985; Lawn et al., 2003; Lum et al., 1993).

Antigenos virais foram detectados em hepatdcitos e particulas virais
foram recuperadas de bidpsias de figado de pacientes com DHF (Rosen et al.,
1989). Foi demonstrado que o DenV é capaz de replicar em hepatdcitos e em
células de Kupffer, porém neste caso com menos eficiéncia (Huerre et al., 2001;
Marianneau ef al., 1999). Analises histolégicas de figados obtidos de casos fatais
de dengue demonstraram a presenca de esteatose, necrose hepatocelular,
hiperplasia, destruicdo das células de Kupffer, presenca de corpuasculos de
Councilman e infiltrado celular (Burke, 1968; Bhamarapravati, 1989). Estudos in
vitro com linhagens de células hepéticas, mostraram que a infeccdo pelo DenV
pode levar a apoptose destas células, bem como induzir a sintese de IL-6 e
RANTES, uma quimiocina capaz de recrutar linfécitos e células NK para o local
da inflamacgao (Lei et al., 2001).

Este conjunto de evidéncias demonstra que o DenV possui tropismo por
células do figado e desencadeia uma resposta inflamatéria neste tecido
promovendo um dano tecidual e alteragdes no soro de individuos infectados,
que podem estar correlacionadas com o desenvolvimento inclusive das formas
mais graves da doenca. Desta forma, o figado pode ser considerado um

importante alvo de estudo para a compreensao da patogénese da dengue.

1.4. O fator inibidor da migracao de macréfagos (MIF) e seu papel
em infec¢Oes virais

O fator inibidor da migracdo de macréfagos (MIF) foi primeiramente
descrito por David; e Bloom e Bennett em 1966 como um fator soltvel secretado

por linfécitos T capaz de inibir a migracdo de macréfagos em ensaios in vitro de
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hipersensibilidade tardia. Mesmo sendo uma das primeiras citocinas a serem
descritas, somente apds a sua clonagem, em 1989, por Weiser e colaboradores, é
que seu papel biolégico pdde ser caracterizado. Atualmente sabe-se que o MIF
pode ser secretado por uma enorme variedade de células do sistema imune,
como macroéfagos, eosindfilos e neutréfilos, e também ndo pertencentes ao
sistema imune como os rins, figado, coragdo, glandulas sexuais (Calandra e
Roger, 2003). Além disso, MIF pode ser secretado de maneira similar a um
hormonio, pela hipéfise anterior apds a exposi¢do ao lipopolissacarideos de
bactérias gram-negativas (LPS) presentes em sua parede (Bernhagen et al., 1993),
demonstrando a existéncia de uma interface do MIF com os sistemas imune e

enddécrino.

1.4.1 Estrutura, expressdo e secrecao

No genoma humano existe apenas um dunico gene localizado no
cromossomo 22 que codifica o MIF. Em camundongos o gene esta localizado no
comossomo 10 e observa-se a existéncia de diversos pseudo genes (Bozza et al.,
1995). Ele é expresso como um tnico RNA mensageiro de aproximadamente 0.8
kb (Weiser et al., 1989; Paralkar e Wistow, 1994) que codifica uma proteina nao
glicosilada de 114 aminoacidos de 12,5 kDa com aproximadamente 90% de
homologia com todos os MIFs de mamiferos (Calandra e Roger, 2003).

A anadlise cristalografica do MIF humano e de ratos demonstrou que esta
proteina apresenta-se como um homotrimero (Figura 7). Nesta estrutura, duas
fitas B remanescentes se ligam as folhas B da subunidade adjacente, e seis -
hélices envolvem trés folhas 3 formando um barril contendo um canal acessivel a
passagem de dgua bem no centro da proteina. Esta estrutura central diferencia o
MIF de qualquer familia de citocinas ja descritas. Porém ainda restam duavidas se
esta seria a forma fisiol6gica do MIF (Javeed et al., 2008).

O MIF difere-se das outras citocinas pro-inflamatdrias ndo s6 pelo aspecto

estrutural, mas também em aspectos funcionais. Normalmente o aumento dos
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niveis de uma citocina é regulado pela indugdo da expressdo génica apdés um
determinado estimulo. No caso do MIF, ele é constitutivamente expresso e
encontra-se estocados em pools intracelulares no citoplasma de células nao
estimuladas (Bernhagen et al., 1998). Linhagens de macréfagos, bem como
macréfagos primdrios ndo estimulados apresentam uma grande quantidade de
MIF pré-estocada que é liberada mediante estimulagdo por LPS, exotoxinas de

bactérias Gram-positivas e citocinas como TNF-a e IFN-y (Calandra et al., 1998).

Figura 7. Estrutura tridimensional do MIF. A imagem da direita é a da visao
lateral da estrutura e a da esquerda a visdo superior da estrutura. (Adaptada de
Calandra e Roger, 2003).

A auséncia de um peptideo sinal na porgdo N-terminal do MIF que o
direcione para a via secretoria através do reticulo endoplasmatico sugere a
existéncia de algum mecanismo ndo convencional de secrecdo desta proteina
(Bernhagen et al., 1998). Recentemente, Keller e colaboradores (2008) propuseram
a existéncia de um mecanismo de secrecao de proteinas dependente da atividade
de caspase-1, sendo o MIF uma das proteinas identificadas como possivelmente

dependente deste mecanismo.
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1.4.2. Mecanismo de acao

O MIF secretado pode agir de forma autdcrina, paracrina e até mesmo
sistémica (Santos e Morand, 2009). Muitas das agdes do MIF sao dependentes de
sua ligacdo a seu receptor CD74, o qual representa a forma de superficie celular
da cadeia invariante de MHC de classe II (Leng et al, 2003). Até
aproximadamente um pouco mais de dois anos atras, este era o tnico receptor
conhecido mediando as acdes do MIF. Porém, a inexisténcia de um dominio
intracelular para a transducdo de sinal na molécula do CD74, ja indicava a
existéncia de outras moléculas envolvidas no reconhecimento do MIF na
superficie da célula.

Atualmente ja se conhece um conjunto de moléculas envolvidas no
reconhecimento do MIF (Figura 8). A proteoglicana CD44 foi descrita como o
componente sinalizador do complexo MIF-CD74 (Shi et al., 2006). O
reconhecimento do MIF pelo complexo CD74/CD44 promove a ativacdo da
tirosina cinase Src e subsequentemente a ativacdo de MAP cinases, em particular
ERK1/2, p38, PI3 cinase e JNK, além de inibir a expressao e a agdo de p53 (Lue et
al., 2007). A ativacdo desta via pelo MIF promove o aumento da expressdao de
genes alvos associados a inflamacdo e a proliferacdo celular. Ensaios de
competicdo e de internalizacdo demonstraram que os receptores de quimiocinas
CXCR2 e CXCR4 sao receptores funcionais de MIF (Bernhagen et al., 2007). A
ativagao destes receptores promove o influxo de célcio e a ativacdo de integrinas.
Além disso, a co-expressdao de CXCR2 e CD74 resulta na formacdo de um
complexo CXCR2/CD74. Essa via de ativagdo esta intimamente relacionada ao
papel do MIF no recrutamento e inducdo da adesdo leucécitos (Bernhagen et al.,
2007; Magalhaes et al., 2009).

Outros mecanismos de agdo do MIF, independentes da ativacdo de um
receptor na superficie celular, vém sendo descritos. O MIF endocitado é capaz de
se ligar e interagir com a proteina JAB-1, uma proteina intracelular que age como

um co-ativador da proteina ativadora de transcricdo (AP-1). Esta interacdo leva a
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inibicdo de JAB-1 e, consequentemente, da atividade da AP-1 (Kleemann et al.,
2000). Além disso, diversos trabalhos demonstraram que o MIF pode apresentar
diferentes atividades cataliticas, como atividades tautomerase, isomerase e

oxidoredutase (Rosengren et al., 1996 e Kleemann et al., 1998).

p53 | b

==l

MAPK/ || PI3K/ || ca?* || Atividade de
ERK Akt integrinas

AP-1

Figura 8. Sinalizacdo do MIF através de um complexo funcional de receptores. O
MIF extracelular pode se ligar a proteina de superficie CD74, o que resulta na
ativacdo de CD44 e conseqiiente ativacdo da familia de Src-cinases. O MIF
também pode se ligar e sinalizar através de receptores de quimiocinas acoplados
a proteina G (CXCR2 e CXCR4). Além disso, o complexo CXCR2 e CD74 pode
facilitar a ativagdo de proteina G, bem como formar de um complexo sinalizador
envolvendo proteina G e Src-cinases. Quando endocitado, o MIF pode interagir
com a proteina JAB-1 e inibir a acdo de MAPK e ativagdo de AP-1 (Adaptada de
Schober et al., 2008).

1.4.3. O papel do MIF na resposta inflamatoéria

Existem diversas evidéncias da acdo do MIF como uma citocina
modulatoria e amplificadora da resposta inflamatéria (Kudrin et al., 2006). MIF é
liberado de células imunes em resposta a estimulacdo por produtos de patégenos

e citocinas pro-inflamatérias. Uma vez liberado, o MIF pode estimular a sua
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propria sintese e a sintese de outros mediadores pré-inflamatérios, além de
promover o crescimento e a sobrevivéncia celular.

A utilizagdo de células e animais deficientes de MIF, anticorpos especificos
neutralizantes de MIF, a proteina recombinante, bem como a utilizagao do ISO-1,
uma droga capaz de inibir as a¢des do MIF, tém ajudado a desvendar as acdes
regulatorias do MIF sobre a resposta inflamatéria. O MIF pode agir diretamente
ou indiretamente no controle da producdo e expressio de uma variedade de
citocinas como TNF, IFN-y, IL-1f3, IL-2, IL-6 e BIL-8, além de modular a produgao
de 6xido nitrico e PGEz, bem como a expressao de metaloproteinases de matriz e
seus inibidores (Calandra e Roger, 2003; Santos e Morand, 2009). Uma outra
caracteristica singular do MIF é de que seus efeitos estimulatérios sobre estes
mediadores inflamatérios ocorrem mesmo que os mesmos estejam inibidos pela
acdo de glicocorticéides (Calandra et al., 1995). Estas evidéncias demonstram a
existéncia de um mecanismo de contra regulagdo dos efeitos antiinflamatdrios
dos glicocorticéides pelo MIF (Figura 9).

As mesmas ferramentas descritas anteriormente também tém sido de
extrema importancia na elucidacdo do envolvimento do MIF em diversas
patologias inflamatorias, como na sepse (Bernhagen et al., 1993; Bozza et al., 1999),
na artrite reumatodide (AR) (Mikulowska et al., 1997), na asma (Mizue et al., 2005;
Magalhdes et. al.,, 2007) e na aterosclerose (Burger-Kentischer et al., 2002;
Korshunov et al.,, 2006). Altas concentracdes de MIF foram detectadas em
modelos experimentais ou em pacientes acometidos por estas doencas, além de
suas manifestacdes serem no minimo parcialmente dependentes de sua atividade.
Em modelos experimentais de sepse, animais deficientes para este gene ou
submetidos a neutralizacdo de MIF apresentam uma menor resposta inflamatéria
bem como uma maior sobrevivéncia. Estas evidéncias podem ser visualizadas
com a inoculacdo de bactérias como, por exemplo, E. coli, ou até mesmo a
inoculagdo de produtos bacterianos, como LPS (Bernhagen et al., 1993; Bozza et.

al., 1999; Calandra et al., 2000).
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Figura 9.Papel do MIF na inflamacdo. O MIF promove a producdo de citocinas
que desempenham um importante papel na resposta inflamatéria. Além disso,
inibe a acdo dos glicocorticorides e promove o crescimento tumoral e a
angiogenese (Adaptado de Javeed et al., 2008).

Um conjunto de trabalhos demonstrou que o MIF é um regulador da
expressao de genes proé-inflamatérios na AR, incluindo TNF, IL-1, IL-6 , IL-8,
PLA; e COX-2, além de induzir a sintese de PGE: (Aeberli et al., 2006; Morand et
al., 2006; Santos e Morand, 2009). Além disso, estd envolvido no processo de
dano articular e destruicdo da matriz 6ssea na AR, uma vez que é capaz de ativar
a expressao de MMP-1, MMP-3 e MMP-2, por fibroblastos sinoviais (Onodera et
al., 2000) e ativar a produgdo de MMP-9 e 13 por osteoblastos (Onodera et al.,
2002). Estudos com modelos experimentais de artrite induzida mostraram que o
uso de anti-hMIF e de animais deficientes em MIF resultaram em uma menor
freqtiéncia no desenvolvimento da AR, acompanhada de uma diminui¢do no

recrutamento, ativacdo e sobrevivéncia de leucécitos juntamente com uma
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diminuigdo na expressao de IL-6 e TNF (Mikulowska et al., 1997; Santos et al.,
2001, Ichiyama et al., 2004; Gregory et al., 2004). Recentemente, nosso grupo
demonstrou que o MIF é secretado por macréfagos estimulados com imuno
complexos e animais deficientes de MIF apresentam uma redugao significativa
da resposta inflamatéria desencadeada pela deosigdo destes imuno complexos
(Paiva et al., 2009). A AR, o ltpus eritematoso sistémico e diversas vasculites tem
na deposicdo de imuno complexos um dos principais mecanismos responsaveis
pelo desencadeamento da resposta inflamatdéria. Por fim, tem sido descrito um
polimorfismo no gene de MIF associado a uma maior suscetibilidade para o

desenvolvimento da AR (Donn et al., 2001; Donn et al., 2004).

1.4.4. Envolvimento em infec¢des virais

A participacdo do MIF em infecgdes virais tem sido pouco retratada na
literatura. O aumento das concentracdes de MIF durante infecgdes virais ja foi
descrita para o virus da encefalite japonesa (Suzuki et al., 2000), citomegalovirus
(Bacher et al., 2002; Frascaroli et al., 2009), virus Influenza A (Arndt et al., 2002),
virus do Oeste do Nilo (Arjona et al., 2007), virus da Hepatite B (Zhang et al., 2002;
Kimura et al., 2006), virus do dengue (Chen et al., 2006) e virus da Encefalite
Equina Venezuelana (Sharma et al., 2008).

A anélise do soro de pacientes do sul de Taiwan infectados pelo DenV
demonstrou um aumento das concentracdes de MIF que podem ser
correlacionados com a severidade da doenga (Chen et al., 2006). Porém, somente
nos trabalhos da infecgdo pelos virus da Hepatite B e virus do Oeste do Nilo o
papel imunomodulador do MIF foi explorado.

Durante a infeccdo pelo virus do Oeste do Nilo, camundongos deficientes
de MIF apresentam uma menor expressdao de TNF, IL-6 e IL-12 no cérebro
quando comparados aos animais selvagens. Além disso, como conseqiiéncia da
diminuicdo da inflamacgdo, os animais deficientes de MIF apresentavam uma

menor perda da permeabilidade da barreira hematoencefdlica e
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conseqiientemente uma menor neuroinvasdao do virus, e por fim uma menor
letalidade (Arjona et al., 2007). Na infeccdo pelo virus da Hepatite B, o MIF
também ndo apresentou atividade antiviral tanto in vivo quanto in vitro, porém o
tratamento com anti-MIF levou a uma diminuicdo na lesdo do figado e uma
menor expressao de TNFa, INFy, CXCL10, CCL4, CCL5 e CCL3 durante a
infeccao (Kimura et al., 2006). Em ambos os trabalhos, o MIF parece envolvido no
controle da inflamagdo, porém nado apresenta um efeito direto sobre a replicacdo

viral.
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Objetivos
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2.1. Objetivo geral

Apesar de todo conhecimento sobre a estrutura do MIF, seu mecanismo
de acdo e seu envolvimento em doencas inflamatérias, poucos trabalhos
investigaram sua participacdo em patologias de etiologia viral, especialmente seu
papel imunomodulador. Desta forma, investigar o envolvimento do MIF bem
como a rede regulatéria estabelecida por ele em infecgdes virais associadas a
patologias de carater inflamatério é extremamente relevante.

O objetivo geral desta tese foi analisar o envolvimento do MIF na infeccdo
pelos DenV e SinV, dois arbovirus patogénicos para humanos, bem como estudar
o papel modulador do MIF sobre a ativacdo promovida pela infeccdo destes
virus em células humanas. Como dito anteriormente, a abordagem de cada virus
serd realizada individualmente e, portanto, a tese encontra-se dividida em duas
partes. Na primeira parte sera tratado o papel do MIF na infeccdo pelo SinV e na

segunda na infecgao pelo DenV.

2.2. Objetivos especificos

2.2.1. Infeccao de macréfagos humanos com o virus Sindbis- o papel do MIF e

a correlacao com a artrite viral

v' Caracterizar a replicacdo do SinV em macréfagos humanos;

v' Investigar a indugdo da producao de citocinas pelos macréfagos durante a
infeccao pelo SinV através analise da expressdo génica, bem como, pela
dosagem das concentracdes de proteina encontrados no sobrenadante das
culturas;

v Quantificar a expressdo de metaloproteinases (MMPs) nos macréfagos

durante a infeccao;
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v' Avaliar o envolvimento do MIF na regulacdo da secrecdo de citocinas e na
expressao de MMPs, através do bloqueio de sua agdo nos macréfagos

infectados e utilizando macréfagos de animais que nao expressam MIF.

2.2.2. Papel do MIF na infec¢ao pelo virus do dengue

v Analisar o nivel de MIF, juntamente com outras citocinas no soro de
pacientes com DHF.

v' Estudar a contribuicdo de células hepéticas e macréfagos humanos na
producao de MIF in vitro.

v' Avaliar os efeitos do bloqueio da acdo do MIF in vitro sobre a replicagdo

viral e a produgdo de citocinas.
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3. Resultados

3.1. Parte I: Papel do MIF na ativacao de macréfagos humanos na

infeccao pelo virus Sindbis

3.1.1. Apresentacao do artigo 1

A emergéncia das arboviroses pelo mundo é um grave problema de satide
publica. As estratégias de controle destas doengas estdo principalmente focadas
no controle de vetores. Este foco pode ser em parte explicado pela compreensao
relativamente baixa das patologias relacionadas a estes virus, o que acarreta na
auséncia de terapias adequadas para prevencao e/ou tratamento. A literatura é
vasta de esforcos para a compreensdo dos mescanismos moleculares envolvidos
no estabelecimento de algumas arboviroses, como a dengue, porém
completamente obscura para outras.

Como ja citado anteriormente, o SinV é um arbovirus da familia
Togaviridae e género dos Alphavirus. Este grupo de virus é responsavel por
diversos surtos de poliartralgia e artrite pelo mundo. Os individuos infectados
podem apresentar um quadro de artrite severa e incapacitante, com duragao na
maioria dos casos de dias, mas que pode durar até por anos. Dentre os alfavirus
artrogénicos, o SinV apresenta maior distribuicao geogréfica. Apesar destes fatos,
os estudos envolvendo alfavirus estdo centrados na compreensdo da patogénese
da encefalite, observada principalmente em modelos de infeccdo em
camundongos. Muito pouco se sabe sobre os mecanismos moleculares
envolvidos no estabelecimento da artrite viral em humanos.

As artrites descritas em humanos, como a artrite reumatéide (AR), sao
patologias de cardter imune, envolvendo uma severa reacao inflamatoéria. Na AR,
os estimulos primarios que desencadeiam a doenca ainda sdao desconhecidos,

porém, durante seu estabelecimento, o tecido sinovial se torna alvo de uma
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resposta inflamatodria inicialmente aguda e que se estende para uma resposta
cronica (Cush e Lipsky, 1991; Mitchell e Pisetsky, 2007). A atividade persistente
do sistema imune e as citocinas secretadas pelas células que infiltram o espaco
sinovial acreditam-se estar envolvidas com a formagdo de uma complexa rede
regulatéria promovendo auto-imunidade, inflamagdo cronica e destruicdo
tecidual. Os macréfagos apresentam um papel de grande importdncia na
transformacdo do ambiente sinovial. Os mesmos sdo capazes de secretar
diferentes mediadores inflamatérios, como citocinas e quimiocinas, bem como
fatores de crescimento e metaloproteinases de matriz (MMPs) (Szekanecz e Koch,
2007). Além disso, estudos com o modelo animal de artrite induzida pelo RRV,
demonstraram que os macréfagos sdo as principais células do infiltrado
inflamatério do tecido articular dos camundongos infectados.

Este trabalho teve como objetivo estudar a resposta inflamatéria induzida
pela infeccdo pelo SinV em uma cultura priméria de macréfagos humanos e sua
possivel correlagdo com a artrite induzida pela infeccdo. N6s demonstramos pela
primeira vez que os macréfagos humanos sdo células alvo para a replicagdo do
SinV. A infeccdo promove a ativacdo dos macréfagos, levando a liberagdo de
MIF de estoques intracelulares, bem como, a indugao da expressdo e secrecao de
TNF-a, IL-1B e IL-6. Estas citocinas também se encontram elevadas nos
individuos acometidos pela AR, sdo importantes no estabelecimento desta
patologia e no caso do TNF-a, IL-1f e IL-6 sdo alvos terapéuticos atualmente
utilizados na clinica (Brennan e Beech, 2007; McInnes e Schett, 2007Na AR as
citocinas secretadas como TNF-a e IL-1f3 sdo capazes de induzir a expressao de
MMPs. Durante a infeccdo pelo SinV, a ativacdo dos macréfagos também
acarreta no aumento da expressio de MMP1 e MMP3, duas metaloproteinases
que estdo envolvidas na degradacdo articular na AR (Burrage et al., 2006) e que
podem estar associadas ao dano articular observado durante a infeccdo pelo SinV.
Consistentemente com o papel do MIF como amplificador da resposta

inflamatéria e das evidéncias em modelo animal de AR induzida que
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demonstram que animais que ndo expressam MIF apresentam uma artrite menos
severa e diminui¢do no dano articular (Leech et al., 2003; Ichiyama et al., 2004),
quando o MIF é neutralizado por anticorpos ou inibido pela acdo do ISO-1, a
sintese de citocinas e a expressdo de metaloproteinases sofrem uma dréstica
reducdo. Além disso, macréfagos de camundongos infectados que ndo
expressam MIF apresentam uma menor resposta inflamatéria induzida pela
infeccdo do SinV, evidenciada pela menor secrecao de TNF-a e IL-6 comparada
com a secrecio de macréfagos de animais selvagem. Estes resultados
demonstram a existéncia de um papel imunomodulatério do MIF na cascata
inflamatéria induzida pela infecgdo do SinV.

