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“A ciéncia é muito mais do que um corpo de
conhecimento. E uma maneira de pensar. E
isso € fundamental para o0 nosso sucesso. A
ciéncia nos convida a aceitar os fatos,
mesmo quando eles ndo estdo de acordo
com nossos preconceitos. Ela nos aconselha
a levar hipoteses alternativas em nossas
cabecas e ver quais sao as que melhor
correspondem aos fatos. Impde-nos um
equilibrio perfeito entre a abertura sem
obstaculos a novas ideias, por mais heréticas
que sejam, e O mais rigoroso escrutinio
cético de tudo — estabelecendo novas idéias
e sabedoria. Precisamos da ampla
apreciacao desse tipo de pensamento.
Funciona. E uma ferramenta essencial para
uma democracia em uma era de mudanca.
Nossa tarefa ndo € apenas treinar mais
cientistas, mas também aprofundar a

compreensao publica da ciéncia.”

(Sagan, Carl.1995)



RESUMO

No comego de 2015, um surto do virus Zika (ZIKV) foi identificado no Brasil.
Relatos de um aumento do numero de criancas nascidas com microcefalia em areas
afetadas pelo ZIKV comegaram a surgir, e o RNA do virus foi identificado no liquido
amnidtico de mulheres cujos fetos tinham sido diagnosticados com microcefalia
durante o pré-natal. Além da microcefalia, neonatos e fetos com infeccao congénita
por ZIKV tém tido também outras malformagdes, especialmente de origem
neurolégica. O ZIKV é um arbovirus de RNA fita simples, envelopado, do género
Flavivirus, transmitido pelos mosquitos Aedes. Os receptores de lectina do tipo C e
receptores de fosfatidilserina da célula hospedeira mostraram mediar a entrada de
virus nas células pelas suas interacbes com a proteina viral E e a fosfatidilserina,
respectivamente. Mutacdes na proteina de membrana viral prM foram, recentemente,
associadas a capacidade do ZIKV em infectar células, sugerindo que a prM também
poderia atuar como proteina de entrada em alguns casos. Neste trabalho, foram
realizados estudos in silico e in vitro buscando analisar as interagdes entre os ligantes
virais do ZIKV com seus respectivos receptores celulares, considerando nesse
contexto o nivel de maturagao das particulas virais e sua influéncia no potencial de
infectividade. Foi observado que a maturacéo da particula viral ndo € mandatoria para
adesao e entrada do ZIKV em células, que a proteina prM pode mediar o processo de
entrada viral e que utilizar o mimetismo apoptético (mediado por PS) como mecanismo

de entrada em células é vantajoso para o ZIKV.

Palavras-chave: ZIKV. Receptores de Entrada do ZIKV. Maturagao da Particula Viral.
Infectividade do ZIKV.



ABSTRACT

In early 2015, an outbreak of Zika virus (ZIKV) was identified in Brazil. Reports of
an increase in the number of children born with microcephaly in areas affected by ZIKV
began to emerge, and virus RNA was identified in the amniotic fluid of women whose
fetuses had been diagnosed with microcephaly during prenatal care. In addition to
microcephaly, neonates and fetuses with congenital infection by ZIKV have also had
other malformations, especially of neurological origin. ZIKV is an enveloped and single
RNA arbovirus of the Flavivirus genus transmitted by Aedes mosquitoes. Host cell C-
type lectin and phosphatidylserine receptors have been shown to mediate virus entry
into cells by its interaction with viral protein E and phosphatidylserine, respectively.
Mutations in the viral protein prM were recently linked with the ability of ZIKV to infect
cells, suggesting that prM could mediate receptor binding in some cases. In this work,
we performed in silico and in vitro assays aiming to analyze the interactions between
ZIKV viral ligands and their respective cellular receptors, considering in this context
the level of maturation of viral particles and its influence on the infectivity potential. We
found that viral particle maturation is not mandatory for ZIKV adhesion and entry into
cells, that protein prM may mediate viral entry process and that using apoptotic mimicry

(process mediated by PS) as an entry mechanism is advantageous for ZIKV.