Este trabalho representa uma das primeiras contribuicdes para a literatura
trazendo evidéncias da participagdo dos macréfagos na infeccao pelo SinV, do
envolvimento de alguns mediadores e do papel amplificador do MIF, fatores que
podem estar relacionados com artrite evidenciada em pacientes infectados com
SinV. Além disso, nossos dados sugerem que pode haver um mecanismo comum
de inducdo de dano articular por outros alfavirus artrogénicos. Os resultados

completos estdo apresentados na forma de artigo na préxima secao.
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ABSTRACT

Several viruses cause acute and chronic jointrmfiation in humans, and among them,
the alphaviruses are a group of special interesttduhe increasing outbreaks in which
they are the etiological factor. Sindbis virus {Bina member of thélphavirus genus, is
the most widely distributed of all known arboviras@&lthough SinV cause arthritis in
humans, the molecular and cellular bases of thieogahesis of this disease are almost
completely unknown. Despite the crucial role of nabages in arthritis development,
these cells have not been consistently recognizedogential target cells to arthritis-
causing viruses. Here we have demonstrated forfitse time the infection and
replication of SinV in human macrophages. The idec promoted macrophage
activation, leading to the release of macrophaggration inhibitor factor (MIF) from
intracellular stocks and inducing the expressioth secretion of TN, IL-13 and IL-6.
Cytokine production was followed by the inductidnneetalloproteinases (MMPs) 1 and
3 expression, what could be involved in articulamége observed in SinV-induced
disease. Additionally, using different strategiesbtock MIF action, including an anti-
MIF antibody, the MIF inhibitor ISO-1 and a knocktamice for MIF gene, we found
that cytokine secretion and MMPs expression duiirigction were regulated by MIF,
suggesting that this cytokine acts in an autocainé paracrine fashion upstream in the
macrophage activation cascade. Taken together, results revealed remarkable
similarities between macrophage responses indug&iny infection and those observed
in rheumatoid arthritis, despite the different Etgnes of infectious and autoimmune

arthritides.
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INTRODUCTION

Viral arthritides are acute diseases that may sxginto chronic forms. They
may be caused by direct effects of virus infectonjoints, as it seems to be the case of
togaviruses-induced arthritis, or due to side éffed viral-induced immune response, as
in the case of arthritis related to HIV, HTLV-1 lais B and C infectionsdalabrese
and Naides2005]. The mechanisms by which viruses produti@ias are diverse and
poorly understood and attention to the rheumatimpations of viral infection has
been relegated [Calabrese, 2008].

Among the arthritis-causing viruses, the memberghefAlphavirus genus of
Togaviridae family are a group of special interest due torthreasing importance as an
etiological factor of the viral arthritides [Toivan, 2008] and because almost all the
symptomatic infections in adults result in joinflammation [Suhrbier and Linn, 2004].
Mosquitoes from the generedes, Culex and Culiseta are the vectors, contracting the
alphaviruses from birds and transmitting them tenbos. Sindbis virus (SinV), an
alphavirus isolated in the village of Sindbis, igylat, in 1952 [Taylor et al., 1955], is the
most widely distributed of all known arboviruse{fanen, 2008]. It is not restricted to
tropical and sub-tropical areas of the globe, wiflections occurring in Europe, Africa,
Asia and Australia. SinV is genetically or antigelly related to the viruses isolated
from insects or birds during outbreaks of diseaseslving joint inflammation [Kurkela
et al., 2004], such as Pogosta disease in Finl@atisher et al., 1985], Ockelbo disease
in Sweden [Skogh and Espmark, 1982; Niklasson airark, 1984] and Karelian fever
in Russia [Lvov et al., 1984]. Virus isolation dity from humans has been reported in

South Africa, China and Finland [Kurkela et al. 020 Besides Sindbis-group viruses,
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other alphaviruses are associated with outbreaksobfarthritis/arthralgia in humans,

such as the African/Asian Chikungunya virus, theid&in O’nyong-nyong virus, the

South American Mayaro virus, and the AustralianmBan Forest virus and Ross River
virus [Rulli et al., 2005].

The main clinical manifestations of alphavirus oifen are fever, rash, arthralgia,
and joint inflammation, which may be quite incapaitng in the acute phase of the
disease [Laine et al., 2004]. The symptoms arergépef short duration, but there are
several studies showing that prolonged and chromémifestations may persist for
months or even years [Laine et al., 2000; Levinal.e2004; Morrison et al., 2008]. The
molecular and cellular bases of the pathogenesislmifavirus-induced arthritis are
poorly understood. Few studies using animal mosletsved that the articular tissues are
targets for alphavirus infection after periphenalculation [Heise et al., 2000/orrison
et al., 2006]. In adult mice infected with a Sirslgroup virus, viral replication was
detected in bone-associated connective tissuerd@ctious virus was isolated from bone
and joint tissue [Heise et al., 2000]. In mouse et®dor Ross River virus (RRV)
infection, severe inflammation within the joint askleletal muscle tissues was observed
[Lidbury et al., 2000; Morrison et al., 2006], andmplement 3 and its receptor were
shown to contribute to tissue destruction [Morrisb@l., 2007, Morrison et al., 2008].

Macrophages are key players in development ofiasthfhese cells are involved
in the initiation and perpetuation of inflammatioh the joint, secreting a variety of
inflammatory mediators such as cytokines, growtitdiss and matrix metalloproteinases
[Szekanecz and Koch, 2007]. Additionally, macrogsagere found in the inflammatory

infiltrates in the joints of the mouse model for Rithduced arthritis [Morrison et al.,
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2006]. The importance of cytokines and chemokinageted by macrophages in the

development of rheumatoid arthritis is well estsiidid Mcinnes and Schett 2007,

Levine et al., 1994], but their involvement in {h&thogenesis of viral arthritis, especially
related to joint inflammation, is still almost urdwan.

In this work we evaluate the infection of macroptgmgvith the MRE16 strain of
SinV. We showed for the first time that SinV isalb replicate in human macrophages,
leading to the production of several cytokines aativating the expression of two
important matrix metalloproteinases (MMPs) involvad joint damage. We also
demonstrated the involvement of macrophages magratihibitory factor (MIF) in the
induction of secretion of other inflammatory cytoés and expression of MMPs in SinV-
infected macrophages. The results suggest the pizges as one of the SinV target
cells during human infection and shed light to tiechanisms involved in development

of viral arthritis.

MATERIALS AND METHODS

Primary culture of human and mouse macrophages

Human monocytes were isolated from leukocytes-aadcplasma (Buffy coat)
from healthy donors by density gradient centrifigat on Histopaque (Sigma).
Mononuclear cells were washed and plated into ipl@gt-well plates (3 to 4 x faells
per well) in Dulbecco’s modified Eagle’s medium (EM) without serum. The cells
were incubated for 2 hr, in a 5% e®@umid incubation chamber at 37°C. After

incubation, the cells were washed and the adhereli4 were cultured in DMEM
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supplemented with 10% of heat inactivated humannseduring 5 to 7 days, in 5% GO
atmosphere at 3C, to allow differentiation in macrophages [Chand Wang 2002].
After this period the cells were washed and usdatiénassays. Mouse macrophages were
isolated from 7- to 8-week-old femaMif-/- mice and respective controls all on the
C57BI/6-129/Sv F2 background [Bozza et al.,, 199d]ce were kept at constant
temperature (25°C) with free access to chow an@mmata room with a 12-h light/dark
cycle. The experiments were performed accordinglygtidelines of the Institutional
Animal Welfare Committee. Peritoneal macrophageseweétained by the intraperitoneal
injection of 2 mL 3% sterile thioglycollate. Aftet days, mice were killed, and the
peritoneal macrophages were harvested, washed chitied HBSS, and plated at a
density of 1 x 1B cells/well in a 24-well plate, which was incubafed 2 h at 37°C in
5% of CQ. Nonadherent cells were removed by washing wittSBEnd the cells used

in the assays after 24 h.

Virus propagation and macrophage infection assays

The MRE16 strain of SinV (kindly donated by Dr. (Bair, Colorado State
University), was propagated in baby hamster kidretls (BHK-21) grown in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with%d @etal bovine serum. The
cells were infected with a MOI 0.1 and after 24 thpoopagation, cell debris were
removed by centrifugation at 1000gxfor 5 min, and the supernatant was stored at —
80°C. The titers of viral stocks were determinegplague assay in BHK-21 cells. For the
infection assays, macrophage culture medium wakaegp by fresh DMEM without

serum and incubated with SinV at a multiplicity2br 4, for 2 h, at 3, in 5% CQ, to
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allow virus adsorption. After this, the medium aintng the non-adsorbed virus was
replaced by DMEM supplemented with 5% of heat ivatéd human serum and the
culture was maintained at 7in 5% CQ. After the desired periods of infection, the cell
culture supernatants were collected for virustidraand cytokine analyses, and cellular
extracts were used for RNA extraction for real tiRER analyses. As controls of
infection, macrophages were incubated for the spar®d either with supernatant of
non-infected BHK-21 cells cultivated exactly as ¥imus propagation (mock) or with the

virus inactivated by heating at €&for 40 min (heat-inactivated virus, HI virus).

Virus titration and detection of the negative-strard of viral RNA

SinV replication in human macrophages was assebsedjuantification of
infectious viral particles in culture supernatactdieted at different times after infection
by plaque assay in BHK-21 cells. A RT-PCR assay ugesl to amplify the intermediate
negative strand of the virus RNA. The reaction wagormed using the High capacity
cDNA reverse transcription kit (Applied Biosystemis)a final volume of 20L, at 37C,
for 120 min, according to the manufacturer’s instians, using 4 pg of total RNA
extracted with TRIzol (Invitrogen Life Technolog)esom mock-infected cells or cells
infected with SinV for 24 h, and the antisense primfor SinV RNA (5'-
CACCACGCTTCCTCAGAAAT-3"). The samples were subjettes 45 amplification
PCR cycles consisting in 8 for 30 s, 58 for 30 s and 7°Z for 1 min. The expected
fragment was observed submitting the PCR samplag &lectrophoresis in a 1.5% TAE

agarose gel containing ethidium bromide.
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Cell viability assays

Determination of macrophage viability during infect was carried out using 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazoliurhromide (MTT) or Trypan Blue
exclusion assays. For MTT assay, cells seede®#rwaell cell culture plate were mock-
infected, incubated with SinV in MOI of 2 or 4, with the heat-inactivated virus (HI
virus), at 37°C in a COincubator. At 24 or 48 h post-infection, the cellsre washed
with BSS prior to adding 500L of 0.5 mg/mL MTT (USB Corporation) to each well.
After 2 h, MTT solution was discarded and the iate in each well was resuspended
in 500 uL of 0.04M HCI in isopropanol. The optical dens{t9D) of the samples was
read at 570 nm and 650 nm for background correcion Trypan Blue staining, cells
were harvested through trypsin digestion and 1fdiquoh the cell suspension were mixed
in 1:1 dilution with a 0.4% Trypan Blue solutiondaimcubated for 2 min. Unstained live

cells were counted on a hemocytometer.

Quantification of cytokines

The concentrations of MIF, TN&; IL-6 and IL-13 in the supernatants of
macrophage cultures were determined by ELISA. Mi& B-13 were quantified using a
DuoSet ELISA Development Systems (R&D systems); TNWwas measured using an
ELISA kit from PeproTech; and IL-6 using a kit froBD Biosciences; all assays

performed according to the manufacturer’s instangi

Quantification of the expression of cytokines and etaloproteinases genes
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Alterations in the expression of cytokines and hogti@teinases genes in infected
macrophages were evaluated by real time PCR. Fauognams of total RNA extracted
from the macrophages with TRIzol reagent (Invitogéie Technologies) were reverse
transcribed using High capacity cDNA reverse trapsion kit (Applied Biosystems) and
each sample was submitted to real-time PCR usingePSYBR® Green PCR master
mix (Applied Biosystems). The reactions were caro@it using specific primers for the
following genes: human MIF (forward, 5- GTTCCTCTGBGCTCACCCAGCAGC -

3’; reverse, 5- GCAGCTTGCTGTAGGAGCGGTTCTG -3), B (forward, 5'-

CAGAGGGAAGAGTTCCCCAGGGACC-3'; reverse, 5.
CCTTGGTCTGGTAGGAGACGG-3), IL-6 (forward, 5
TGTGAAAGCAGCAAAGAGGCACTG-3'; reverse, 5
ACAGCTCTGGCTTGTTCCTCACTA-3), IL-B (forward, 5

GTCATTCGCTCCCACATTCT-3’; reverse, 5-ACTTCTTGCCCCCTGAAT-3),
MMP-1 (forward, 5-TCCACAAATGGTGGGTACAA-3’; reverse  5'-
AAGCTGCTCTCTGGGATCAA-3’, MMP-2 (forward, 5-
TCCACTGGATGGAGGAAAAC-3’; reverse, 5-AAGCTCTGACCTTTCCAGCA-3’,
MMP-3 (forward, 5-CAGGCTTTCCCAAGCAAATA-3; reverse 5'-
ACTTCTTGCCCCCTTTGAAT-3), MMP-9 (forward, 5-
TGGGAAGTACTGGCGATTCT-3’; reverse, 5-TCAAAGACCGAGTCAGCTT-3),
and GPDH (forward, 5-GTGGACCTGACCTGCCGTCT-3; rese, 5'-
GGAGGAGTGGGTGTCGCT-3). The samples were subjected45 amplification
cycles consisting in 9& for 30 s, 68C for 1 min. The expression of the glycerol 3-

phosphate dehydrogenase (GPDH) gene was used naliwe the results, which were
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presented as fold induction of mMRNA expression tidato control samples. The
analyses of relative gene expression data weremeefl by 7“°; method [Livak and
Schmittgen, 2001]. The differences between thdivelaxpression values for eagkne

in the uninfected and infected samples were sulgjeid the two-tailed-test to ascertain
their statistical significance. The resulting data the mean of at least three independent

experiments with standard errors.

MIF inhibition

MIF activity was inhibited by adding to the assagdia a purified goat 1gG
against human MIF (anti-hMIF, R&D systems, Minneiggoto a final concentration of
50 pg/mL or the inhibitor compoundsR)-3-(4-hydroxyphenyl)-4,5-dihydro-5-isoxazole
acetic acid methyl ester (ISO-1, Calbiochem EMDsBiences) to a final concentration
of 100uM. As controls, total IgG from goat or DMSO, thehige of ISO-1, were used

in the same dilution of anti-hMIF and ISO-1, redpsasty.

Statistical analysis

All the results are shown as means + SEM. Percent inhibition was calculated
by subtracting the background values obtained in non-infected cells. Differences
were compared by using analysis of variance (ANOVA). Results with a P<0.05 were

considered significant.

RESULTS

Replication of SinV in human macrophages
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Macrophages would be considered a possible tagjefar arthrogenic viruses
since they are effector cells that infiltrate th@calar tissue during joint inflammation.
To test this hypothesis, SinV replication in hunmaacrophages was evaluated. The cells
were infected with a MOI of 2, and at different &mpoints after infection, the supernatant
was collected to quantify the release of infectioinases (Fig. 1A). The results showed
that viral titer in the supernatants increasedehseders of magnitude until 24 h p. i.,
suggesting an active SinV replication in macropBagéese data were confirmed by
measuring the negative strand of viral RNA, whishformed only during replicative
cycle of the virus. The negative strand RNA wasidledetected 14 h after macrophage
infection, but could not be observed after incutrabf the cells with the heat-inactivated
(HI) virus (Fig. 1B). These data shows the abilify SinV to actively infect and to
replicate in human macrophages.

The effect of virus replication on macrophage iligbwas performed by MTT
and trypan blue exclusion assays. For the MMT adbaycells were infected at MOls of
2 and 4. No reduction on cell viability could beesafter 24 h of SinV infection when
compared to MTT reduction values for mock-infectedcrophages and cells incubated
with HI virus (Fig. 1C). Trypan blue exclusion agshowed that at this time of infection
the cells preserve the integrity of their membrags=n when the highest MOI was used
(Fig. 1D). Less than 2% of cells lost the membriawegry when infected, and this value
was similar to that found for cells incubated wiih virus. These results indicate that,
although macrophages are infected, no cytotoxiaitjuced by SinV is observed during
the first 24 h of infection. On the other hand, egbility decreased in about 25% and

30% after 48 h of infection with MOI of 2 and 4spectively (Fig. 1C).
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Cytokine secretion by human macrophages during SinVhfection

Macrophages are considered an important sourcyrajvial pro-inflammatory
cytokines that act as effector molecules in rheoidatrthritis (RA) pathogenesis,
although their involvement in viral arthritides sad by alphaviruses is poorly known.
To evaluate the effects of SinV infection on humaacrophage activation, the profile of
secretion and expression of some cytokines invoineatthritis was measured. The cells
were mock-infected, incubated with HI virus or wiinV at a MOI of 2. The first
cytokine investigated was the macrophage migratibibitor factor (MIF), whose levels
have been shown to be elevated in synovial fludRA [Santos andlorand, 2009]. A
three-fold increase in MIF concentration was fouimd supernatants of infected
macrophages at 24 and 48 h p.i. when comparedote thollected from control cells
(mock or incubated with HI virus) (Fig. 2A). No inction of MIF secretion was detected
at 6 h p. i. (data not show). Together with MIF,F-l presents a clear importance in RA

pathogenesisMcIinnesand Schetf 2007]. When the concentration of this cytokineswa

measured in the supernatants of SinV-infected ,c#liwas shown to be 3-fold higher
than the values obtained for control cells, and tharked increase was sustained until 48

h p.i. (Fig. 2B). We also investigated the secretprofile of two other arthritogenic

cytokines [Bokarewa et al., 200F4cinnes and Schetf 2007], IL-6 and IL-B, both
strongly increased 24 h after SinV infection (Fig€ and D). These results together
show that infected macrophages were activated are able to secrete inflammatory

cytokines in response to SinV infection.
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The expression pattern of these cytokine geneswasined in extracts of SinV-
infected macrophages by real time PCR. In the o&$¢IF no difference was found in
the relative expression of its gene between cantinl infected cells until 24 h p.i. (Fig.
3A), suggesting that MIF was secreted by preforstedks. In the case of TNé-the
marked increase in its secretion seems to be cduysad induction of its gene expression,
which could be observed since 5 h p.i. and becataistically significant after 14 h p.i.
(Fig. 3B). Additionally, a very strong increasetive expression of IL-6 and ILBlgenes
was observed 14 h p. i. (Figs. 3C and D). In battes, the expression levels decreased at
24 h p. i., although they were still significantlygher than in control cells (mock or

incubated with HI virus) 48 h p. i.

Induction of matrix metalloproteinases expression dring SinV infection

The degradation of articular extracellular matgxan important process found in
arthritis. It is believed that MIF, TNBE- and IL-13 participate in this process by
stimulating the production of matrix metallopro@ses (MMPs) [Burrage et al., 2006,
Onodera et al., 2000]. Since we found that Sin¥ctibn induces the production of these
cytokines by macrophages, the next step was tovtesther it also affects the expression
of the MMPs known to be increased in arthritis.ded, a great induction (approximately
20 fold) in the expression of MMP1 and MMP3 genessvwobserved after 24 h of
infection (Figs. 4A and B), while no induction wemind for MMP2 and MMP9 (Figs.

4C and D).
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Regulation of cytokines release and MMPs productionin SinV-infected
macrophages by MIF

It is known that activation of macrophages by Miiggers the production of
inflammatory cytokines and the induction of MMP gegxpression [Javeed et al., 2008;
Kudrin et al., 2006]. To verify the role of MIF iactivating the cascade that promotes
MMPs expression, we used a neutralizing antibodyiresy human MIF (anti-hMIF) or
the inhibitor ISO-1, a compound designed to bind/é& catalytic site pocket inhibiting
its activities [Lubetsky et al., 2002]. We found58% reduction in TNFx and IL-6
secretion by human macrophages in the presena¢hef anti-hMIF or ISO-1 (Figs. 5A
and B). These results were confirmed using macrgh&om a knock out (KO) mouse
for MIF gene. Mouse macrophages were also infegitd SinV and the infection led to
a significant increase of TN&-and IL-6, while the production of these cytokirt®s
macrophages from MIF KO animals was almost comyletbolished (Figs. 5C and D).
These results reinforce the idea that MIF secrbie8inV-infected macrophages acts on
the same or on the adjacent cells amplifying tflammmatory response.

Finally, together with the reduction of TNFand IL-6 production, a very strong
inhibition of MMP1 and MMP3 expression was foundeafinhibiting of MIF action on
human macrophages (Figs. 6A and B). These datathrgeshow an important
contribution of MIF to the secretion of inflammagocytokines and to the induction

MMPs expression during SinV infection.

DISCUSSION
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In the recent years, increasing outbreaks of arbbinduced arthralgia and
severe and long-lasting arthritis have take placealdbrese, 2008; Toivanen, 2008].
However, the cellular and molecular events involiredevelopment of viral arthritis are
almost completely unknown. To contribute to the emsthnding of the mechanisms
involved in the development viral-induced jointlarthmation, this work was focused on
the responses of human macrophages to SinV infedtiee found that SinV replication
in human macrophages promotes the secretion ofséime inflammatory cytokines
observed in rheumatoid arthritis (RA), a systemitoemmune disease characterized by
chronic joint inflammation. This effect was assteth with the induction of MMPs
expression, what could be involved in articular dgmobserved in SinV-induced disease.
This is in agreement with the model that correlatgal infection and erosive joint
disease proposed by Bokarewa et al. [2007]. Inrtioslel the viral replication induces
IFN-a production together with TNE; IL-6 and IL-13, which are important to cell
recruitment to synovium, T and B cell proliferatioand metalloprotease release,
promoting joint inflammation and erosive arthritfsdditionally, our results suggest that
MIF could be seen as an important cytokine duririgci@dar complications induced by
SinV replication, since it regulates the secrettdTNF-a and IL-6, and is involved in

the induction of MMP1 and MMP3 expression.

Macrophages as target cellsto SnV infection
Macrophages are one the major cells that infiltieatécular tissues in different
diseases that affect joints. Synovial fluids froatignts with acute epidemic polyarthritis

contain predominantly monocytes and activated npages [Clarris et al., 1975; Fraser
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et al., 1981], which are also observed in the mffatory infiltrate within the skeletal
muscle tissue in the mouse model for RRV-inducedritis [Morrison et al., 2006]. In
the pathogenesis of RA, macrophages are belielie the major source of synovial pro-
inflammatory cytokines MIF, TNEx, IL-1 and IL-6, and to produce proteinases invdlve
in extracellular matrix degradation [Szeknecz araths 2007]. However, despite their
crucial role in arthritis development, few worksvharecognized macrophages as
potential target cells to arthritis-causing virudeRV antigens were detected in synovial
fluids macrophages of infected patients duringatate phase of the disease [Fraser et al.,
1981], and Chikungunya virus was shown to infech&n primary macrophage@s vitro
[Sourisseau et al., 2007]. Infection of synovidirdiblasts and macrophage with RRV
promoted the secretion of the chemoatractants nyp@@hemoattractant 1 (MCP-1) and
interleukin-8 (IL-8) [Mateo et al., 2000], suggesfithat infection may result in the
recruitment of monocytes and macrophages to syhtissae.

Here we demonstrated for the first time that hurpamary macrophages are
infected by SinV and support productive replicatmnthe virus, suggesting that after
recruitment for synovial tissue, periferal humancmahages are targets for SinV
replicationin vivo. SinV infection promoted the release of MIF froedlelar stocks and
induced the expression and secretion of TNHE-13 and IL-6, resulting in a cellular
activation pattern very similar to that observedRA. The activation of macrophages
seems to be dependent of viral replication sineehiat inactivated virus did not induce
cytokine secretion. This result is also an impdrtamtrol of bacterial lipopolysaccharide

contamination of tissue culture medium, what ical forin vitro experiments.
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It is proposed that the activation of synovial nogptrages with subsequent
cytokine production occur through pattern-recognitreceptors such as the Toll-like
receptors (TLR) [Brentano et al, 2005], due to fvenation the viral double stranded
(ds)RNA during viral replication in the citosol offected cell. Intracellular injection of
viral or synthetic dsRNA (poly I:C) into the kneeinjt of healthy mice caused a
pronounced joint inflammation [Zare et al., 2004ljggesting that viral dsRNA is
arthritogenic. It is possible that during SinV ilieption, dSRNA recognition activates the
macrophages to produce inflammatory cytokines. Hewne TLR3 knockout mice
developed arthritis after dSRNA injection [Zareaét 2004], suggesting the involvement
of other recognition system, such as dsRNA-depedngesiein kinase pathway, but
further studies will be necessary to unravel théedar effectors for cytokine release in

SinV-infected macrophages.

Role of MIF in macrophage responsesto SnV
Our results demonstrated the involvement of MIF time induction of

inflammatory cytokines secretion and MMPs exprasgiaring macrophages infection
with SinV. MIF was originally describeds a T lymphocyte protein that inhibited
macrophage migration, but now it is known as a motgroinflammatory cytokine
released by different cells in many tissues [Lualet2002], which is implicated in the
pathogenesis of sepsis, and inflammatory and antoime diseases [Bozza et al, 2004;
Santos and Morand, 2006]. MIF involvement in RAwell accepted, but to our
knowledge this cytokine has never been associateddl arthritis. It has been found in

synovial fluids of RA patients [Onodera et al., @@%nd its serum levels were correlated
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with increased severity of the disease [Radstaka.eP005]. In addition, studies using
experimental models of arthritis further suppore tpivotal role of MIF in the
inflammatory joint processes [Santos and Morand)920Several lines of evidences
indicate that MIF acts upstream in the synoviabkiie expression pathway, stimulating
macrophages to release a range of cytokines ¢nitidaA, such as TNF, IL-1[3, IL-6
and IL-8 [Santos and Morand, 2009]. This is in agment with our results, which
showed a 50% inhibition in TNE-and IL-6 release from human macrophages treated
with anti-hMIF or ISO-1, as well as a complete Wage of the secretion of these
cytokines by macrophages from knock out mice to lgéiae. Thus, our results suggest
that MIF derived from SinV-infected macrophagessact an autocrine and paracrine
fashion, stimulating the production of inflammatongdiators.

MIF has already been shown to induce the expresgidaMP-1 and MMP-3 in
fibroblast-like synoviocytes from RA patients [Omod et al., 2000]. This is also in
complete agreement with our results, which showetheked increase in the expression
of MMP-1 and MMP-3 in SinV-infected macrophages, effect strongly inhibited,
especially in the case of MMP-3, by cell treatmeith MIF blockers. The fact that the
induction of MMPs synthesis is detectable only ragé h of infection reinforces that
their expression occur downstream the activatistaade. Further investigation will be
necessary to elucidate through which mechanism MIBromoting the induction of
MMP-1 and MMP-3 expression in SinV-infected macragés. It could be speculated
that it may be a direct result of its intracellukgnaling pathway or a consequence of its
effects on cytokine production, especially IB-&and TNFe, both already implicated in

the up-regulation of MMPs production [van de Loaakt 1995]. It is known that ILA
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and TNFea binding to cells activates the MAPK pathway resgjtin the formation of a
complex between c-jun and the activator proteimahdcriptional factor (c-jun/AP-1),
which regulates MMP-1 and MMP-3 promoters [Burragal., 2006]. On the other hand,
the hypothesis of a direct action of MIF on the Md&xpression is supported by the
observation that MIF induction of MMP-1 and MMP-8 synovial fibroblasts occurs
independently of the IL{i transduction pathway [Onodera et al., 2000]. Fnahe

combined effect of both actions could not be didedr

Remarkable similarities between macrophage responses in SnV infection and
rheumatoid arthritis

TNF-a and IL-13 are major proinflammatory cytokines secreted bgosyal
macrophages during RA [Feldmann et al, 1996; Da®@03] and associated with the
development of chronic inflammatory polyarthritiKefffer et al., 1991; Horai et al.,
2000]. TNFa is found in synovial biopsies and its inhibitiooppresses arthritis in
numerous models [Keffer et al., 1991; Maini and [®6ay2000; Ehrenstein et al., 2004].
Therapeutic blockade of TNé-or IL-13 was efficacious for many RA patients [Lipsky
et al., 2000; Weinblatt et al., 2003]. We demonsttdahat both cytokines are secreted by
SinV-infected macrophages. The production of T&NBad IL-1B3 in inflammed synoviun
during viral infection could activate the expressmf genes associated with arthritis by
synovial fibroblasts and T cells, such as RANKLcéptor activator of nuclear facteB
(RANK) ligand) [Lacey et al., 1998; Horwood et &B98], what could explain articular

damage observed in viral arthritis.
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IL-6 is also involved in the pathogenesis of RA @hdecognized as a therapeutic
target for the disease [Nishimoto et al., 2004kRend Pillinger, 2007; Matsuyama et al.,
2007]. IL-6 production seems to be regulated by JoN&nd IL-13 among other stimuli
[Park and Pillinger, 2007], suggesting that itsreBon by SinV-infected macrophages
might be either a direct effect of infection or ecendary response of macrophage
activation. The production of IL-6 together with MITNFa and IL-13 during SinV
infection indicates the existence of a regulatagoade of cytokines in development of
inflammation promoted by virus replication.

The role of several cytokines and chemokines inpdtogenesis of RA is well
established [Mclnnes and Schett, 2007; Brennan Beech, 2007], what led to an
increasing progress in therapeutic strategies agé#ims disease [Mitchell and Pisetsky,
2007; Mclnnes and Schett, 2007; Morand et al, 20D6§pite the different etiologies of
infectious and autoimmune arthritides, our resuktsealed remarkable similarities
between macrophage responses induced by SinV imfieahd those observed in RA.
These findings, besides to shed light on the mashemnof viral arthritis, suggest the
possibility of the application of the therapies niovmcourse against rheumatoid arthritis to

viral arthritis.
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FIGURE LEGENDS

Figure 1. Human macrophages are target of SnV infection. (A) Macrophages were
infected with a MOI of 2 and culture supernatanesencollected at different times post-
infection (p.i.). Infectious virions were estimatbg plague assay and are expressed as
plague forming unit per mL (pfu/mL). (B) Total RN#vere extracted from control
macrophages (mock), and from cells incubated weéhti{nactivated (HI) or infective
virus (SinV) 24 h p.i. Viral negative strand RNA svamplified by PCR and the resulting
fragment was observed after submitting the PCR &ip an electrophoresis in a 1.5%
agarose gel containing ethidium bromide. (C) Cilbility 24 or 48 h p. i. was assessed
using MTT assay for control macrophages (mock), fanatells incubated with HI virus
or infective SinV at a MOI of 2 or 4, as indicatedhe figure. (D) Cell viability 24 h p. i.
was assessed using trypan blue exclusion assagefls incubated with HI virus or
infective SinV at a MOI of 4, as indicated in thguire. The values are expressed in % of
control (mock-infected cells). Results are représgias averagesstandard errors.P <

0.05.

Figure 2: SnV replication in human macrophages induces secretion of pro-inflammatory

cytokines. MIF (A), TNF-a (B), IL-6 (C) and IL-B (D) concentrations in the
supernatants of macrophage cultures 24 h or 48ihwere determined by ELISA for
control macrophages (mock), and for cells incubatgd HI virus or infective SinV at a

MOI of 2. Results are represented as averaggandard errors.P'< 0.05.
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Figure 3: SnV replication in human macrophages induces the expression of pro-
inflammatory cytokines. Total cellular RNA was extracted 5, 14 or 24 h. from mock-
infected macrophages, or macrophages incubatedHithrus, or SinV in a MOI of 2,
and submitted to real time RT-PCR to quantify thatent of mRNA for MIF (A), TNF-
a (B), IL-6 (C), and IL-B (D). The results were normalized by glycerol 3-gtimate
dehydrogenase (GPDH) expression and are presemsteidld induction of mRNA
expression relative to control samples. Resultsrepeesented as averagesstandard

errors. P < 0.05.

Figure 4: Expression of metaloproteinases genes is modulated during SnV infection.
Total cellular RNA was extracted 14 or 24 h p.rani mock-infected macrophages, or
macrophages incubated with HI virus, or SinV in @ Mf 2, and submitted to real time
RT-PCR to quantify the content of mRNA for MMP1 (AIMP2 (B), MMP3 (C), and
MMP9 (D). The results were normalized by glycergii®sphate dehydrogenase (GPDH)
expression and are presented as fold induction RINA expression relative to control

samples. Results are represented as avetagfasndard errors.»< 0.05.

Figure 5: MIF modulates SnV-induced secretion of pro-inflammatory cytokines by

macrophages. TNF (A) and IL-6 (B) concentrations in the supgemts of human
macrophage cultures 24 h p. i. were determined hYySA for mock-infected
macrophages, cells incubated with HI virus, or ated with SinV in a MOI of 2 alone,
or in the presence of anti-hMIF; 1SO-1, total gég®B, or DMSO (vehicle of ISO-1).

Macrophages from wild-type (wt) mice or knock outenfor MIF gene (MIF -/-) were
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mock-infected, or infected with SinV in MOI of 2 dr for 24 h, and the concentrations

of TNF (C) and IL-6 (D) in the culture supernataofswere determined by ELISA.

Results are represented as averagasndard errors.P< 0.05.

Figure 6: MIF modulates SnV-induced expression of metaloproteinases genes in
macrophages. Total cellular RNA was extracted 24 h p. i. from ckanfected
macrophages, or macrophages incubated with HI vouS§inV in a MOI of 2 alone, or
in the presence of anti-hMIF, or ISO-1. The samplese submitted to real time RT-PCR
to quantify the content of mRNA for MMP1 (A) and MM (B). The results were
normalized by glycerol 3-phosphate dehydrogenas®Df expression and are
presented as fold induction of mMRNA expressiontindao control samples. Results are

represented as averagestandard errors.»< 0.05.
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3.2. Parte II: Papel do MIF na Infeccao pelo virus do dengue

3.2.1. Apresentacao do artigo 2

As epidemias de dengue sdo um grande problema de satde publica em
paises tropicais e sub-tropicais. Ao longo dos anos o ntimero de casos de pessoas
infectadas pelo DenV bem como os paises com relatos de infeccdo vém crescendo
rapidamente. Porém a compreensdo desta patologia e o desenvolvimento de
estratégias no combate e prevencdo a doenca ainda parecem bem distantes. As
concentragdes plasmaticas de diversas citocinas de pacientes infectados e a
correlacdo com a gravidade da doenca tem sido objeto de diversos estudos na
busca de caracterizar possiveis alvos terapéuticos no tratamento da dengue.
Dentre as citocinas ja descritas na literatura, o MIF destaca-se como uma das
citocinas detectadas no soro de pacientes com DHF e que possui forte correlacao
com a gravidade da doenca.

O MIF é uma citocina envolvida em diversos aspectos da resposta
inflamatéria e imune de patogéneses de carater autoimune, alérgica e infeciosas
como a sepse. Apesar de descrita na patogénese do DenV, nada se sabe sobre as
células produtoras de MIF que contribuiriam para o aumento de sua
concentracdo plasmética durante a infeccio pelo DenV, os mecanismos
envolvidos em sua producao e o seu papel na patogénese.

Neste trabalho nés confirmamos que as concentracdes de MIF estdo
aumentadas no plasma de pacientes com DHF e que este apresenta correlacdao
com a gravidade da doenca. Além disso, caracterizamos a secrecao de MIF por
macréfagos e células de hepatocarcinoma humano infectadas pelo virus, sendo
estas, portanto, possiveis células que contribuiriam para o aumento de MIF em
pacientes. O MIF liberado por estas células parece ser proveniente de estoques
pré-formados que colocalizam com corptsculos lipidicos. Através de sua

quantificagdo no sobrenadante da cultura e do seu RNA mensageiro no extrato
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celular dos macréfagos infectados, foi possivel demonstrar que juntamente ao
MIF, a infeccdo pelo DenV induz a expressdao e a secrecdo de citocinas pro-
inflamatoérias, como TNF-a e IL-6. O papel do MIF na infeccdo foi explorado
através de sua neutralizacdo e inibi¢do de sua agdo sobre macréfagos em cultura.
No6s demonstramos que na auséncia de MIF ocorre uma significativa reducdo na
resposta inflamatéria ao virus, caracterizada pela diminuicdo dos niveis de TNF-
a e IL-6. Além disso, a utilizagdo de camundongos que nado expressam MIF
reforcou a participagdo de seus efeitos imunomodulatérios durante a infeccao
pelo DenV. Porém, mesmo com a agdo do MIF bloqueada ndo foi possivel
identificar uma modulacdo no titulo viral.

Estes resultados compdem o artigo da segunda parte da tese apresentado
na proxima secao. Minha participagdo neste artigo foi no desenvolvimento de
todos os resultados in vitro, bem como na confeccdo do manuscrito juntamente
com os outros co-autores. Este trabalho representa uma grande contribuicdo na
descricdo e investigacdo do MIF como uma potente citocina imunomodulatéria

durante a infeccdo pelo DenV.
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Dengue fever is the most important arthropod-borneemerging human viral disease in
tropical countries. The dengue hemorrhagic fever (BIF) has occurred at higher frequency
and with elevated mortality rates. Here we studiedthe involvement of macrophage
migration inhibitory factor (MIF) in dengue virus ( DENV) infection and its pathogenesis.
Patients with DHF had elevated plasma concentratianof MIF. Leukocytes of these patients
and macrophages from healthy donors infectedn vitro with DENV showed a substantial
amount of MIF within lipid droplets. The secretion of MIF by macrophages and
hepatocytes required a productive infection and oagred without an increase of gene
transcription or cell death, thus indicating an acive secretion from preformed stocksin
vivo infection of wild-type and MIF deficient (Mif-/-) mice demonstrated a role of MIF in
dengue pathogenesis. Clinical disease was less sevie Mif-/- mice and animals had a
significant delay in lethality, lower viremia and \ral load in the spleen when compared to
wild-type mice. This reduction in all parameters ofseverity upon DENV infection in Mif-/-
mice correlated with reduced proinflammatory cytokine concentrations. These results
demonstrated the contribution of MIF to the pathog@esis of dengue, and pointed to a
possible beneficial role of neutralizing MIF as aradjunctive therapeutic approach to treat

the severe forms of the disease.
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INTRODUCTION

Dengue virus (DENV) infection causes the most ingararthropod-borne human viral disease
in tropical and subtropical regions of the worldthwan estimated occurrence of 50-100 million
of cases annually [1-4]. The prevalence of DengeeeF (DF) has increased dramatically over
the past few years, and according to the World tHe@rganization, about 500,000 patients
develop the severe forms of the disease, DengueoHibagic Fever (DHF) and Dengue Shock
Syndrome (DSS), with 20,000 deaths each year [b¢ Jituation of DF in the Americas has
worsened since the detection of a new serotypbeofirus (DENV3), when the severe form of
the disease occurred at high frequency, with aatityrrate exceeding 4%. According to the Pan-
American Health Organization (PAHO), the total caeéinfection reported in the Americas in

2007 was 850,769, with an increase of 46% of sef@ras and 84% of deaths (PAHO, 2007:
Number of Reported Cases of Dengue and Dengue Hieaudc Fever (DHF), Region of the

Americas).

The factors that participate in disease progresaimh the mechanisms involved in the
physiopathology and lethal outcome of DENV infeativave not been clearly defined, but it is
believed that viral, host and environmental factmstribute to the pathogenesis and progression
of the disease [4]. The lack of adequate therapeapproaches for the treatment of DF is a
consequence of many factors including our limitedarstanding of the molecular mechanisms
that underlie interaction between the DENV andhbman host. One important reason for this
was the lack until recently of an animal model tbatld reflect the complex pathogenesis of
severe dengue. Such animal model has been desaiimbdlisplays the hallmarks of severe
disease [6; Souza et al., submitted].

Increase of proinflammatory cytokine productionpiatients with DF/DHF and in cells
infected by the DENV has been documented [7-12]criglzhage migration inhibitory factor
(MIF) is among the cytokines increased in the pkagh patients with dengue [1L3IF is a

proinflammatory mediator expressed in a variety of ggles not only from the immune system,
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and is released in response to a number of stisudh as cytokines, microbial molecules,
glucocorticoid and immune complex [14-18]. The pflaimmatory activities of MIF include the
induction of inflammatory mediators production, #gression of TLRs and adhesion molecules,
counteracting the effect of glucocorticoids, actagychemoatractant and increasing the survival
of leukocytes [15; 19-23]. The effect of MIF islaast in part mediated by activation of CD74-
CD44 receptor complex [24; 25], and CXCR2 and CXCetémokine receptors [23]. As
observed in septic patients, MIF concentrationsitipety correlated with gravity and pour
outcome in DENV infection [13; 26; 27]. The resuitglicating that MIF participates in the
pathogenesis of bacterial sepsis suggests thabutdwbe worth examining the role of MIF as
potential important player in severe forms of dangm fact, treatment with neutralizing anti-
MIF antibodies or targeted disruption of MIF geneotpcted mice in several relevant
experimental models of sepsis and septic shockndst cases inhibiting the production of
inflammatory mediators such as TNFFL4; 19; 28]. Additionally, it has been shown théit-
also affects the host response to viral, protozzehhelminthic infections [294].

The cell sources, the mechanisms of MIF productmd the role of MIF in the
pathogenesis of DENV infection are largely unknowiere, we showed increased MIF
concentrations in the plasma of patients with DM#€, characterized the mechanisms of MIF
production by human macrophages and hepatocytestéaf with DENVin vitro and documented

thatMif-/-mice have reduced pathogenesis in a model of selemgue.
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MATERIALS AND METHODS

Patients

We prospectively enrolled patients recently admdit#8h) to the Hospital de Clinicas de Niterdi,
Niter6i, Brasil, who had a strong clinical suspitiof severe forms of DENV infection. Patient
inclusions occurred during epidemic periods of DENSrotype 3 (DENV3) in the region.
Patients with severe forms of dengue were thosseptang hemodynamic instability (postural
hypotension, reduction of the systolic arterialsstge on 20 mmHg in supine position or systolic
arterial pressure < 90 mmHg), hemorrhagic phenomgpositive tourniquet test, petequias,
equimoses or purpura, mucosal bleeding, digestiemanrhage, puncture bleeding points),
thrombocytopenia (platelet counts<50000/)ndehydration/ hemoconcentration (increase on
hematocrit in 20% or more, plasma extravasatiomssiguch as ascites, pleural effusion or
hypoproteinemia). Blood samples were collected betwl0 and 12 a.m. using an arterial line or
a peripheral vein. Blood was put on ice and plag@ms: collected by centrifugation at 800 x g, for
15 min at 4 °C, aliquoted and stored at —70 °Cluhd day of analysis. All patients had the
DENV infection confirmed either by anti-DENV ELISKEM, serotype specific reverse
transcription-polymerase chain reaction (RT-PCR)ious isolation. Patients and volunteers
were recruited after protocol approval by the tostinal review board for human studies
(Comité de Etica em Pesquisas do Instituto Osw&lde, Fiocruz, Rio de Janeiro, Brazil) and
informed consent signature was obtained from thé&emts themselves or their official

representatives.

In vitro DENV infection

Human monocytes were isolated from healthy don@spperal blood (PBMC) by density
gradient centrifugation on Histopaque (Sigma) autliced as previously described [18]. HepG2,
a human hepatocarcinoma cell lineage, was obtdined American Type Cell Collection (USA)

and cultured in minimal essential medium (MEM) deppented with 10% of fetal bovine serum
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(Invitrogen Corporation, USA) at 37 °C in 5% CO2nasphere. DENV3 straid6562 and
DENV2 strain 16881, were propagated in C6A&fles albopictus mosquito cells. The cells were
grown in L-15 medium supplemented with 0.3% tryptgghosphate broth, 0.75 g/L sodium
bicarbonate, 1.4 mM glutamine and non-essentiahaatids. After 6 days of propagation, cell
debris were removed by centrifugation at 1000 xg5fanin, and the supernatant containing the
virus was collected, titrated by a plaque assayBétK cells and used for cell infection.
Macrophage culture medium was replaced to a freSHEld without serum and infected at a
multiplicity of 4 plaque-forming units (pfu) perltéor 2h at 37 °C. After this period, the medium
with non-adsorbed virus was changed to a DMEM sapphted with 5% of heat inactivated
human serum and maintained at 37 °C in 5% CO2. stpernatants of macrophage-infected
cultures were collected for cytokine analyses &fteand 48 h post-infection. In HepG2 infection,
semi-confluent cultures were incubated with MEMhwitit serum and infected with DENV at a
multiplicity of 4 pfu per cell for 1h. After adsdipn, the medium was replaced by a MEM with
5% of heat inactivated FCS and cells were cultaed7 °C in 5% CO2. After 24 and 48 h of
infection, the cell culture supernatants were ctdlé for virus titration and cytokine analyses,
and cellular extracts were used for total RNA ectiom for real time PCR analyses. MIF was
inhibited by adding to the assay media a purifiedtdgG against human MIF (anti-hMIF, R&D
systems, Minneapolis) to a final concentration @f§/mL or the inhibitor compound&R)-3-(4-
hydroxyphenyl)-4,5-dihydro-5-isoxazole acetic aditethyl ester (ISO-1, Calbiochem EMD
Biosciences) to a final concentration of 40@. DENV3 replication in human macrophages was
assessed by quantification of infectious viral ipbes in culture supernatants collected at differen
time points after infection by plague assay in BRIK<cells. Additionally, RT-PCR assay was
used to amplify the virus RNA. The reaction wasfamned using the high capacity cDNA
reverse transcription kit (Applied Biosystems), ading to the manufacturer’s instructions,

using 4 pg of total RNA extracted with TRIzol (ltreigen Life Technologies). The amount of
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RNA was determined by real time PCR using Tagmageaets. Determination of cell viability
during infection was carried out using 3-(4,5-dihythiazol-2-yl)-2,5-diphenyl tetrazolium
bromide (MTT) and lactate dehydrogenase (LDH) ass#ing a cytotox96 non-radioactive

cytotoxicity assay kit (Promega) following manufaetr’s instructions.

In vivo DENV infection

Eight to ten-week-old BALB/c (WT) anilif-/- BALB/c mice were bred and maintained at the
Bioscience Unit of Instituto de Ciéncias Biologicid-MG, Brazil. Animals were housed under
SPF conditions and had free access to commerc@l @nd water. All procedures had prior
approval from the local animal ethics committee, M@ Brazil. DENV2 strain P23085 was
obtained from the State Collection of Viruses, MngcRussia. The virus was adapted to adult
BALB/c mice by a number of sequential passages aenof different age infected
intraperitoneally (i.p.) [6; Souza et al., subnditeFor the evaluation of lethality, mice were
inoculated i.p. with DENV2 and lethality rates awatied every 12 h during 14 days. Platelets
were counted in a Coulter Counter (S-Plus Jr).tRerdetermination of the hematocrit, a sample
of blood was collected into heparinized capillarggs and centrifuged for 10 min in a hematocrit
centrifuge (Fanem, S&o Paulo, Brazil). For viraation, mice were killed and blood immediately
collected. For virus recovery, spleen were coll@eseptically and stored at —70 °C until assayed
for DENV2. Viral load in the supernatants of tisshbemogenates and blood samples were
assessed by direct plaque assays using LLC-MKZ2 uslhg an agarose overlay plaque assay [6;
Souza et al., submitted]. The neutrophil accumaatin the lung tissue was measured by

assaying myeloperoxidase activity, as previouscdbed [35].

Quantification of cytokines
MIF concentrations in the human plasma and in celture supernatants were measured by

ELISA (R&D System, Minneapolis, Minn., USA) accandi to the manufacturer’s
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recommendations. A standard curve was generatedg uai two-fold dilution series of
recombinant human MIF starting at 2 ng/ml up tp80ml. A multiplex cytokine kit was used to
measure TNF, IL-6 and IFNy in the human plasma and the assay was perfornuexsiciicg to
the manufacturer's instructions (Bio-Rad, Hercu@8) and as previously described [12; 36].
Data analyses of all assays were performed witlBitrd?lex Manager software.

Cytokines in the cell culture supernatants from anmacrophages (TNé- PeproTech
and IL-6, R&D Systems) and cytokines and chemokifi@¢F-o, IFN-y, IL-6, KC and MIP-2,
R&D Systems) in serum and tissue samples from mieee quantified by ELISA using
commercially available antibodies and accordintheoprocedures supplied by the manufacturer.
PGE concentrations in the cell culture supernatar@sfhuman macrophages were determined
by EIA kit according to the procedures suppliedthy manufacturer (Cayman Chemical, Ann
Arbor, MI).

Alterations in the expression of cytokines in inégtmacrophages were evaluated by real
time PCR. Four micrograms of total RNA extracteahfrthe macrophages with TRIzol reagent
(Invitogen Life Technologies) were reverse trarsmi using High capacity cDNA reverse
transcription kit (Applied Biosystems) and each plmwas submitted to real-time PCR using
Power SYBR Green PCR master mix (Applied Biosystems). Thetieas were carried out
using specific primers for the following genes: tam MIF (forward, 5'-
GTTCCTCTCCGAGCTCACCCAGCAGC-3; reverse, 5'-
GCAGCTTGCTGTAGGAGCGGTTCTG-3), TNFe- (forward, 5'-
CAGAGGGAAGAGTTCCCCAGGGACC-3’; reverse, 5-CCTTGGTGGTAGGAGACGG-
3), IL-6 (forward, 5'-TGTGAAAGCAGCAAAGAGGCACTG-3'; reverse, 5'-
ACAGCTCTGGCTTGTTCCTCACTA-3). The samples were sdigd to 45 amplification
cycles consisting in 95 °C for 30 s, 60 °C for Innffhe expression of the glycerol 3-phosphate

dehydrogenase (GPDH) gene was used to normalizeethudts, which were presented as fold
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induction of mMRNA expression relative to controlngdes. The analyses of relative gene

expression data were performed B2 method [37].

MIF immunolocalization

Human leukocytes obtained from DENV-infected patemere cytospun onto slides, fixed with
3.7% formaldehyde in PBS (pH 7.4) for 10 min andnmeabilized with 0.05% saponin/HBSS

solution (5 min). After washing, cytospin prepavas were incubated for 1 hour at room
temperature with the following primary antibodiebigh were diluted in 0.05% saponin/HBSS
solution: goat polyclonal serum anti-hMIF (R&D systs). Nonimmune goat IgG at the same
concentration as the primary antibody was usedasal. After three washes of 5 min in 0.05%
saponin/HBSS, the preparations were incubated Witin-conjugated rabbit anti-goat IgG

(Sigma, St. Louis, MO). The MIF immunoreactive iells were then identified under light

microscopy by ABC Vectastatin glucose-oxidase &itofving the manufacturer’s instructions

(Vector Labs. Inc., Burlingame, CA).

To immunolocalize MIF at its subcellular sites ghthesis withinin vitro DENV3-
stimulated human monocyte derived-macrophagescehepreparations were fixed with 3.7%
formaldehyde in PBS (pH 7.4) for 10 min and thempaabilized with 0.2% Triton X for 10 min.
After both cell fixation and permeabilization, humanacrophages were blocked with PBS
containing 2% normal donkey serum for 15 min. Thkscwere then incubated with a goat anti-
hMIF pAb (R&D Systems) for 45 min. The cells werashed with PBS for 10 min (three times)
and incubated with Alexa Fluor 546-labeled antitgdgG (Molecular Probes) secondary
antibodies with BODIPY 493/503 (1uM) - to distinguish cytoplasmic lipicbdies within
macrophages for 1h. The specificity of the MIF immolabeling within macrophages was
ascertained by a normal goat serum (Jackson Immesez#Rch) (1:100 final dilution) used as an
irrelevant control to anti-MIF pAb. Slides were th@ashed with PBS, and an aqueous mounting

medium (Polysciences, Warrington, PA) was appleeédch slide before cover-slip attachment.
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Slides were viewed by both phase-contrast and dkamt microscopy, and electronic
photography was performed by Cool Snap digital camé@Roper Scientific, Gmbh) in

conjunction with the image program Image Pro Exp(&4edia Cybernetics, Silver Spring, MD).

Lipid droplets staining and enumeration

Lipid droplets were stained as previously descrif®8]. In brief, leukocytes on cytospin slides
were fixed in 3.7 % formaldehyde in G&Mg *-free HBSS (pH 7.4) for 30 min), and were
stained with osmium tetroxyde or BODIBY93/503 (4,4-difluoro-1,3,5,7,8-pentamethyl-4-bora
3a,4a-diaza-s-indacene). For BODIPMbeling, which reflects the accumulation of naliipids

in lipid droplets, cells were incubated with 1 ur@BIPY for 1h at 37° C. For osmium staining,
the slides were rinsed in 0.1 M cacodylate buffezubated with 1.5 % Os{30 min), rinsed in
H,O, immersed in 1.0 % thiocarbohydrazide (5 minjseid in 0.1 M cacodylate buffer, re-
incubated in 1.5% OsQ(3 min), rinsed in distilled water, and then driadd mounted. The
morphology of fixed cells was observed, and osmatained lipid droplets were enumerated by

light microscopy with a 100X objective lens in Gihsecutively scanned leukocytes

Statistical analysis

Statistical analyses were performed using Grapli®ain version 4.0 for Windows (GraphPad
Software, San Diego, CA, USA). Analyze of cytokitmncentrations were assessed using Mann-
Whitney U-test or using Student’s t test. Multipdeoup differences were compared using
analysis of variance (ANOVA) followed by Studentiean-Keuls post-hoc analysis. Survival
after DENV2 challenge was tested using the log-rask (Graph Prism Software 4.0). Results

with a P<0.05 were considered significant.
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RESULTS
MIF concentration is increased in the plasma of pa¢nts with DHF
Increase in MIF concentration in the plasma has lieumented in a number of inflammatory
disorders, including non-infectious and infectiodiseases [16; 17]. Recent clinical studies
identified that patients suffering of viral infeatis, such those caused by Hepatitis B virus, West
Nile virus or DENV have higher MIF plasma concetitnas than control subjects [13; 32; 39]. In
agreement with these data, we found a significactease of 5-fold in average in MIF
concentrations among DHF patients when comparedritol subjects (Figure 1A).

Previous studies demonstrated an increase of inflory cytokines such as IL-6, TNF-
a and IFNy in DHF patients [7; 8; 12]. Accordingly, we alsbserved a significant increase in
plasmatic concentrations of these cytokines in Qidients when compared to control subjects
(Supplementary Figure 1). These results confirmt MB- concentrations increase after acute
infection with DENV and suggest a correlation betwehe increase in MIF secretion and the

production of other inflammatory mediators durirendue disease.

MIF is stored in lipid droplets accumulated in leuocytes from patients with DHF

Lipid droplets (LD) are non-membrane-bound, lipichr cytoplasmic inclusions that are
candidates to play a major role in the formatioresanoid mediators and in the storage of
inflammatory mediators including cytokines in imflenatory processes [40]. Immunolabeling of
MIF on leukocytes of patients with DHF revealedtthMiF immunoreactivity appeared in a
punctated cytoplasmic pattern suggestive of MIRligation in LD (Figure 1B). Quantification
of LD in leukocytes revealed a significant 3-folttiease in LD accumulation in cells obtained
from DHF patients when compared to healthy subjée€igure 1C). Accordingly, increased LD
formation was observed in human macrophages irfestth either DENV2 or DENV3 virus,
but not with heat-inactivated virus, when compa@dontrol non-infected cells (Figure 1D and

not shown). LD were further visualized by endogentabeling with BODIPY, a LD marker
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which showed a co-localization of MIF and LD in haammacrophages infectéd vitro with
DENV3, confirming that MIF is located in these sfures (Figure 1E). These results indicate

that MIF is stored in LD, which number is increage@®HF patients.

Human macrophages and hepatocytes secreted MIF up@ENYV infection

Since macrophages are known to produce high amairtfiF and are permissive to DENV
infection [41-43], we investigated whether infeatiwould promote MIF secretion by these cells.
In vitro infection of human macrophages with DENV2 or DEN®&used a significant 4-fold
increase of MIF concentrations in the cell cultsvpernatants that peaked at 24 h after infection
(Figure 2A, Supplementary Figure 2). A similar lesvas obtained when secretion of TNF-
and IL-6 by these cell cultures was analyzed (KigeiB and C). The results also showed that
secretion of these cytokines required a produgdtifextion, since inactivated DENV was unable
to induce it. Interestingly, the expression of MHHRNA was marginally affected by infection,
while a marked induction of TN&-and IL-6 mMRNAs synthesis could be observed aseeat

14 h after infection (Figure 2D-F). Additionally NV infection induced the production of PGE
(Figure 2G).

Although MIF release independent of gene trandoripthas been shown to occur
concurrently with cell necrosis for influenza Awgrinfected epithelial cells [44], this was not the
case for MIF secretion by DENV-infected macrophagexe at 24 h post infection viability was
equivalent for infected or non-infected cells (Fg2H). These results indicate that a productive
virus infection was required to promote MIF seanefilikely from preformed stocks. Moreover,
this effect was independent of cell death.

The liver is an important target for the DENV ahe human hepatome cell line HepG2
has been largely used to characterize hepatocypemses to infection [45-47]. Thus, the putative
involvement of hepatocytes in MIF production duriBENV infection was evaluated using

HepG2 cells. Thén vitro infection of HepG2 with DENV3 caused a significamtrease of MIF
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concentrations in the supernatants that peake® &t gost-infection (Supplementary Figure 3).
Again, inactivated virus was unable to induce MIgcrgtion, indicating that a productive

infection is required to promote MIF secretion iephtocytes. Also in these cells, the
transcription of MIF was barely affected by theeiction and no change on cell viability was
observed at the time points analyzed (Supplemefigryre 3). These data indicate that similar to
macrophages, DENV infection in hepatocytes causesecretion of preformed MIF irrespective

of cell death.

In vitro blockade of MIF reduced the production of inflammaory mediators during
infection

In order to examine the involvement of MIF in maiitage activation upon DENV infection, we
used a MIF-neutralizing antibody and a selectiviaganist of MIF action, isoxazone-1 (ISO-1)
[48]. Both treatments did not affect viral replicat as analyzed by plaque assay and quantitative
PCR (Figure 3A and B). On the other hand, blockafd®lIF inhibited the secretion of TN&-
and IL-6, and affected the mRNA expression of ttmgekines (Figure 3C and F). Inhibition of
MIF also reduced the production of PGEigure 3G). These results suggest that MIF siecret
induces the amplification of macrophage inflammatasponse due to infection and might play

an important role in the pathogenesis of DENV itifat

Mif-/- mice had delayed mortality and reduced viral load

A recent study demonstrated an important role of i the pathogenesis of West Nile virus
infection, affecting the survival and virus invasito the central nervous system [32]. Thus, to
directly address whether MIF has an involvementhia pathogenesis of DENV infection, we
used anin vivo model of DHF using a DENV2 strain adapted to theuse [6; Souza et al.,
submitted]. Infection of WT anMif-/- mice demonstrated that in the absence of Mt€lpction,

lethality was significantly delayed (Figure 4A). ditlonally, Mif-/- mice had significantly lower
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viremia and viral load in the spleen in all timeims analyzed when compared to WT mice
(Figure 4B and C). These results suggest that Miftributes to lethality and facilitates viral

infection by increasing viral spreading or hampegnmiral control.

Reduced coagulation disturbs and inflammation irMif-/- mice

We have previously shown that mouse infection witis DENV strain in mice causes
hemoconcentration and a marked thrombocytopeniaiJasito that observed in DHF patients
[Souza et al., submitted]. At 5 days p.i., WT ansaresented hemoconcentration and a marked
drop in the numbers of platelets, whiN&f-/- mice were protected from the coagulation dissur
(Figure 5A and B). Cytokine storm plays a criticale in sepsis and is likely to contribute to the
severity of DHF [43; 49]. Quantification of cytolda demonstrated thitif-/- mice had reduced
concentrations of IFN-and IL-6 when compared to WT infected animals ((Fég5C and D).
When the inflammatory response in the lungs ofdtefe animals was analyzed, it was found that
WT animals had increased tissue neutrophils asrdeted by MPO activity at 7 days p.i., while
the presence of neutrophils in the lungsMif -/- mice was similar to non-infected controls
(Figure 6A). This increase of tissue neutrophile@ated with higher amounts of the neutrophil
attracting chemokines KC and MIP-2 in the lung3\6f mice at 7 days p.i. (Figure 6B and C).
Again, no such increase of chemokines concentmaticas observed in the lungs Mdff-/- mice.
Together, these results indicate that MIF parttgpan the pathogenesis of DENV infection,
affecting the survival, the coagulation system #redinflammatory response in a mouse model of

severe disease.
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DISCUSSION

MIF is a cytokine involved in several aspects oflammatory and immune responses,
participatingin the pathogenesisef autoimmune, allergic and infectious diseagbe§ 17] A
recent study demonstrated increased plasmatic ntatens of MIF in patients with severe
forms of dengue [13], but the cells involved in MdFoduction as well as the role of MIF in the
pathogenesis of DENV infection have not been puslipdescribedin the present study, to shed
light on the role of MIF in the pathogenesis of DEMfection, we combined data from patients
of a DENV3 epidemics occurred in Brazil, from vitro infection of human macrophages and
hepatocytes with DENV2 and DENV3, and from an expental mouse model of severe dengue.
We showed that (a) patients with DHF had elevatedmpa concentrations of MIF, which was
stored in lipid droplets accumulated in patientscteytes; (b) infected human macrophages and
hepatocytes secreted MIF, which is involved in pheduction of other inflammatory cytokines;
and (c) endogenous MIF contributed to the pathcgierd experimental dengue infection.

As found for DHF patients from a DENV2 outbreaksuthern Taiwan in 2002 [13], we
observed that MIF concentration was elevated inpthema of patients with the severe form of
DENV3 infection in the epidemics that occurred ifo Rle Janeiro, Brazil, also in 2002. All
patients included in our study had criteria of DHHgluding confirmation of DENV infection,
hemodynamic instability, hemorrhagic phenomenonducgon on platelet numbers and
dehydration/fhemoconcentration. These patients sfgmwed a significant increase of plasma
concentrations of TN, IL-6 and IFNy. Others and we have previously shown a positive
correlation of increased plasma concentrations tfF Mith disease severity in patients with
bacterial sepsis and with DENV infection [13; 26].

Leukocytes from patients with DHF had most of thi-Nabeling located in cytoplasmic
inclusions, compatible with lipid droplets (LD) llzation. The compartmentalization of MIF to
LD was analyzetly immunocytochemistry using conditions of cellafiion and permeabilization

that avoid dissolution of these organelles. Theuiregnent of these conditions might have
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prevented others to identified MIF in these streesu LD, although in reduced number, are
normally present in leukocytes and mrereased in size and number upon cell activaté@j. [In
fact, leucocytes from patients with DHF had a digant increase of LD number, similar to our
previous observation analyzing leukocytes from isepatients [38]. Then vitro infection of
macrophages with DENV also caused an increase ofluiber, together with a stimulation of
MIF, TNF-a, IL-6 and PGE secretion. Blockade of MIF inhibited production tiese
inflammatory mediators induced by DENV infectionor@idering the involvement of LD in
eicosanoid production and the role of MIF in incdgcPGE synthesis and release [2284; 40],
one could envisage that MIF localization within Lbight be importanfor lipid mediator
production. Alternatively, the localization of Miwithin LD could be an intermediary step in
MIF secretion pathway. However, no formal evidendes these hypotheses are presently
available and future studies will be required tdirdethe functional relationship between MIF
and LD. It has been previously shown that MIF stmmerequires the ABCA1 transporter [50],
and, more recently, that p115, a Golgi-associateteim, associates with MIF and is involved in
MIF secretion [51]. Thus, it will be interesting amalyze whether these proteins co-localize with
MIF at the LD.

Human macrophages and hepatocytes infected witliVD&howed a significant increase
in secretion of MIF, making these cells candidétesct as sources of proinflammatory cytokines
during infection of patients with DENV. The secoetiof MIF occurred without a significant
change in its gene transcription or in cell viapjlisuggesting that infection triggers a signaling
pathway that induces MIF release from preformedksto Previous studies have shown the
production of MIF due to viral infection, althougire mechanisms involved in each case seem to
be particular [32; 44; 52-55]. For example, infentiof lung epithelial cells with influenza A
virus does not induce MIF gene transcription, batises the release of preformed MIF likely
dependent of necrotic cell death [44]. On the othemd, infection of fibroblasts with human

cytomegalovirus (HCMV) triggers an early and susgdi induction of MIF mRNA and protein
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production, with subsequent MIF secretion [53; B8freover,in vivo infection with West Nile
virus also causes a significant, albeit modesteiase of MIF mMRNA in mice tissues [32]. More
similar to the results shown here, macrophage fioiecwith Sindbis virus resulted in MIF
secretion from intracellular stocks, without anr@ase in MIF gene expression or affecting cell
viability [Assuncdo-Miranda et al., submitted]. Bhthe mechanisms of MIF production and
secretion in general, and due to viral infectiopamticular, clearly require further investigations

MIF secretion during DENV infection followed a path different from that of TNIe-
and IL-6, whose production was clearly induced e transcriptional level. Blockade of MIF
reduced the production of these inflammatory medéatvithout affecting viral replication in
macrophages. The sharp reduction in the produciorNF-a and IL-6 upon blockage of MIF
indicates that secreted MIF acts in an autocrimafpae fashion regulating the production of
these cytokines at the transcriptional level. TiME; secreted after DENV infection induces the
production of inflammatory mediators. These ressliggest that MIF secretion precedes the
amplification of the inflammatory response obserirethe severe cases of dengue and point MIF
blockage as a strategy to therapeutic approachedf\Dinfection.

To investigate the role of MIF in the pathogenesdislengue, we used an experimental
model of severe DENV infection characterized byréased vascular permeability, altered
number and function of leucocytes, increased hegrigtthrombocytopenia and varying degree
of hemorrhage (Souza et al., submitted)f-/- mice had a significant delay in lethality and
reduction in all parameters of severity upon DEN¥ection when compared to WT mice,
reinforcing the role of MIF in the pathogenesisdeingue. The mild pathology &dif-/- mice
might reflect both the reduced viral load obseriethe initial days and the lower production of
inflammatory mediators. The reduction of viral lozould be related to the better hemodynamic
status ofMif-/- mice, thus facilitating leukocyte circulatioAt later time points, however, the

viremia became similar to the WT animals and ewahtuMif-/- mice died. Previous studies
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demonstrated that MIF blockade had no effect orhmatitis B virus control but reduce the liver
injury [31]. Similarly, abrogation of MIF reducetid cerebral pathogenesis in a model of West
Nile virus infection without affecting the capacity control the virus in the periphery [32]. Lack
of MIF has been shown to be benefic to the clearaoic certain bacterial infections, but
deleterious to the control of protozoan parasites Salmonella typhimurium bacterial infection
[29; 33; 56]. Thus, as shown by the resultsrofitro studies of MIF production and secretion
during infection, the role of MIF in the pathogeisesf different infection seems to be particular
to each case.

We observed a striking reduction of cytokines congitns in infectedMif-/- mice
when compared to those observed in WT animals.nrrakrole of MIF tuning on the production
of cytokines is a common feature in many inflammagmnd infectious models and is considered
important to the reduced pathogenesis obseweh MIF is absent by genetic manipulation,
neutralizing antibody or drug treatmdt®; 28; 48; 57; 58]. Also here, considering tbéerof
cytokines on coagulation and hemodynamic distufliengue, it is conceivable that the reduced
production of cytokines observed lif-/- mice might have been beneficial [6; 43]. Intfage
recently observed a positive correlation of IifNencentrations and disease severity in dengue
patients [12]. Finally, neutrophil recruitment toetlungs was impaired oMlif-/- mice when
compared to WT mice, and this was associated widdaced production of the chemoattractants
KC and MIP-2. The involvement of MIF in neutrophécruitment in the DENV infection is
likely to comprise multi-factorial effects. In fadbesides chemoatractants, these factors could
comprise controlling the expression of adhesionewudks, since MIF has been shown to
modulate ICAM and VCAM expression on endothelidlscand chemokine production [18; 59].
Additionally, MIF may act directly as chemoatradtéor granulocyte$23; 34].

In conclusion, we presented evidences for an imaporinvolvement of MIF in the
response to DENV infection and its pathogeneBiese results suggest that blockade of MIF

might constitute an adjunctive therapeutic appraatkevere cases of dengue.
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Figure Legends

Figure 1. DENYV infection induces MIF secretion anccompartmentalization at lipid droplets.
(A) Increased plasma concentrations of MIF deteedhiy ELISA were observed in DHF
patients (n=21) when compared to healthy voluntéerdl1). (B) Peripheral leukocytes from
DHF patients exhibited punctate cytoplasmic MIFrstey detected by immunocytochemistry.
Right panel shows a representative MIF stainingaf{gmAb anti-hMIF) and left panel shows
control staining using normal goat serum insteadtied specific primary antibody. (C)
Quantification of lipid droplets in osmium-stainpdripheral leukocytes from DHF patients and
healthy volunteers. Each bar represent the medeM & lipid droplets per cell from 50 scanned
leukocytes from 8 DHF patients and 7 volunteers.<*B.05. (D) In vitro DENV3 infection
induced lipid droplet formation on human macroplsadépid droplets were labeled with bodipy
24 h after infective DENV3 at a MOI of 4 in cultgref 24 h p.i. (E) MIF co-localizes with
bodipy-labeled LD in DENV3 infected human macropdgagHuman macrophages infected in
vitro with DENV3 (MOI of 4 in cultures of 24 h pliwere incubated with anti-MIF (upper panel)
or nonimmune goat serum (lower panel). Cytopladipid droplets were visualized by bodipy
493/503 staining (green). Merged image (right paskebwed co-localization of MIF in bodipy-

labeled lipid droplets.

Figure 2. DENV3 infection induces the production ofinflammatory mediators by human
macrophages.MIF (A), TNF-a (B) IL-6 (C) and PGE(G) concentrations were determined by
ELISA or EIA in the supernatants of control macraghs (mock), macrophages incubated with
heat-inactivated (HI) DENV3 or infective DENV3 atMOI of 4 collected from cultures at 24 h
p.i. The content of MRNA for MIF (D), TNB-(E) and IL-6 (F) was determined by real time RT-
PCR at 5 and 14 h p.i. The results were normallzgdlycerol 3-phosphate dehydrogenase

(GPDH) expression and are represented as fold fimiuof mMRNA expression relative to control
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samples. Cell viability (H) at 24 h p.i. was an&gzusing MTT assays. Results represented the

mean + SEM. *F 0.05. Results are representative of at least thoependent experiments.

Figure 3. MIF contributes to the pro-inflammatory response during macrophage infection
with DENV3. Production of infectious virions measured by pkmagssay (A) and viral replication
measured by real time RT-PCR (B) were determineudaerophages at 24 h p.i. TNF(C) and
IL-6 (E) concentrations in the supernatants of mjplsage cultures, at 24 h p.i. with DENV3 at a
MOI of 4, were determined by ELISA and PG) was quantified by EIA. The expression of
MRNA for TNFa (D) and IL-6 (F) was determined by real time RTRPI@ cellular extracts. The
results of real time RT-PCR were normalized by ghpt 3-phosphate dehydrogenase (GPDH)
expression and are represented as fold inductionRIA expression relative to control samples.
Total goat IgG and DMSO alone (vehicle of ISO-1yevased as control for anti-hMIF and I1SO-
1 effects. Results represented the mean + SEMs< BR5. Results are representative of at least

two independent experiments.

Figure 4: Mif-/- mice had delayed mortality and reduced viral loadafter infection. Mif-/-
mice showed a delay in lethatliy after DENV2 infentcompared to WT littermates, n=9 (A).
Mif-/- mice showed lower viremia in spleen in all dayalgzed, as well as reduction in viremia
in serum 7 days after infection compared to WT mice9. Results represented the mean + SEM.

*P < 0.05, *p< 0,01 and **p< 0,001 (WT x MIF-/-).

Figure 5: Reduced coagulation disturbs and inflammgon in Mif-/- mice. Mif-/- mice kept
basal levels of hematocrit and platelets compafem-infected mice, whereas WT ones showed

hemoconcentration and a substantial drop of pkstelter DENV2 infection (A). After 7 days
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post infection, an increase of IRNeoncentration was observed in WT mice in both reeamd
spleen, whileMif-/- mice kept these values in the basal level (Ca &imilar way, no increase of
IL-6 production in spleen was detectedNtif-/- compared to elevated concentrationgldys
after infection in WT mice (D). NI represents narfieicted WT mice. Results represented the

mean + SEM. n=5, *x 0.01; **p <0.001 (WT xMif-/-)

Figure 6: Lungs of Mif-/- mice are protected by DENV2 infection.Neutrophil in the lungs
were determined by MPO. In WT mice, there was atgneutrophil accumulation in the lungs 7
days post infection, while no increase in this pagter was seen Mif-/- mice (A). CXCL1 (KC)
and CXCL2 (MIP-2) concentrations in lung tissue arates were determined by ELISA (B and
C). NI represents non-infected WT mice. Resultsrapgresented as mean + SEM. n=5, ***p

< 0.001 (WT XMif-/-).

Supplementary figure 1. Patents with DHF have incrase plasma concentrations of TNIet,
IL-6 and IFN-y. The plasma concentrations of TNF{A), IL-6 (B) and IFNy (C) were

determined by ELISA in DHF patients (n=21) and tteal/olunteers (n=11).

Supplementary figure 2. MIF and TNF-a are secreted by macrophages infected with
DENV2. MIF (A) and TNFea (B) concentrations in the supernatants of humacrophage
cultures at 24 h p.i. were determined by ELISAdontrol macrophages (mock), cells incubated
with HI virus or infective DENV2 at a MOI of 4. Rals are represented as mean = SEM<*P

0.05. Results are representative of at least thoEpendent experiments.

Supplementary figure 3. MIF secretion by HepG2 cedl during DENV3 infection. (A) MIF

concentrations in the supernatants of macrophageres at 24 and 48 h p.i. were determined by
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ELISA for control macrophages (mock), cells incaohtvith HI virus or with infective DENV3

at a MOI of 4. (B) The content of mMRNA for MIF wedstermined by real time RT-PCR at 5 and
14 h p.i. The results were normalized by glycerph®sphate dehydrogenase (GPDH) expression
and are represented as fold induction of mMRNA esgioa relative to control samples. (C) Cell

viability at 24 and 48 h p.i. was determined u\iiT assay. Results are represented as the mean

+ SEM. *P<0.05.
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Figure 2
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Figure 4
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Figure 5
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Relative units

Figure 6
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Supplementary figure 1
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Supplementary figure 2
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Supplementary figure 3
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4. Discussao Geral

O aumento dos casos de artrite viral e dengue pelo mundo sdao exemplos
da emergéncia das arboviroses. Estas viroses podem causar graves complicagdes
para a satide humana, porém em ambos os casos, o conhecimento e o tratamento
destas patologias ainda sdo superficiais. Nesta tese foram estudados alguns
aspectos da resposta inflamatoéria induzida pela infeccao de células humanas por
dois arbovirus, o SinV e o DenV, com um enfoque na participacao do MIF. Estes
virus, de forma curiosa, apesar de estarem separados em familias diferentes e
desencadearem patologias distintas, apresentaram caracteristicas comuns em
relacdo as respostas celulares decorrentes da infeccdo, que serdo discutidas a
seguir.

O papel da resposta inflamatéria no desenvolvimento da artrite induzida
pela infeccdo do SinV ainda é muito pouco conhecido, principalmente quando se
trata da avaliacdo da resposta em humanos. Porém, esta falta de conhecimento
nao refere-se apenas a este virus; também para outros alfavirus artrogénicos isto
¢ uma realidade. O envolvimento de diversas citocinas em artrites em humanos é
bem caracterizado, e inclusive atualmente algumas delas sdo utilizadas como
alvo terapéutico na clinica médica, como por exemplo, o TNF-a (Mclnnes e
Schett, 2007). Buscando contribuir para a compreensdo dos mecanismos
envolvidos na inflamacdo articular promovida pela infeccdo viral, o primeiro
artigo apresentado nesta tese possui um foco na resposta de macréfagos
humanos a infeccdo pelo SinV.

Os macréfagos sdo uma das principais células que fazem parte do
infiltrado inflamatério do tecido articular encontrado tanto na AR (Szekanecz e
Koch, 2007), como também no modelo animal de artrite induzida pela infecgao
do RRV (Fraser et al., 1981; Hazelton et al., 1985). Estas células secretam citocinas
e outros mediadores inflamatdrios que estdo associados com o desenvolvimento

da artrite. Diante de nossos resultados, é possivel afirmar que estas células
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também sdo alvo da infeccdo pelo SinV, uma vez que o mesmo é capaz de se
replicar nestas células e até mesmo, como um fenémeno mais tardio, diminuir
sua viabilidade. Desta forma, na infeccao pelo SinV, os macréfagos presentes no
infiltrado do tecido articular seriam alvo de replicacdo do virus, podendo estar
envolvidos tanto da amplificacdo do titulo viral nas articulagdes, bem como, na
manutencdo da resposta inflamatéria ja iniciada no tecido articular. Esta
afirmacdo ¢é sustentada pela demonstracao de que a infecgao pelo SinV foi capaz
de ativar os macréfagos em cultura a secretarem citocinas de carater pro-
inflamatoério, como o MIF, TNF-q, IL-13 e IL-6. Estas citocinas modificariam ou
amplificariam o panorama de moléculas efetoras responsaveis pelo
estabelecimento do quadro de artrite evidenciada em pacientes infectados pelo
SinV (Espmark e Niklasson, 1984; Levine et al., 1994; Turunen et al., 1998; Laine et
al., 2000; Kurkela et al., 2005). Este mesmo padrdo de resposta inflamatéria é
encontrado na AR, onde o aumento destas citocinas esta associado a ativacao de
outras células do sistema imune e de células ndo imunes presentes no espago
sinovial a produzirem moléculas que desencadeiam o dano articular, como as
MMPs (Mclnnes e Schett, 2007).

Além da liberagdo de citocinas, na infeccdo pelo SinV a ativacdo dos
macrofagos em cultura também acarreta na inducdo da expressao de MMP-1 e
MMP-3. Estas proteinas participam no desenvolvimento do dano articular
encontrada na AR (Burrage et al., 2006), o que reforca a importancia de nossos
dados. A producdo de MIF, IL-6, TNF-a, IL-1B e as MMPs pelos macréfagos
durante a infeccdo pelo SinV indica a existéncia de uma cascata regulatéria no
controle da resposta inflamatéria e no dano articular promovidos pela replicacao
viral. Em patologias inflamatérias é comum a presenca de algas de regulacao
positiva entre diferentes citocinas, sendo elas responsaveis pela modulacao da
resposta encontrada para o estabelecimento da doenga. A existéncia desta cascata
também foi evidenciada na infec¢do dos macréfagos pelo SinV, uma vez que a

neutralizacdo do MIF e a inibicdo de sua acdo acarretaram na diminuicdo da
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secrecao de IL-6, TNF-a e da expressio de MMP-1 e MMP-3. Além disso,
macréfagos de camundongos que nao expressam MIF também apresentaram
uma diminuicdo na secrecao de IL-6 e TNF-a. Estes dados sugerem que o MIF é
capaz de regular de forma autécrina e/ou pardcrina a secrecdo de citocinas e a
expressao de MMPs, participando de forma efetiva no estabelecimento e
amplificagdo da resposta inflamatéria a infeccdo do SinV. Além disso, pode
representar uma citocina chave na regulacdo da artrite evidenciada em
individuos infectados pelo SinV. Na aterosclerose, o MIF parece agir como uma
quimiocina recrutando neutroéfilos para as areas de lesdo, o que reforca o seu
potencial como molécula amplificadora (Schober et al., 2008). Recentemente, o
nosso grupo demonstrou que o MIF tem um papel quimiotéctico para eosinéfilos,
provavelmente influenciando a formacdo do granuloma na infeccdo pelo
Shistosoma mansoni (Magalhdes et al., 2009). A sua atuagdo como molécula
quimiotactica sugere que na infeccdo pelo SinV a elevagao das concentragdes de
MIF também poderia contribuir para o recrutamento de mais células
inflamatodrias para o tecido articular, aumentando a resposta presente neste
tecido durante a infeccao.

O aumento da expressao de MIF também foi demonstrado no cérebro de
camundongos infectados pelo virus da Encefalite Equina Venezuelana (EEV)
(Sharma et al., 2008). Embora o EEV pertenca ao grupo dos Alphavirus associados
a encefalite, estes dados sugerem que o MIF poderia desempenhar um papel
comum na infecgdo por outros alfavirus, inclusive os artrogénicos.

No segundo artigo estdo apresentados os resultados que compdem a
segunda parte da tese. Neste trabalho nds procuramos investigar o papel do MIF
na infeccdo pelo DenV. Recentemente foi demonstrado que o MIF participaria da
resposta a infeccdo pelo DenV, uma vez que o mesmo apresentava-se elevado no
plasma de pacientes com dengue, além de apresentar correlagdo com a gravidade
da doenga (Chen et al., 2006). Na infeccdo pelo virus do oeste do Nilo (WNV), o

nivel de MIF também se encontra elevado no soro de pacientes. Além disso, os
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animais deficientes de MIF infectados pelo WNV apresentam uma menor
secrecdo de citocinas pro-inflamatérias como IL-6 e TNF-a, quando comparada
com a secrecdo dos animais selvagem (Arjona et al., 2007). Em nosso trabalho nés
também observamos que pacientes com sintomas de DHF apresentavam um
marcante aumento de MIF no plasma, que possui correlacdo com a gravidade da
doenca, confirmando os achados previamente descritos. As concentragdes
encontrados sdo similares aos descritos em pacientes que apresentam choque
séptico (Bozza et al., 2004), indicando uma grande importancia deste aumento no
desenvolvimento das formas mais graves da doenca. Juntamente ao MIF, foi
demonstrado um aumento nas concentra¢des de TNF-q, IL-6 e IFN-y.

Em macréfagos, o MIF pode ser pré-estocado e, mediante estimulagdo, ser
liberado (Calandra et al., 1998). Macréfagos dos pacientes com dengue
apresentam MIF estocado no citoplasma que colocaliza com os corpusculos
lipidicos. Os corptsculos sdao organelas importantes no metabolismo lipidico e
sua formacdo pode ser induzida durante processos inflamatérios. Além disso,
sdo organelas que podem estar envolvidas na secrecdao de citocinas e mediadores
lipidicos como PGEz (Bozza et al., 2007). Este resultado sugere que os corptsculos
possam participar de alguma etapa da secrecio do MIF mediante estimulo
mediado pela infeccdo e/ou pela replicacdo viral. Porém, mais estudos sao
necessarios para confirmar o papel dos corptisculos na secrecao de MIF.

As células responséveis pelo aumento da secrecao de MIF no plasma dos
pacientes ainda nao haviam sido descritas. Nossos dados in vitro demonstraram
que células hepaticas e macrofagos sdo fontes secretoras de MIF durante a
infeccao pelo DenV, podendo ser fontes de MIF na infecgdo in vivo. O MIF
secretado parece ser proveniente de estoques intracelulares, uma vez que o perfil
de expressdo génica ndo altera durante a infeccdo. Porém a andlise apenas do
contetido de RNAm néao exclui a possibilidade da existéncia de muito RNAm de
MIF que poderia ser traduzido em algumas situagdes, como no caso da infeccao

viral ou se realmente todo MIF secretado ja esta de fato preformado como
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proteina estocado dentro da célula. A indugdo da expressdo génica de MIF em
infec¢Oes virais ndo parece ser uma resposta obrigatéria. Na infeccao pelo virus
Influenza A, o MIF liberado é proveniente de estoques intracelulares em células
epiteliais de pulmdo e é decorrente da morte celular (Arndt et al., 2002). Porém,
para outros virus, a liberacdo de MIF pode ser sustentada pela inducdo da
expressao génica, como no caso da infeccdo pelo citomegalovirus (Bacher et al.,
2002; Frascaroli et al., 2009). Dados preliminares de nosso laboratério
demonstram que a liberagdo de MIF parece ser dependente da ativacdo de
caspase-1, uma vez a inibicdo desta via com Y-VAD promove uma dréstica
diminuicdo da secrecdo do MIF durante a infeccdo. Estes dados estao condizentes
com os achados de Keller e colaboradores (2008) onde o MIF foi identificado
como uma das proteinas com mecanismo de secrecdo possivelmente dependente
da atividade de caspase-1. Porém estudos complementares estdo sendo
realizados para confirmar e compreender mais a fundo este mescanismo.

A presenga do MIF, através de sua ligacdo a receptores na superficie da
célula, pode induzir ou ampliar a secrecdo de diversos mediadores inflamatérios
(Calandra e Roger, 2003). Além do MIF, a infeccdo dos macréfagos pelo DenV
induziu a secrecdao de TNF-q, IL-6 e PGE,. O envolvimento do MIF na modulacao
da resposta induzida pelo DenV foi claramente demonstrado nos estudos in vitro
e in vivo. A capacidade do MIF regular as concentracdes de TNF-a e IL-6 em
ambos os modelos confirmam a importdncia desta citocina na patogénese do
DenV. Igualmente aos demais estudos que buscaram investigar o papel antiviral
do MIF (Kimura et al., 2006; Arjona et al., 2007), na infeccao pelo DenV o MIF
parece estar envolvido somente no controle da inflamacao, porém nao apresenta
um efeito direto sobre a replicacdo viral.

Os resultados apresentados nas partes I e II desta tese sao compativeis
com o papel imunomodulador desempenhado pelo MIF em outras patologias
(Kudrin et al., 2006). Porém, os mecanismos envolvidos no controle da secrecao

de citocinas durante a infecgao pelo SinV e pelo DenV permanece em aberto. O
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perfil muito similar de resposta encontrado na infeccdo por estes dois virus
sugere a existéncia de um mecanismo comum de ativagdo da resposta celular.
Em ambos os casos, a inducdo da secregdo parece ser dependente da replicacdao
viral, j& que o uso do virus inativo demonstrou que somente a ligacdo do virus a
superficie da célula nado é capaz de induzir a secrecdo de citocinas. Além disso, a
dinamica de secrecdo de citocinas e sua regulacdo pelo MIF também sao muito
semelhantes.

Estes dados comuns encontrados para estes dois virus de familias
diferentes podem representar mais do que uma coincidéncia, mas sim indicar a
conservagao evolutiva de caracteristicas presentes em ambos os virus, que
desencadeariam inicialmente uma resposta inflamatéria muito semelhante.
Clinicamente as formas mais graves das patologias provocadas por estes virus
sdo de fato bem diferentes. A DHF é marcada um forte extravasamento do
plasma (Rigau-Perez et al., 1998) e a artrite induzida pelo SinV promove dores
articulares incapacitantes que podem durar por longos periodos (Espmark e
Niklasson, 1984; Levine et al., 1994; Turunen et al., 1998; Laine et al., 2000; Kurkela
et al., 2005). Porém, o inicio da resposta a estes virus apresenta diversos sinais
clinicos em comum como, febre alta, mialgia e as manchas avermelhadas na pele
denominadas de “rash”. Inclusive, na DF é muito comum a existéncia de dores
articulares (Kurane, 2007). Essas observagodes clinicas reforcam a existéncia de um
mecanismo de ativacdo comum que seria importante para o estabelecimento da
doenca. Desta forma, apds os macréfagos serem infectados, a replicagdo viral
induziria a secrecdo de MIF, o qual seria importante para a secrecdo de TNF-a e
IL-6. Estas duas citocinas ja foram descritas como moléculas secretadas por
macréfagos de importancia tanto na dengue (Chaturvedi et al., 2000) como em
artrites em humanos (McInnes e Schett, 2007).

As diferengas encontradas no quadro clinico entre as duas patologias
poderiam ser explicadas por varios fatores, como por exemplo, o tropismo de

cada um destes virus por tecidos diferentes, apesar dos macréfagos

120



representarem células infectadas em comum. A pele é o local de inoculacdo de
ambos os virus, uma vez que a infeccdo ocorre através da picada do mosquito
transmissor. Apds a inoculagdo, os virus seguiriam rotas de infecgdo diferentes,
determinadas pela capacidade de interagio com determinados tecidos,
acarretando, por fim, em danos a tecidos diferentes. Além disso, as formas mais
graves da doenga induzida pelo DenV possui correlagdo com o fendmeno da
ADE (Halstead e O’'Rourke, 1977), sobre o qual nao existe nenhuma descricdo na
literatura em infecgdes pelo SinV. Um estudo recente de nosso grupo de trabalho
demonstrou que complexos imunes sao capazes de induzir a liberacdo de MIF e
o mesmo seria capaz de modular a secrecdo de TNF-a (Paiva et al., 2009). Estas
evidéncias abrem margem para a investigacdo da possibilidade de, na presenga
de complexos imunes gerados durante a infeccdo pelo DenV, ocorrer uma maior
ativagdo da resposta imune através do aumento da produgdo de mediadores
inflamatérios regulado pelo MIF.

Em outras patologias o MIF parece exercer um papel marcante como
molécula iniciadora da resposta inflamatéria. Em sua presenca pode ocorre a
amplificagdo da inflamacdo, uma vez que MIF é capaz de induzir de forma
autocrina a secrecao mediadores inflamatérios, como citocinas, 6xido nitrico e
PGE,, além de ativar linfécitos a produzirem mais mediadores inflamatdrios
(Calandra e Roger, 2003; Santos e Morand, 2009) e recrutar células imunes para o
local da inflamacao (Schober et al., 2008).

Na aterosclerose, o MIF parece estar envolvido no inicio da formagao das
placas de ateroma. Esta afirmacdo é decorrente de diversas observacoes: (a)
células da camada média da musculatura lisa apresentam um aumento da
expressdao de MIF apenas nas lesdes em estagios iniciais; (b) o MIF produzido é
capaz de recrutar mondcitos e células T para o local da lesao (Schober et al., 2008);
(c) o tratamento de células endotelias com MIF induz a producdo de moléculas
de adesao intracelular 1 (Lin et al., 2000; Burge-Kentischer et al., 2002); e (d) o

tratamento de células da musculatura lisa induz a expressao de MMP-1 e MMP-9
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(Kong et al., 2005A; Kong et al., 2005B). Desta forma, o MIF na aterosclerose
estaria contribuindo para a progressao de lesdes iniciais para a formagdo das
placas instaveis evidenciadas nos estagios mais avangados da doenga.

A formacdo das placas de ateroma é somente um dos exemplos que
evidenciam o papel do MIF no inicio da cascata de ativagdo que culminam com a
progressao de diversas doengas. Este papel se estende para outras patologias de
carater inflamatoério e autoimune como a sepse, a AR e a asma (Bozza et al., 1999;
Bozza et al., 2004, Mizue et al., 2005; Morand et al., 2006, Magalhaes et al., 2007).
Esta caracteristica do MIF reforca o seu potencial como uma molécula alvo para
intervencoes terapéuticas.

Citocinas em geral sdo consideradas bons alvos de intervencdo em
doencas imunes e inflamatérias, uma vez que sdo proteinas reguladoras que
direcionam a inflamagao (Feldmann et al., 2000; Taylor et al., 2004). A terapia anti-
TNF-a e com inibidores do receptor de IL-1B (rituximab) sdo utilizadas em
pacientes com AR juntamente com o uso de corticéides. As primeiras evidéncias
de que o MIF seria um interessante alvo terapéutico vém das descobertas de sua
capacidade de agir como um supressor das agdes anti-inflamatérias de
glicocorticoides (Calandra et al., 1995). Desta forma, a inibicdo da acdo do MIF
seria utilizada como um adjuvante no tratamento com glicocorticéides,
principalmente em pacientes que se tornam resistentes a esta terapia (Aeberli et
al., 2006). Porém, estudos em modelos animais ddo suporte a extensao do uso da
inibicdo da acdo do MIF no tratamento de patologias como sepse, asma e AR
(Leech et al., 1998; Calandra et al., 2000; Magalhaes et al., 2007).

Os resultados apresentados nesta tese abrem espago para a possibilidade
do MIF ser utilizado como alvo terapéutico em patologias de etiologia viral,
como o DenV e o SinV. O tratamento com inibidores de MIF in vitro em ambos os
casos reduziu a resposta pré-inflamatoria a estes dois virus em mais de 50%. Na
dengue, isso poderia representar uma menor ativacao de células imunes e uma

reducao no nivel dos mediadores inflamatérios presentes no plasma, diminuindo
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o risco de aumento da permeabilidade vascular e choque hipovolémico. Ja na
infeccao pelo SinV, a inibicdo do MIF promoveria a diminuigdo da inflamacado
articular e poderia acarretar em uma protecdo ao tecido articular, uma vez que
nossos dados também demonstram que a inibicdio do MIF promove uma
diminui¢do na expressdo de MMPs. Além disso, este trabalho abre espago para a
possibilidade dos efeitos da inibicdo do MIF se estenderem a outros alfavirus
artrogénicos, o que aumentaria a relevancia de investigacbes futuras das
similaridades das respostas a estes virus. Finalmente, o desenvolvimento de um
modelo animal de artrite induzida pelo SinV, seria de grande importancia para a

confirmacao do papel do MIF in vivo.
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5. Conclusoes Finais

5.1. Conclusoes da Parte I

Os resultados apresentados na primeira parte desta tese nos permite
concluir que o macréfagos humanos sao células alvo da infeccdo pelo SinV. Estas
células estariam envolvidas na amplificacdo do titulo viral, uma vez que durante
a infeccdo ocorre a liberagao de particulas infecciosas, e na resposta inflamatéria
induzida pela infeccdo do SinV.

Na presenca destes macréfagos infectados nos tecidos alvo do SinV, a
secrecao de MIF, IL-6, TNF-a e IL-1 promoveriam a transformacdo do ambiente
para um perfil pré-inflamatoério. Estas citocinas estariam associadas a ativagao e
recrutamento de outras células importantes na resposta imune a infeccdo. Além
disso, o aumento da expressdao de MMPs nos macréfagos infectados seria um
importante fator que contribuiria para o dano tecidual e para o surgimento dos
sintomas descritos na artrite viral.

Neste cendrio, o MIF secretado pelos macréfagos infectados estaria
envolvido no inicio da cascata de ativagdo celular, regulando a secrecdo de
citocinas, bem como a expressio de MMPs. As evidéncias do papel
imunomodulador do MIF na infeccao pelo SinV posiciona-o como uma das
moléculas que possivelmente desempenham um papel central no
estabelecimento da artrite viral. Desta forma, a analise da concentracao de MIF
no soro dos pacientes infectados pelo SinV associados a surtos epidémicos de

artrite, seria uma excelente forma de avaliar estas especulacdes.

5.2. Conclusoes da Parte 11

Na segunda parte desta tese, os resultados apresentados permitem
concluir que o MIF é um importante componente da resposta inflamatoéria

induzida pela replicacdo do DenV. Somente os dados da elevacdo de suas
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concentragdes no plasma de pacientes infectados e a correlacdo com a gravidade
da doenga ja seriam indicios desta importancia.

Os macréfagos e as células hepaticas sdo células capazes de contribuir
para elevagdo dos niveis plasmaticos encontrados em pacientes. A replicagdo
viral induz a liberagao de MIF de estoques pré-formados nestas células. Estes
estoques, em macréfagos, sdo coincidentes com a localizagdo intracelular de
corptsculos lipidicos, o que pode representar o envolvimento desta organela em
alguma etapa de estocagem e de liberacao do MIF.

Os resultados da inibicdo do MIF in vitro, juntamente com o estudo em
animais deficientes de MIF, demonstram claramente a sua capacidade na
regulacdo da inflamagdo promovida pela infeccdo do DenV. A diminuicdo das
concentragdes de TNF e IL-6 quando o MIF ¢é inibido ou em sua auséncia sao

evidéncias marcantes do papel imunomodulador do MIF na patogénese do DenV.

5.3. Conclusao geral

A infeccdo dos macréfagos pelo SinV e pelo DenV apresentam
caracteristicas em comum. Em ambos os casos, a infecgdo promove uma resposta
pro-inflamatoria caracteristica em decorréncia da replicacdo viral nestas células,
inclusive com cinéticas muito parecidas. Além disso, a capacidade do MIF
modular a sintese de citocinas é evidenciada durante a infeccdo dos dois virus.

Estes achados podem representar um mecanismo conservado
evolutivamente de ativacdo celular existente entre o SinV e o DenV, que pode se

estender para outros arbovirus.
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Dengue virus is responsible for the highest rates of disease and mortality
among the members of the Flavivirus genus. Global dengue epidemics are still
occurring around the world indicating an urgent need of prophylactic vaccines
and antivirals. In recent years, a great deal has been learned about the
mechanisms of dengue virus genome amplification. However, little is known
about the process by which the capsid protein recruits the viral genome during
encapsidation. Here, we found that the mature capsid protein in the cytoplasm
of dengue virus infected cells accumulates on the surface of ER-derived
organelles named lipid droplets. Mutagenesis analysis using infectious dengue
virus clones has identified specific hydrophobic amino acids, located in the
center of the capsid protein, as key elements for lipid droplet association.
Substitutions of amino acid L50 or L54 in the capsid protein disrupted lipid
droplet targeting and impaired viral particle formation. We also report that
dengue virus infection increases the number of lipid droplets per cell,
suggesting a link between lipid droplet metabolism and viral replication. In this
regard, we found that pharmacological manipulation of the amount of lipid
droplets in the cell can be a means to control dengue virus replication. In
addition, we developed a novel genetic system to dissociate cis-acting RNA
replication elements from the capsid coding sequence. Using this system, we
found that mislocalization of a mutated capsid protein decreased viral RNA
amplification. We propose that lipid droplets play multiple roles during the viral
life cycle; they could sequester the viral capsid protein early during infection

and provide a scaffold for genome encapsidation.
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AUTHOR SUMMARY

Dengue virus is the single most significant arthropod-borne virus pathogen in humans.
In spite of the urgent medical need to control dengue infections, vaccines are still
unavailable, and many aspects of dengue virus biology and pathogenesis remain
elusive. We discovered a link between dengue virus replication and ER derived
organelles known as lipid droplets (LDs). Dengue infection increases the amount of
LDs per cell and pharmacological inhibition of LD formation greatly reduces dengue
virus replication. In addition, we have found that the viral capsid protein in infected
cells accumulates on the surface of LDs. Manipulation of infectious clones and
generation of new reporter dengue viruses allowed us to define the molecular basis of
capsid protein association to LDs. Specific amino acids on the a 2 helix, located in the
center of the capsid protein, were found to be crucial for both accumulation of capsid
protein on LDs and dengue virus infectious particle formation. We propose that LDs
facilitate viral replication by sequestering the highly basic capsid protein from the
cytoplasm and providing a platform for nucleocapsid formation. Our findings begin to
unravel the complex mechanism by which dengue virus usurps cellular organelles to
coordinate different steps of the viral life cycle and provide new information about

encapsidation process.
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INTRODUCTION

The genus Flavivirus comprises a large group of emerging and re-emerging
pathogens capable of causing severe human diseases. It includes yellow fever (YFV),
dengue (DENV), West Nile (WNV), tick borne encephalitis (TBEV), and Japanese
encephalitis (JEV) viruses. DENV is the most significant mosquito borne human viral
pathogen worldwide. It infects more than 50 million people each year, resulting in
around 25,000 deaths. The lack of vaccines and antivirals against DENV leaves the 2
billion people at risk, mainly in poor countries, in a constant state of alarm (World

Health Organization, 2009).

The replication cycle of different members of the Flavivirus genus is fundamentally
similar. The viral genome is a single plus-stranded RNA molecule that serves as
messenger for viral protein synthesis, template for RNA amplification, and substrate
for encapsidation [1]. In recent years, a number of cis-acting RNA elements have been
identified in the coding and uncoding regions of the flavivirus genomes as promoters,
enhancers, and cyclization signals necessary for efficient amplification of the viral RNA
(for review see [2]). A mechanism by which the viral polymerase specifically
recognizes and copies the viral genome has been recently proposed [3]. In contrast,
little is known about the recognition of the viral RNA by the capsid (C) protein. For
flaviviruses, it is still unclear how, when, and where the C protein recruits the viral RNA
during viral particle morphogenesis. In this work, we used DENV to investigate how

the C protein usurps cellular organelles to facilitate viral replication.

The flavivirus genomes contain a long ORF encoding a polyprotein that is cleaved into
three structural proteins (C, prM, and E) and seven nonstructural proteins (NS1-NS2A-

NS2B-NS3-NS4A-NS4B-NS5) [4]. The proteins C and prM are connected by an
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internal hydrophobic signal sequence that spans the ER membrane and is responsible
for the translocation of prM into the ER lumen. The first cleavage is accomplished by
the viral NS3/2B protease, which resides in the cytoplasmic side of the ER membrane
and separates the mature C protein from its membrane anchor sequence [5-7]. It has
been proposed that the mature form of the C protein remains associated to
intracellular membranes via an internal hydrophobic region conserved in all

flaviviruses [8].

In flavivirus infected cells, the C protein was detected both in the cytoplasm and the
nucleus [9-12]. Inside the nucleus it has been shown to accumulate in the nucleolus.
The cytoplasmic fraction of the C protein of kunjin virus (KUNV) was found near
structures called convoluted membranes in close association with vesicle packets,
which are the sites of RNA replication [10,13,14]. A coupling between RNA synthesis
and RNA encapsidation has been suggested [15]. It was shown that viral RNAs were
not encapsidated if they were not actively synthesized in the replication complexes.
Interestingly, a complex connection between the encapsidation process and proteins
of the RNA replication machinery is emerging. Specific amino acids changes in NS2A
and NS3 were found to impair particle formation [16-19]. Whether these NS proteins
bind to the C protein, to the viral RNA, or to cellular components (proteins or

membranes) is still unknown.

The mature C is a highly basic protein of 12 kDa that forms homodimers in solution
[20,21]. The first 32 and the last 26 residues of the KUNV C protein were proposed to
interact with the viral RNA [22]. The tridimensional structures of DENV and WNV C
proteins were recently solved by NMR and crystallography, respectively [23,24]. These
studies indicated that the monomer contains four alpha helices (al to a 4). The first 20

amino acids are unstructured in solution and were cleaved in the WNV C crystals [24].
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The first 3 helices (al to a3) form a right handed bundle that comprises the monomer
core. The different orientation of al in WNV and DENV suggested that this helix is
flexible. The a4, the longest helix, extends away from the monomer core and has a
high density of basic residues on the solvent accessible surface, which were proposed
to interact with the viral RNA. On the opposite side of the molecule, the surface
contributed by a2-02’ and al-al’ is largely uncharged and is proposed to interact
with membranes [23]. The originally described internal hydrophobic region, residues
46 to 66 in DENV C, includes helices a2 and a3 [8]. Although the C protein is the least
conserved of the flavivirus proteins, the structural properties are very similar and the

charge distribution is well conserved.

Here, we investigated the subcellular localization of the C protein in DENV infected
cells and found that the cytoplasmic C accumulates around ER-derived organelles
called lipid droplets (LDs). A novel reporter system was developed, which allowed us
to dissociate cis-acting signals for RNA synthesis from the C coding sequence. Using
infectious DENV RNAs and the new reporter system, specific residues in the a2 helix
of the C protein were identified as crucial determinants for LD localization and DENV
particle formation. Furthermore, we report that pharmacological inhibition of LD
formation greatly decreases DENV replication, providing new ideas for antiviral

strategies.
Results
LD localization of DENV C protein in infected cells

Localization of the C protein in the cytoplasm and the nucleus of DENV infected cells
has been previously reported. The nuclear localization was carefully analyzed by

several groups [11,12]. In contrast, there is limited information regarding the
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distribution of the C protein in the cytoplasm of the infected cell, which is the place of
viral encapsidation. To investigate the subcellular localization of the C protein during
viral replication, DENV2 was used to infect BHK cells. As previously described, when
cells were fixed with methanol and used for indirect immunofluorescence, the C
protein was found in the nucleus and accumulated in the nucleolus (Fig. 1A, left
panel). Methanol fixation is known to extract cellular lipids. Therefore, in order to
preserve the membranous structures induced by viral infection, and to investigate the
distribution of C in the cytoplasm, DENV infected cells were fixed with
paraformaldehyde, permeabilized with a low concentration of Triton X-100.
Remarkably, in these conditions, all the infected cells showed C protein accumulation
in defined spherical structures (Fig. 1A, right panel). Higher magnification of the
images using confocal microscopy revealed that the C protein was organized in a ring-
like pattern (Fig. 1A). Co-localization of DENV C with ER or Golgi markers was not
observed in these conditions (data not shown). The images of C labeling after DENV
infection resembled the distribution of the core protein reported for hepatitis C (HCV),
which accumulates on the surface of lipid droplets (LDs) [25-27]. To analyze whether
DENV C associates to these organelles, infected cells were labeled with antibodies
against C and incubated with BODIPY, which stains neutral lipids in LDs. These
studies revealed that most of the C protein observed was present around LDs (Fig.
1B). Localization of the C protein surrounding LDs was observed in different DENV
infected human cells such as HepG2 and HelLa (Fig. 1B and data not shown). In
addition, because DENV is a mosquito borne virus, we examined the localization of C
in infected mosquito C6/36 cells. The cytoplasmic localization of C in these cells was

also surrounding LDs (Fig 1B).
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To further study the association of C with LDs, sucrose gradients were used to
separate the LD fraction by flotation. The presence of C and the adipose
differentiation-related protein (ADRP or adipophilin, LD marker) were detected by
western blots. A fraction of C was detected together with ADRP in LDs. In this fraction
the lactate dehydrogenase activity was not detected, indicating lack of cytosolic
contamination (Fig. 1C). The amount of C observed in the LD fraction was lower than
that expected according to the co-localization observed with BODIPY (Fig. 1C). It is
possible that the viral protein weakly interacts with LDs and partially dissociates during
cell disruption and biochemical fractionation. In order to further analyze the localization
of C in the cytoplasm of DENV infected cells, co-localization of C with ADRP was also
determined. These studies showed the presence of C and ADRP on LDs (Fig. 1D).
We observed single LDs carrying both proteins (C and ADRP), and droplets containing

either C or ADRP.

LDs are ER-derived organelles that contain a core of neutral lipids enclosed by a
monolayer of phospholipids and exhibit variable protein content [28]. The metabolism
of LDs has attracted considerable attention due to its link with human diseases such
as obesity, inflammation, and cancer [29,30]. LDs are found in different cell types in
normal conditions. However, it was noticeable that DENV infection increased the size
and the amount of LDs per cell. Quantitative analysis showed a 3-fold increase in the
amount of LDs in DENV infected cells as compared with mock infected cells (Fig. 1E).
To investigate whether C was the viral factor responsible for the increase in the
number of LDs, droplets were enumerated in cells expressing only the C protein. BHK
cells were transfected with an expression vector encoding the mature form of C or a
control vector. Expression of the viral protein increased about 2-fold the amount of

LDs per cell (Fig. 1F). The higher number of LDs observed after DENV infection in
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respect to that observed in cells expressing only C could be due to the different source
of the protein when it is produced from the viral polyprotein. In addition, it is possible
that other viral factors or the infection itself affects LD metabolism. Thus, we evaluated
the amount of LDs in DENV replicon-expressing BHK cells. In this case, the amount of
LDs was not significantly different to that observed in replicon-cured cells (data not

shown).

The accumulation of the viral C protein around LDs and the increased number of
droplets observed in DENV-infected cells provide the first link between these

organelles and DENV replication.
The mature C protein is targeted to LD in the absence of other viral proteins

During flavivirus polyprotein synthesis, the C protein is targeted to the ER membrane
by the anchor peptide, which is removed by the viral NS3/2B protease in the
cytoplasm and the host signal peptidase in the ER lumen (Fig. 2A, left panel). To
investigate whether the anchor peptide plays a role in targeting the C protein to LDs, a
full-length genomic DENV cDNA was modified to include an artificial FMDV2A
cleavage site at the C-terminus of the C protein (DENV-FMDV2A), which would
release co-translationally the mature C protein. Transfection of DENV-WT or DENV-
FMDV2A RNAs into BHK cells resulted in efficient translation and amplification of viral
RNAs (data not shown). Appropriate cleavage of C by the FMDV 2A was
demonstrated by Western blot analysis of cytoplasmic extracts obtained at 24 and 48
h post-transfection using anti-C antibodies (Fig 2A, right panel). As expected, DENV-
FMDV2A RNA produced a C protein about 2kDa larger than the WT protein,
corresponding to C plus 19 amino acids of the FMDV2A (Fig. 2A, C2A). Confocal
microscopy analysis indicated that the prematurely processed C protein localized

almost exclusively around LD, indicating that the anchor peptide that targets the C
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protein to ER membranes during polyprotein synthesis is not required for protein C

localization on LDs (Fig. 2B).

To determine whether C association to LDs requires other viral components, the
mature C protein was expressed using a plasmid under control of the CMV promoter
in BHK cells. Cells were analyzed by immunofluorescence using anti-C antibodies and
stained with BODIPY at 10, 24 and 48 h post-transfection. Although the level of
mature C protein expressed in BHK cells was higher than that observed after DENV
infection, most of the expressed C protein also accumulated around LDs (Fig. 2C).
This analysis indicates that the mature C protein, in the absence of other viral

components, is able to associate to LDs.
Specific amino acids in the a2 helix are involved in C association to LDs

The molecular basis of C protein association to LDs was then investigated. To this
end, we used the model proposed for DENV C interaction with cellular membranes
based on the structural information previously obtained by NMR [23]. The model
implicates a concave shaped hydrophobic cleft including amino acids of al and a2
helices and the connecting loop (Fig. 3A, left panel). We also considered the
information provided in previous analysis describing a flavivirus conserved internal
hydrophobic region, spanning amino acids 46 to 66 (a2 and a3) in DENV, which was
proposed to interact with ER membranes [8]. Amino acids substitutions of residues
around the hydrophobic cleft were designed in the context of the full length DENV
genome as described in Fig. 3A, and localization of the C protein was followed by
confocal microscopy after RNA transfection. Substitutions of uncharged amino acids in
al helix or in the al-a2 connecting loop resulted in C proteins that accumulated in

LDs, similar to that observed with the WT virus (Fig. 3B). In addition, deletion of the
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complete a2 helix or substitution of hydrophobic amino acids within a3 resulted in the
synthesis of an unstable C protein that was barely detected by immunofluorescence
(data not shown). Interestingly, a substitution of the two hydrophobic residues (L50
and L54) within a2 that are facing outwards from the a2-a2 plane, rendered a C
protein that was distributed throughout the cytoplasm without evident association to
LDs (Fig. 3B, Mut a2), providing evidence of an important role of these amino acids in

C protein membrane association.

To better define the role of L50 and L54 on C targeting to LDs, we designed the
individual mutants L50S (Mut a2.1) and L54S (Mut a2.2). Localization of C after RNA
transfection showed a defect in the distribution of these proteins in the cytoplasm
when compared with the WT (Fig. 3C). We observed the presence of Mut a2.1 and
Mut a2.2 C proteins throughout the cytoplasm; however, in contrast to that observed
with the Mut a2, small patches of Mut a2.1 and Mut a2.2 C proteins were detected on

LDs (Fig. 3C). These results indicate that both amino acids, L50 and L54, are

necessary for proper targeting of C to LDs.
Mut-a2 retains the ability to bind RNA and to dimerize in solution

To investigate whether the mutation L50S-L54S has an effect on C protein folding,
dimerization, or RNA binding, biochemical properties of the recombinant proteins were
analyzed. The mature WT and mutated C proteins were cloned in an expression
vector in the absence of a tag. Purification was performed by heparin columns and gel
filtration. Expression and purification of the Ci sosis4s mutant were indistinguishable
from the WT protein (Fig. 4A). The oligomerization state of the proteins was

determined by size exclusion chromatography and light scattering. Single picks
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corresponding to molecular weights of 23.8 and 24.9 kDa were obtained for the Cyrt

and the C sos; 545 respectively, which are consistent with dimer formation.

To determine whether the mutation could interfere with the ability of the C protein to
bind RNA, mobility shift and filter binding assays were performed to estimate the
dissociation constants. A radiolabeled RNA was used for titration with different
concentrations of Cwt or Cisosis4s. The dissociation constants were not significantly
different, 22 nM and 20 nM for the WT and the mutant, respectively (Fig. 4B and 4C).
The results indicate that the L50S-L54S mutation introduced in the C protein did not

alter protein folding or other known properties of the protein.
Association of C to LDs is necessary for DENV replication

To investigate the effect of mutating C on DENV replication, cells were transfected
with WT or mutant RNAs that produce stable C proteins, Mut al, Mut al-a2 loop,
Mut a2, Mut a2.1, and Mut a2.2. Viral replication in transfected cells was evaluated
by immunofluorescence as a function of time and by assessing the production of
infectious viral particles by plaque assay. Mut al and Mut al-a2 loop produced titers
similar to the WT at 24, 48 and 72 h (Fig. 5A). After 96 h the titers decreased due to
extensive cytopathic effect and death of the transfected cells. In contrast, the titers for
Mut a2.1 and Mut a2.2 were about two orders of magnitude lower than that for the
parental virus. In addition, no viral particles were detected in the supernatants of cells
transfected with Mut a2 up to 5 days post-transfection (Fig. 5A). Furthermore, the
immunofluorescence assays indicated that while the WT, Mut al, and Mut al-a2 loop
showed the complete monolayer antigen-positive for DENV at day 3, Mut a2.1 and

Mut a2.2 showed a propagation delay, and no viral propagation was detected in cells
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transfected with Mut a2 until day 15 (data not shown). The results indicate that

mutations that alter C targeting to LDs produced defects in viral replication.

To investigate whether the viruses carrying the mutations in the a2 helix produced
viral particles that were not infectious, we determined the presence of the viral
envelope (E) protein in the media. Western blot analysis indicated that the amount of
the E protein released from cells transfected with Mut a2.1 and a2.2 was less than 5%
of that observed with the WT (Fig. 5B). In addition, the E protein was undetectable in
the media of cells transfected with Mut a2 RNA. In addition, viral RNA was quantified
in the media of cells infected with WT, Mut a2.1, and a2.2 using real time RT-PCR
(Fig. 5C). The amount of viral RNA detected for both mutants was about two logs
lower than that for the parental virus, which correlated with the amount of infectious
particles produced in Fig. 5A. These results indicate that the mutations in the a2 helix

of the C protein impair the production of DENV particles.
Dissecting cis-acting RNA replication signals from the C coding sequence

We have recently developed a DENV reporter system to evaluate each step of DENV
replication [31]. To further characterize the defect of the DENV L50S-L54S mutant, we
introduced this substitution in the reporter virus (DV-R). Controls and mutated viral
RNAs were transfected in BHK cells and luciferase activity was monitored as a
function of time as previously reported [31]. Unexpectedly, transfection of Mut a2 DV-
R showed a delayed increase in luciferase activity during viral RNA synthesis (data not
shown). Because flavivirus structural proteins do not participate in viral RNA
amplification [32,33], this observation was puzzling. It is possible that the substitution
introduced in the Mut a2 DV-R alters RNA structures present in the C coding

sequence that have been previously reported to be involved in genome cyclization and
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RNA amplification [2]. In fact, the presence of overlapping signals in the viral genome
has been a limitation in studying the effect of mutations in the N-terminus of C on viral
encapsidation. Thus, to further analyze the defect of the Mut a2 and to investigate
each step of viral replication of other C mutants without altering RNA structures, we
designed a new DENV reporter system dissociating the cis-acting signals from the C
coding region. To this end, we introduced a duplication of the first 104 nucleotides of
the C coding region, called here the cis-acting element CAE (including the previously
described cHP and the cyclization sequence 5'CS) [34-36]. The CAE was fused to the
luciferase coding region followed by the complete DENV ORF (Fig. 6A, monocistronic
DENV reporter, mDV-R). Between the luciferase and the DENV structural proteins an
FMDV2A protease was introduced to ensure the release of the reporter protein. In
summary, the new reporter DENV contained a physical separation of the CAE
sequences and the C coding region. Transfection of the mDV-R RNA resulted in
efficient viral replication and production of infectious viral particles (Fig. 6B and C,

WT).

To investigate the replication of mutants in the a2 helix that impair LD association
without altering the cis-acting RNA elements, Mut a2, Mut 02.1, and Mut a2.2 were
introduced in the mDV-R. The RNAs corresponding to the mDV-R WT, the three
mutants in the a2 helix, the propagation impaired mutant containing the complete
deletion of C coding sequence (Mut AC), or the replication impaired mutant carrying a
substitution in the polymerase NS5 (Mut NS5), were transfected into BHK cells (Fig.
6B). The Mut AC mDV-R showed luciferase levels at 24 and 48 h post-transfection
that were indistinguishable from the WT mDV-R levels, confirming that the C protein is
dispensable for RNA synthesis and indicating that the duplication of the CAE was fully

functional (Fig. 6B, compare Mut AC with the positive and negative controls, WT and
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Mut NS5, respectively). Similarly, Mut a2.1 and Mut a2.2 translated and replicated the
RNA efficiently. In contrast, while the Mut a2 RNA was translated as the parental
RNA (see luciferase activity at 4 h post-transfection), the luciferase levels detected at
24 and 48 h were reduced about 40 fold in respect to the WT control (Fig. 6B). These
results indicate that while deletion of the complete C protein or the individual mutations
L50S and L54S did not affect DENV RNA synthesis, the more drastic change that
included both substitutions did, and this effect was not due to alteration of the cis-

acting elements.

To analyze the ability of the mutants in the C protein to produce reporter infectious
particles, we collected the supernatants of the transfected cells as a function of time
and used them to infect fresh BHK cells. As expected, the luciferase activity in cells
infected with the media obtained from cells transfected with Mut AC was undetectable
(Fig. 6C). Similarly, the Mut a2 failed to produce viral particles. After infection with the
media of cells transfected with Mut a2.1 or Mut a2.2, between 50 and 200 fold lower
luciferase activity than that with WT mDV-R was observed. These results confirmed a

direct role of amino acids L50 and L54 on viral particle formation.

The decreased level of RNA amplification of Mut a2 presented in Fig. 6B was
unexplained; thus, we decided to further analyze this observation. Knowing that the C
protein has high affinity for RNA molecules, a plausible explanation could be that a
mistargeted C protein, which accumulates in the cytoplasm, prematurely binds the
viral RNA or interacts with other factor involved in viral RNA replication. To analyze
this possibility, we studied the RNA synthesis of WT DENV in cells producing the WT
or mutated Cisosis4s proteins in trans. BHK cells expressing a mature form of Cyt or
CrsosLsas Were transfected with the WT reporter DENV RNA, and luciferase activity

was monitored as a function of time. Over-expression of Cyt or CisosLs4s proteins was
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not toxic for BHK cells as determined by MTS assays. Cells expressing Cwr showed
accumulation of the viral protein in LDs, while the ones expressing C sosis4s Showed a
cytoplasmic distribution without a significant accumulation in LDs (Fig. 6D, right panel).
Luciferase activity was determined in cells at 4, 24, 48 and 72 h post-transfection (Fig.
6D). Cells expressing the Cyt showed luciferase levels at 48 and 72 h 20 and 30 fold
higher, respectively, than those in cells expressing the Cisosis4s. These results
suggest that the mutated protein expressed in trans was able to decrease the level of

viral RNA amplification.

Taken together, the new reporter DENV allowed us to dissociate the processes of
RNA replication and encapsidation, demonstrated that C is dispensable for RNA
synthesis, and confirmed an important role of amino acids L50 and L54 in viral particle
formation. In addition, the results suggest that a mislocalized C protein could interfere
with viral RNA synthesis, providing evidence for a possible role of LDs in coordinating

different viral processes.

LDs as target for DENV inhibition

Here, we found that targeting C protein to LDs is necessary for DENV particles
formation. In addition, we observed that viral infection increases the amount of LDs.
Based on these findings, we hypothesized that interfering with LDs
formation/metabolism could be a means for antiviral intervention. To prove this idea,
we used a fatty acid synthase inhibitor (C75) that was previously designed for obesity
control [37-39]. It has been reported that this drug reduces the amount of LDs in the
cell and inhibits pre-adipocyte differentiation. First, we analyzed the effect of C75 on
the amount of LDs in DENV-infected and non-infected cells. The concentration of drug
used was determined to be non-toxic for BHK cells (data not shown). Quantitative

analyses of LDs in BHK cells showed that concentrations between 10 and 20 pM of
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drug decreased the amount of LD in DENV-infected and mock-infected cells (Fig. 7A).
To determine the effect of C75 on viral replication, cells were treated with 10 and 20
UM of compound, infected with DENV2 using a multiplicity of infection of 1, and viral
titers were determined at 24 and 48 h post infection by plaque assay (Fig. 7B). Using
20 uM of C75, a drop in two orders of magnitude in the viral titer at 48 h and complete
inhibition of viral replication at 24 h were observed. Similar results were obtained when
C75 treated HepG2 cells were infected with DENV (data not shown). To determine
how the drug affects each step of viral replication, the reporter DENV was used.
Luciferase activity was measured in extracts of BHK cells infected with mDV-R in the
presence or absence of C75. At 10 h post infection the luciferase levels were
unaffected by the inhibitor, suggesting that the drug was not interfering with viral entry
or translation (Fig. 7C, left panel). At 24 and 48 h post infection a reduction of
luciferase levels of about 4-fold was observed, which corresponds to a decrease in
RNA amplification. To investigate the effect of the drug on infectious viral particle
formation, the media from cells subjected to each treatment was collected 48 h after
infection and used to infect fresh cells in the absence of C75. An inhibition of more
than 1000-fold was observed, indicating a profound effect of C75 on viral particle
production (Fig. 7D). These results indicate that altering the LD metabolism can be a

means to block DENV replication.
Discussion

Genome packaging is one of the most obscure steps of flavivirus life cycles. Here, we
provide the first evidence linking DENV patrticle formation with ER derived LDs. We
found that DENV infected cells accumulate the C protein around LDs and this
localization is crucial for infectious particle formation. In addition, using new genetic

tools to exclude cis-acting RNA replication signals from the C coding sequence, we
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found that mislocalization of C protein also interferes with DENV RNA synthesis. Our
studies support the idea that DENV exploits LDs for multiple purposes during DENV
replication. Furthermore, relevant to the urgent need for antiviral strategies against
DENV, we report that pharmacologic alteration of LD metabolism also inhibits DENV

replication in cell culture.
Structural features of Flaviviridae C proteins and their association to LD

Flavivirus is one of the three genera of the Flaviviridae family together with the Hepaci-
and Pestivirus [1]. The C proteins of the three genera do not exhibit significant
sequence homology or common domain organization. However, they are all dimeric,
basic proteins with an overall helical fold, responsible for genome packaging. In
addition, a recent report has suggested a common RNA chaperone activity for these C
proteins [40]. Hepacivirus mature core proteins are about 170 amino acids in length
and consist of two domains, a highly basic N-terminal domain (D1) and a hydrophobic
C-terminal domain (D2) [41]. In contrast, pesti- and flavivirus C proteins are shorter,
between 90 to 100 residues, lacking a D2 domain. Compelling evidence has been
accumulated in recent years supporting the idea that HCV particle formation requires
C protein association to LDs, and that the D2 domain is responsible for targeting C to
this organelle [26,27,42-47]. Because the flavivirus C proteins lack a D2 domain, an

association of DENV C protein to LDs was unexpected.

Using DENV-infected cells, we found that the C protein accumulated on LDs.
Hydrophobic residues in the a-2 helix of DENV C were defined as important
determinants for LD association and viral particle formation. In contrast, mutations of
uncharged residues in al helix or in the connecting loop between al and a2 helices
did not alter LD association or viral propagation. The importance of an internal

hydrophobic region including the a2 helix was originally described in DENV4, and
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more recently was reported to be necessary for efficient propagation of different
flaviviruses [8,48-50]. A recent study using WNV reported that deletions within the
most hydrophobic section of helix a2 (LALLAFF) impaired viral propagation [51].
However, pseudorevertants with extended deletions of C from amino acid 40 to 76
were recovered in culture. These results indicated that large deletion of about 36
amino acids was better tolerated than 4 to 7 amino acid deletions in the hydrophobic
region, suggesting that a short version of the C protein could form nucleocapsids by
an alternative mechanism. A remarkable functional flexibility of the C protein was
observed in TBEV, in which deletions from 19 to 30 residues were rescued by second
site mutations increasing the hydrophobicity of the protein [49,52]. Studies using a YF
replicon trans-packaging system demonstrated that large deletions in the N and C
terminal regions of protein C were tolerated [48]. In the same report, using a YFV
infectious clone, it was shown that the C protein with deletions of the al helix resulted
in small plaque phenotypes, while deletions including al and a2 were lethal. Using
DENV, we observed that mutations of amino acids L50 or L54 within a2 helix of C
greatly decrease viral particle formation. These results are in agreement with a
previous study, in which a deletion of residues 42 to 59 in DENV C protein in a2

impaired viral propagation [50].

According to our findings, hydrophobic amino acids within the a-2 helix in the center of
DENV C protein would function as the hepacivirus C- terminus D2 domain in targeting
the protein to LDs. We conclude that hepaci- and flaviviruses use distinct structural
features of the C protein for subcellular localization, suggesting a convergent evolution
of these viral proteins. It remains to be examined whether the pestivirus C proteins

also accumulate on LDs.

Biological significance of LD in DENV replication
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Viral infection could modulate a range of host cell functions and usurp the cellular
organization to facilitate viral spread. Although viral translation, RNA amplification, and
encapsidation must be temporally and spatially regulated in the cytoplasm of the
infected cell, the mechanisms by which flaviviruses coordinate these processes are
still unclear. Here, we designed a new genetic tool to dissociate overlapping signals
within the C coding region for DENV RNA replication and encapsidation (mDVR, Fig.
6A). This tool allowed us to confirm that complete deletion of the C protein did not alter
viral RNA translation or RNA synthesis. However, a mutation that impaired C
association to LD decreased the efficiency of RNA amplification. It is possible that LDs
play a role in sequestering the C protein from the cytoplasm, avoiding premature
interaction of C with the viral RNA or cellular RNAs. A biological role of LDs as
transient depots to store or sequester proteins that are in temporary excess has been
previously reported [53]. It has been demonstrated a transient sequestration of
histones on LDs, which were shown to be released during development [53]. Similarly,
in infected cells, LDs could temporally control viral processes by regulating the

availability of the highly basic C protein in the infected cell.

Mutation L50S or L54S, which partially altered C targeting to LDs, resulted in viruses
that translated and replicated the RNA efficiently but had defects in viral propagation
(Fig. 6B and C). The reduced amount of viral E protein and viral RNA in the media of
cells replicating these mutants supported the idea that C association to LDs is
necessary for viral particle formation (Fig. 5). Interestingly, localization of C on LDs
was also observed in mosquito cells, suggesting a conserved function of these
organelles in viral replication in different hosts. The place and the mechanism by
which the C protein recruits the viral RNA to form the nucleocapsid in the infected cell

are still unclear. Because a dynamic shift of proteins and lipids between the ER and
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the LDs has been reported (for review see [28]), it is possible that C is stored on LDs
early during infection to be then mobilized to the ER membrane for particle
morphogenesis. Alternatively, the genomic RNA could interact with C on the surface of
LDs to form the nucleocapsids, which could be then transferred to the ER membrane

for new viral particles formation.

We observed that DENV infection increases the amount of LDs per cell (Fig 1C). A
recent functional genomic screen revealed a number of genes involved in LD
formation and the regulation of their number, morphology, and distribution in the cell
[54]. Thus, it will be important to investigate how DENV alters these pathways to
increase the formation of new LDs or change the half life of the already existing ones.
In addition, it will be interesting to examine the effect of the C protein on the enzymatic
activities involved in lipid metabolism that have been found associated to LDs. In the
case of HCV, interaction of the C protein with LDs was linked to increased lipid
accumulation and hepatic steatosis in transgenic mice [55,56]. Because liver steatosis
has been also observed in DENV-infected mice and fatal cases of DHF in humans
[57,58], it is relevant to investigate a possible correlation between LD accumulation in

infected tissues and DENV pathogenesis.

The properties of LDs have attracted considerable interest because of the link
between enhanced fat storage and human diseases such as obesity, inflammation,
and cancer. In recent years different compounds that affect the accumulation and
metabolism of LDs have been developed [59-61]. Here, we found that a fatty acid
synthase inhibitor (C75) that decreased the amount of LDs in DENV-infected and
uninfected cells, also inhibited dengue replication 100 to 1000 fold (Fig. 7B). Using a
luciferase DENV reporter system, we observed that C75 did not alter viral entry or viral

translation. Although the most pronounced inhibition was observed in the production of
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infectious viral particle, a low but significant reduction of RNA synthesis was also
detected. This effect could be due to alteration of the metabolism of lipids, which are
components of the replication complexes. In addition, the decreased amount of LDs

caused by C75 could account for the large reduction in viral particles formation.

Currently, dengue fever and dengue hemorrhagic fever are a tremendous social and
economic burden on the world population. We believe that uncovering molecular
details of the DENV life cycle and understanding the host pathogen interaction will aid

the search for novel anti-dengue strategies.
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Materials and methods

Cells and viruses

Baby hamster kidney cells (BHK-21) were cultured in minimum essential medium
alpha supplemented with 10% fetal bovine serum, 100 U/ml penicillin, 100 pg/ml
streptomycin. Human hepatocellular liver carcinoma cell line (HepG2) was cultured in
minimum essential medium supplemented with 10% fetal bovine serum, 100 U/ml
penicillin, 100 pg/ml streptomycin and 0.01% sodium pyruvate. C6/36 HT mosquito
cells from A. albopictus, adapted to grow at 33 C, were cultured in L-15 M edium
(Leibovitz) supplemented with 0.3% tryptose phosphate broth, 0.02% glutamine, 1%
MEM non-essential amino acids solution and 5% fetal bovine serum. Stocks of DENV
serotype 2 16681 were prepared in mosquito C6/36 cells and used to infect the

different cell lines as indicates in each case.
Construction of recombinant DENVs

The desired mutations were introduced in a DENV type 2 cDNA clone [62] (GenBank
accession number U87411) by replacing the Sacl-Sphl fragment of the WT plasmid
with the respective fragment derived from an overlapping PCR. The sequence of the
oligonucleotides used as primers for all the PCR reactions are listed below. To
generate the plasmids carrying the mutations L50S, L54S, L50S-L54S, L36S-L39S
and V26S-L29S, common outside primers 101 and 239 were used. Mutation L50S
was generated using the inside primers 1035 and 1036, mutation L54S using primers
1037 and 1038, mutation L50S-L54S using primers 833 and 832, mutation L36S-L39S
with primers 1050 and 1049, and mutation V26S-L29S with primers 1054 and 1053.

Bicistronic dengue virus reporter constructs (DV-R) containing the reporter Renilla

luciferase was previously described [31]. The monocistronic DENV reporter construct
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was build using a previously described plasmid pD2/ICAflll [33] including an additional
Notl restriction site at nucleotide 244 (pD2/ICAfllI-Notl). To facilitate insertion of the
Renilla luciferase gene (Rluc), we generated an intermediate plasmid derived from
pRL-CMV (Promega). Using unique Sacl and BstBI restriction sites, we introduced the
complete DENV 5’'UTR followed by the first 104 nucleotides of the coding sequence of
C, using primers 101 and 7. The resulting plasmid was used to introduce downstream
of Rluc the FMDV2A protease coding sequence (QLLNFDLLKLAGDVESNPGP) fused
to the capsid protein. The fragment carrying FMDV2A fused to DENV sequences was
generated by overlapping PCR using for the first PCR primers 273 and 516, and for
the second PCR primers 517 and 241. The overlapping PCR product was digested
with Sacl-Notl restriction enzymes and introduced into homologous restriction sites
within pD2/ICAfllI-Notl. To generate mDV-R Mut L50S, mDV-R Mut L54S, mDV-R Mut
L50S-L54S, mDV-R Mut L36S-L39S, and mDV-R Mut V26S-L29S an overlapping
PCR was performed with the common primers 595 and 239. The sense and antisense
primers used to generate each of the mutations were the same as described above.
For mutant mDV-R AC, a fragment carrying the deletion of mature C protein was
generated by overlapping PCR using the following primers: PCR1 primer sense 595
and primer antisense 1030; and PCR2 primer sense 1031 and primer antisense 239.
The overlapping PCR product was cloned into the mDV-R cDNA using the unique

restriction sites Sacl-Sphl.
RNA transcription and transfection

Wild-type (WT) or mutant DENV plasmids were linearized with Xbal and used as
templates for T7 RNA polymerase transcription in the presence of m7GpppA cap
analog. RNA transcripts (5 pug) were transfected with Lipofectamine 2000 (Invitrogen)

into BHK-21 or HepG2 cells grown in 60-mm-diameter tissue culture dishes.
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Supernatants were harvested at the indicated times post-transfection and used to

quantify infectious DENV particles by plaque assays as previously described [33].
Immunofluorescence assay

BHK-21 or HepG2 cells were seeded into 24-well plates containing glass coverslips.
Twenty four hours after, they were infected with a DENV2 stock using a multiplicity of
infection of 10. At the indicated times the coverslips were removed and the cells were
fixed in paraformaldehyde 4%, sucrose 4%, PBS pH 7.4 at room temperature for 20
minutes. Alternatively, they were fixed in methanol for 20 minutes at -20 °C. Cells were
then permeated with 0.1% Triton X-100 for 4 minutes at room temperature. Polyclonal
antibodies against C protein were obtained by inoculating rabbits three times with 0.2
mg of a purified recombinant C protein obtained in our laboratory (see below). Four
days before sacrificing the animals, a booster of C protein without the adjuvant was
injected. The antibodies obtained were evaluated for specificity using western blots
and ELISA employing infected and non-infected BHK cell extracts and supernatants. A
1:1000 dilution of this anti-C antibody in PBS—0.2% gelatin was used. Goat anti-rabbit
IgG Cy3 conjugated (Jackson Immuno Research) were used at 1:500 dilution. For lipid
droplets staining cells were incubated with BODIPY 493/503 (4,4-difluoro-1,3,5,7,8-
pentamethyl-4-bora-3a,4a-diaza-s-indacene) (Molecular Probes) at 1:500 dilution, 1
UM. For detection of ADRP, a commercial mouse monoclonal antibody (ARP
American Research Products, Inc) was used 1/100 in PBS-gelatine. Cy5 AffiniPure
Donkey Anti-GP IgG antibody (Jackson ImmunoReserch) was used 1/500 in PBS-
gelatine. Cells were mounted on glass slides and images were obtained with a Zeiss
axioplant confocal microscopy. To maintain the consistency of the green color for the
C protein, the color of BODIPY was changed to red. For immunofluorescence of

transfected cells, the procedure was the same as the one described for infections.
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Expression and purification of recombinant C protein in E. coli

The coding sequences of the mature C protein (amino acids 1-100) were obtained by
PCR using the DENV WT or mutant L50S/L54S using the sense primer 487 carrying
the restriction site Ncol and the antisense primer 489 with the restriction site BamHI.
The PCR product was digested and cloned into the expression vector pET-15b
(Novagen). Protein expression was performed in the E. coli strain BL21
Rosetta(DE3)pLysS (Novagen). The bacterial culture was grown at 37 °C until
ODeno=1, induced with 1ImM IPTG and incubated at 18 °C overnight. C protein from
soluble fraction was first purified using heparin affinity chromatography, eluted with a
gradient from 0.2 M to 2M of NaCl in 50 mM NaH,PO, (pH 7.5). Fractions containing
the protein were collected and further purified by size exclusion chromatography using
a Superdex 75 column (GE Healthcare). Highly purified fractions of C protein were
aliquoted and stored at -70°C in eluted buffer containing 200 mM NaH,PO, (pH 6) and

500 mM NacCl.
Lipid Body Counting

Cells were fixed as described for the immunofluorescence assay and then treated as
follows: rinsed in 0.1 M cacodylate buffer, incubated with 1.5% OsQO, (30 min), rinsed
in H,O, immersed in 1.0% thiocarbohydrazide (5 min), rinsed in 0.1 M cacodylate
buffer, incubated in 1.5% OsO,4 (3 min), rinsed in distilled water, and then dried for
further analyses. The morphology of fixed cells was observed, and lipid droplets were
enumerated by light microscopy with x100 objective lens. The total amount of lipid
droplets was counted in 50 consecutive cells. For each determination the experiment

was done in triplicates.

Isolation of lipid droplets by subcellular fractionation
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Lipid droplets were isolated by sucrose gradients as we previously described [39].
Briefly, DENV infected BHK cells were disrupted by nitrogen cavitation at 700y for 5
min at 4C and collected in an equal volume of buff er containing 1.08 mol/L sucrose.
The homogenates were centrifuged to remove the nucleus and the supernatant were
overlaid with 2 ml each of 0.27 mol/L sucrose buffer, 0.13 mol/L sucrose buffer, and
top buffer (25 mM Tris HCI, 1 mM EDTA, and 1mM EGTA). The gradient was
centrifuged at xxxg 1h at 4C. The fractions collec ted from the top contained LD, LD
and cytosol, microsomal fraction, and pellet. Proteins from these fractions were TCA
precipitated overnight, washed with acetone, and analyzed by western blot using anti-
C and anti-ADRP (polyclonal antibodies). The activity of lactate dehydrogenase (LDH)
was measured using the CytoTox 96 kit (Promega) to discard cytosolic contamination

in the LD fraction.
Eukaryotic expression of mature C protein

The coding sequences of the mature C protein (amino acids 1 to 100) derived from
DENV type 2 were obtained by PCR using the sense primer 947 carrying the
restriction site Aflll and the antisense primer 489 with the restriction site BamHI. The
PCR product was digested and cloned in the eukaryotic expression plasmid
pcDNAG6/V5-HisB (Invitrogen). Purified plasmid (2 pg) was transfected with
Lipofectamine 2000 (Invitrogen) into BHK-21 cells grown in 24-well plates containing a
1-cm? coverslip. At different time points after transfection the coverslips were fixed and

directly used for IFA.
Expression and purification of recombinant C protein in E. coli

The coding sequences of the mature C protein (amino acids 1-100) were obtained by

PCR using the DENV WT or mutant L50S/L54S using the sense primer 487 carrying
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the restriction site Ncol and the antisense primer 489 with the restriction site BamHI.
The PCR product was digested and cloned into the expression vector pET-15b
(Novagen). Protein expression was performed in the E. coli strain BL21
Rosetta(DE3)pLysS (Novagen). The bacterial culture was grown at 37 °C until
ODeno=1, induced with 1ImM IPTG and incubated at 18 °C overnight. C protein from
soluble fraction was first purified using heparin affinity chromatography, eluted with a
gradient from 0.2 M to 2M of NaCl in 50 mM NaH,PO, (pH 7.5). Fractions containing
the protein were collected and further purified by size exclusion chromatography using
a Superdex 75 column (GE Healthcare). Highly purified fractions of C protein were
aliquoted and stored at -70°C in eluted buffer containing 200 mM NaH,PO, (pH 6) and
500 mM NacCl.

RNA-binding assays

The interaction of the C protein with RNA was analyzed by filter-binding assays (FBA).
Uniformly 32P-labeled RNA probe corresponding to the viral 5 terminal region
(nucleotides 1-160) was obtained by in vitro transcription using T7 RNA polymerase
and purified on 5% poly-acrylamide gels—6M urea. The binding reactions contained
50 mM NaH,PO, (pH 6), 150 mM NaCl, 0.02 % tween 20, 0.1 nM **P-labeled probe,
and increasing concentrations of C protein (0, 3.75, 7.5, 15, 30, 60, 125, 250, 500, and
1000 nM). For FBA, Nitrocellulose (Protran BA 85, Whatman-Schleider& Schuell) and
Hybond N+ nylon (Amersham Bioscience) membranes were pre-soaked in binding
buffer 50 mM NaH,PO, (pH 6), 150 mM NacCl, 0.02 % tween 20 and assembled in a
dot-blot apparatus. A 20-uL aliquot of each protein-RNA mixture was applied to the
filters and rinsed with 100 yL of binding buffer. Membranes were air-dried and
visualized by Phospholmaging analysis. The macroscopic binding constants were

estimated by nonlinear regression (Sigma Plot), fitting Equation 1: Bound % =
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Boundmax - [Prot] / (Kd + [Prot]), where Bound % is the percentage of bound RNA,
Boundmax is the maximal percentage of RNA competent for binding, [Prot] is the
concentration of purified C protein, and Kd is the apparent dissociation constant.
Determination of C protein Molecular weight by Static Light Scattering (SLS)

The average molecular weight (MW) of the proteins was determined on a Precision
Detector PD2010 light-scattering instrument tandemly connected to an FPLC system
and a LKB 2142 differential refractometer. 500ul of C protein (1 mg/ml) were loaded
on a Superdex 75 HR 10/30 (24ml) column, size exclusion was performed at 0.4
mL/min with a running buffer of 200 mM NaH,PO, (pH 6.0) and 500 mM NaCl. The
90° light scattering, refractive index and absorbance of the eluting material were
recorded on a PC computer and analyzed with the Discovery32 software supplied by
Precision Detectors. The 90° light scattering detector was calibrated using BSA as a

standard.
Studies with the inhibitor C75

The compound C75, a fatty acid synthase (FAS) inhibitor, was purchased from
Cayman chemicals. For lipid droplet enumeration in the presence of C75, 5.0 x 10*
BHK-21 cells were seeded per well in 24-well plates containing a 1 cm? coverslip and
allowed to attach overnight. Cells were mock-infected or DENV-infected (MOI of 10).
The inoculum was removed 1 h post-infection and 0.5 ml of fresh medium
supplemented with 2% fetal bovine serum was added in the presence of 0, 5, 10, or 20
uM of C75. At the indicated time points post-infection, the slides were fixed and
directly used for lipid body enumeration. Cell viability in the presence of C75 was
determined by MTS assay (Cell titer 96”Aqueous Non-Radioactive Cell proliferation
Assay, Promega). To evaluate the effect of C75 on DENV replication, the above

protocol was used and the supernatants harvested at 24 and 48h post infection were
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used for virus quantification by plaque assay. For studies using the reporter virus
carrying luciferase, a viral stock of mDV-R was first prepared by RNA transfection of
BHK cells. This stock was used to infect cells in the presence of 0, 10, or 20 uM of
C75. Luciferase activity was evaluated at 10, 24 and 48 h post infection. After 48 h of
infection, the supernatant was collected and used to evaluate the release of mDV-R
particles by infecting fresh BHK cells in the absence of C75. Luciferase activity was
then measured 48 h after infection.

Sequence of oligonucleotides

# Sequence
7 GTGGGTTCGAAAGTGAGAATCTCTTTGTCAGCT
101 TCCAGACTTTACGAAACACG
239 TCTGTGAT GGAACTCTGTGG
241 TTTGACATTCCTATGCAACG
273 GAATTCGAGCTCACGCGTAAATTTAATACGACTCACTATAAGTTGTTAGTCTACGTGG
487 ATCTCTGCCATGGGTAATAACCAACGGAAAAAGGCG
489 TGCAGAGGATCCTCATTATCTGCGTCTCCTATTCAAGATG
516 GACGTCTCCCGCAAGCTTGAGAAGGTCAAAATTCAACAGCTGTTGTTCATTTTTGAGAACTCGC
517 CTTCTCAAGCTTGCGGGAGACGTCGAGTCCAACCCTGGGCCAATGAATAACCAACGGAAAAAGGCG
595 GTGATGATTTACCAAAAATGTTTATTGAATCGG
832 GGAAACGTGAGAACGCCACTGAGGCCATGAACAGTTTTAATGG
833 CATGGCCTCAGTGGCGTTCTCACGTTTCCTA ACAATCCCACC
947 ATCTCTCTTAAGATGAATAACCAACGGAAAAAGG
1030 | GGCAAGCTTGAGTAAATCAAAATTTAGGAGCTGTTGTTCATTTTTGAGAACC
1031 TTCTCAAAAATGAACAACAGCTCCTAAATTTTGATTT ACTCAAGCTTGCCGGC
1035 | GGAAACGAAGGAACGCCACTGAGGCCATGAACAGTTTTAATGG
1036 CATGGCCTCAGTGGCGTTCCTTCGTTTCCTAACAATCCCACC
1037 GGAAACGTGAGAACGCCACCAGGGCCATGAACAGTTTTAATGG
1038 CATGGCCCTGGTGGCGTTCTCACGTTTCCTAACAATCCCACC
1049 | CGTCCCTGTGACATTCCCGATGAGAATCTCTTTGTCAG
1050 GAGATTCTCATCGGGAATGTCACAGGGACGAGGACC
1054 CCGCGTGTCGACTTCACAACAGTCAACAAAGAGATTCTCACTTGG
1053 CTCTTTGTTGACTGTTGTGAAGTCGACACG CGGTTTCTCTCGC
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Figure Legends

Figure 1. DENV infected cells accumulate the C protein around lipid droplets. A.
Nuclear and cytoplasmic distribution of C protein in DENV infected BHK cells. Cells
were infected with DENV2 and analyzed by immunofluorescence using a polyclonal
anti-C antibody. Cells were fixed with methanol (MeOH) or paraformaldehyde (PFA)
as indicated on the top. B. The C protein is targeted to lipid droplets. BHK, HepG2,
and C6/36 cells were infected with DENV2, fixed at 48 h post infection, probed with
anti-C antibodies and BODIPY for lipid droplets staining, and examined by confocal
microscopy. C. Co-fractionation of ADRP and C in LD. DENV infected cells lysates
were fractionated into lipid droplets (LD) and microsomes (M) fractions by sucrose
gradient centrifugation. A total cytoplasmic extract was also included (T). The samples
were immunoblotted with anti-ADRP and anti-C antibodies. D. Co-localization of C and
ADRP on LDs. DENV infected BHK cells were analyzed by immunofluorescence with
anti-ADRP and anti-C antibodies, and stained with BODIPY. E. DENV infection
increases the number of lipid droplets. The amount of lipid droplets in control or DENV
infected BHK cells were determined. Cells were fixed 48 h post infection, incubated in
1.5% of OsO, and lipid bodies were enumerated by light microscopy in 50
consecutive cells in each slide in triplicates. The bars indicate the standard error of the
mean (mean +/-SEM), (P <0.0002). F. Expression of C protein increases the number
of lipid droplets. The amount of lipid droplets in control or C expressing BHK cells were
determined as described above. The bars represent the standard error of the mean (P

<0.0001).

Figure 2. The C protein contains the structural determinants for LD targeting. A.
Schematic representation of the topology of the viral C and prM proteins on the ER

membrane. The anchor peptide and the cleavage sites of the signal peptidase and
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viral NS3/2B proteases are indicated. The location of the FMDV2A protease replacing
the NS3/2B site is shown in the scheme on the right. The western blot shows
expression of the C protein in cytoplasmic extracts of cells transfected with a full
length DENV RNA WT (C WT) or the RNA including the FMDV2A site (C2A). B. The
anchor peptide is dispensable for C accumulation on LDs. BHK cells transfected with
the DENV-FMDV2A RNA were fixed and probed with antibodies against C and
BODIPY to stain neutral lipids in LDs, as indicated on the top. C. Expression of the
mature C protein in the absence of other viral components is sufficient for LD
targeting. BHK cells were transfected with an expression plasmid that encode the
mature form of DENV C protein. Twenty four h post-transfection cells were fixed and

probed with anti-C antibodies followed by staining of lipid droplet.

Figure 3. Amino acids within the a2 helix of C are necessary to direct the protein to
LDs. A. Ribbon diagram of the dimer structure of DENV C protein [23]. The four a
helices (al to a4) are indicated in each monomer. The hydrophobic cleft proposed to
interact with membranes is also shown. On the right, the location of amino acids that
were mutated in the DENV infectious clone is indicated in the structure (Mut al, Mut
al-a2 loop, and Mut a2). B. Distribution of the C protein and lipid droplets in cells
transfected with mutated DENV RNAs. BHK cells transfected with the WT or mutated
RNAs containing the substitutions indicated in A were analyzed by
immunofluorescence and confocal microscopy. The C protein and lipid droplets were
localized by anti-C antibodies (green) and BODIPY (red), respectively. C. Amino acids
L50 and L54 are necessary for targeting C to LDs. BHK cells transfected with DENV
RNAs carrying the individual substitutions L50S (Mut a2.1) or L54S (Mut a2.2) were
used to analyze the localization of the mutated C proteins and LDs as described

above.
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Figure 4. Biochemical properties of recombinant C protein with substitution L50S-
L54S. A. High expression levels and dimerization of Cyt and Cisps..54s. SDS-PAGE
stained with coomassie blue showing similar expression levels of the recombinant
proteins. The molecular mass obtained by size exclusion chromatography (SEC) and
light scattering for both proteins are indicated. B. Interaction of Cyt and Cjsps.154s With
the DENV 5’'UTR RNA probe monitored by filter binding assay. Uniformly *?P labeled
RNA (0.1 nM) was incubated with increasing concentrations of the respective C
protein. Bound indicates RNA-protein complexes retained in the nitrocellulose
membrane and free denotes the unbound probes retained in the nylon membrane.
The RNA probes bound and free in each membrane were visualized by
Phospholmaging. C. Quantification of the percentage of RNA probe bound was plotted
as a function of C concentration and fitted using equation 1. The dissociation

constants Kds are indicated inside the plot.

Figure 5. Targeting the C protein to LDs is necessary for DENV production. A. The
media of BHK cells transfected with DENV RNA WT or mutants (Mut al, Mut al-a2
loop, Mut a2, Mut a2.1, and Mut a2.2) were collected as a function of time post-
transfection and used to quantify the amount of infectious particles by plaque assay in
fresh BHK cells. The plot indicates the plaque forming units per ml at different times
post transfection. B. The secreted enveloped protein E was analyzed in the
supernatant of transfected cells by western blot as previously described [31]. C. BHK
cells were infected with a multiplicity of infection of 0.01 of WT, Mut a2.1, and Mut
02.2 viruses. The viral RNA was quantified by real time RT-PCR in the media obtained

24 h post infection.
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Figure 6. A new reporter virus that allows dissociation of cis-acting RNA elements from
the capsid coding region confirms a role of L50 and L54 in DENV patrticle formation. A.
Construction of a novel monocistronic DENV reporter system. At the top, schematic
representation of the cis-acting replication elements located at the 5’ end of the DENV
genome. The promoter stem-loop A (SLA), the cyclization sequence upstream of the
AUG (5’'UAR), the replication element cHP, and the cyclization sequence 5'CS are
indicated. In the middle, the corresponding region of DENV polyprotein is shown. At
the bottom, a schematic representation of the monocistronic DENV reporter construct
(mDV-R) showing the duplication of the cis-acting elements (CAE) and the location of
the luciferase and the viral proteins. B. Translation and replication of mutant mDV-R
RNAs. BHK cells were transfected with DENV RNAs corresponding to the mDV-R WT,
Mut AC with the complete deletion of C coding sequence, Mut 02.1, Muta2.2, Mut a2,
and Mut NS5, which carries a mutation in the catalytic GDD motif of the viral
polymerase. Luciferase activity was measured as a function of time for each RNA as
indicated at the bottom. C. Mutations in the a2 helix of the C protein impair viral
particle formation. The media of the transfected cells from the experiment shown in B
was collected at the indicated times and used to infect fresh cells. Luciferase activity
was measured 48 h post-infection for each virus as indicated at the bottom. D. A
matured form of Cisosisas protein but not the Cyt expressed in BHK cells decreased
the levels of DENV RNA synthesis. Immunofluorescence of BHK cells expressing the
DENV Cwr or Cisosisas probed with anti C (green) and stained with Bodipy (red) for
lipid droplets are shown in the right panel. The cells transfected with DV-R RNA WT
were used to measure luciferase activity as a function of time, as indicated.

Figure 7. Pharmacological inhibition of lipid droplets accumulation impairs DENV

replication. A. Effect of C75 on the amount of lipid droplets in BHK cells. The amount
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of lipid droplets was quantified in BHK cells treated with different concentrations of
C75. Control or DENV infected BHK cells were used. B. Inhibition of DENV replication
in cells treated with C75. The amount of infectious viral particles produced at 24 and
48 h post infection in BHK cells were evaluated by plaque assays in control or C75
treated cells as indicated. Error bars indicate the SD of three independent
experiments. C. Effect of C75 on each step of the replication of the mDV-R. Viral
stocks of the reporter mDV-R were used to infect BHK cells in the presence and
absence C75. Luciferase activity was evaluated at 10 h post infection to evaluate entry
and translation (left panel), and at 24 and 48 h to evaluate RNA synthesis (right
panel). D. The production of infectious viral particles produced in the experiment
described in C was evaluated by infecting fresh BHK cells in the absence of the
inhibitor, and assessing the luciferase activity 48 h after infection. Error bars indicate

the SD of triplicates.
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