Keywords: ZIKV. ZIKV Entry Receptors. Particle Maturation. ZIKV Infectivity.
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Revisao de Literatura
O ZIKV possui um genoma de sentido positivo de cadeia
simples de aproximadamente 11kb que codifica as
proteinas estruturas (C, prM e E) e nao-estruturais (5'-
NS1-NS2A-NS2B-NS3-NS4A-NS4B-NS5-3"). As caixas
abaixo do genoma indicam precursores e proteinas
maduras geradas pela cascata de processamento
proteolitico. A NS1 é necessaria para replicacédo viral e
infeccdo. Semelhante a outros Flavivirus, a proteina NS3
contém dois dominios funcionais: o dominio de protease e
o dominio de helicase. De igual forma, a NS5 possui dois
dominios, os quais sdo essenciais para a replicagdo do
genoma: o dominio N-terminal da metiltransferase
(MTase), responsavel pela estrutura cap 5 do genoma
viral, a qual garante uma traducéo estavel e eficiente e
evasao da resposta imune do hospedeiro; e 0 dominio C-
terminal RNA-polimerase dependente de RNA (RdRp),
que € responsavel pelo processo de replicacdo do
genoma. A importancia da NS5 na replicagéo viral e na
modulacao da resposta imune do hospedeiro a torna um
alvo atraente para o0 desenvolvimento drogas

ANV IS et e

(A) Dimero da proteina E. O cddigo de cores segue a
designagao padrao de dominios da proteina: | (vermelho),
Il (amarelo) e Il (azul). Os residuos subjacentes da haste
e da transmembrana (TM) sdo mostrados (laranja). O
glicano ligado ao residuo Asn154 é mostrado em verde.
(B) Vista lateral do dimero E-M, mostrando os
ectodominios E (DI, DIl e DIll), bem como os dominios

transmembranares E-stem e E-TM (laranja). Os dominios

29



Figura 3 -
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transmembranares M-TM e M-loop estéo evidenciados em
ciano. Os dominios E-TM e M-TM sao encontrados
mergulhados dentro da bicamada lipidica. O residuo de

glicosilagédo Asn154 é localizado no DI, e o glicano pode

ser visto representado em verde.........cc.ccocoiieiiiiiiiieeee,

DC-SIGN é um receptor de lectina do tipo C conhecido por
interagir com o Zika e outros Flavivirus, facilitando sua
entrada nas células hospedeiras. O dominio
transmembranar (TM), o dominio de quinase (KD), o
dominio Ig, os dominios de fibronectina tipo 3 (FNIIID), o
dominio de reconhecimento de carboidratos (CRD), a
triade de aminoacidos acidos (TAA), a tetramerizagéo
dominio (TD) e motivo de dileucina (DM) séo
representados na figura, assim como o N-terminal) e o C-

BOIMNINAL. .o

Entrada de Flavivirus na célula hospedeira. (A) Absorgao
e (B) internalizagdo, com consequente mudanga na
conformacao da proteina E, desencadeia a fusdo da
membrana e liberagdo do genoma viral; (C) replicagao, (D)
traducéo e inicio do processo de glicosilagdo e montagem
viral no RE; (E) clivagem da proteina prM no CG; (F)

exocitose de particulas maduras e liberacdo da porgao

Representacdo da estrutura da particula imatura
(esquerda) e madura (direita) do virus Zika. A estrutura em

dimero da proteina E (sE) aparece em destaque................

Etapas das analises in silico mutacionais e de interagao
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Etapas dos ensaios in vitro de culturo celular, infecgao
viral, incubacdo na presenca de inibidor de furina e

quantificacdo de carga viral.............coovveiiiiiiiicccc e

Andlise de dindmica molecular dos receptores TIM1 (em
preto), TIM3 (em vermelho) e TIM4 (em verde). Os valores
de RMSD (A) em razao to tempo (200ns) evidenciaram
uma alta estabilidade de todos os sistemas, com desvios
proximos de zero. TIM1 demonstrou o menor valor de
RSMD (e, portanto, maior estabilidade), seguido por TIM4
e TIM3. TIM1 também demonstrou menores valores de
RMSF (B), SASA (C) e raio de giro (D)........ccceeevviiiiiiinnnnes

Analise de dindmica molecular das moléculas adaptadoras
dos receptores TAM: GAS6 (em preto) e PROS (em
vermelho). GAS6 demonstrou menores valores de RSMD
(A), de RMSF (B), SASA (C) e raio de giro (D)...................

(A) Estrutura final da prM glicosilada com NAG; (B)
LIGPLOT das interagbes de ligacao entre NAG e prM. Os
arcos com espinhos vermelhos representam interacdes
hidrofébicas. As linhas roxas mostram o residuo Asn70 da

prM em ligacéo direta cOm NAG............cooeeeiiiieieiiie,

LIGPLOT da comparagao de interagbes da glicoproteina
prM com DC-SIGN (A), L-SIGN (B), MMR (C) e CLEC5A
(D). Os arcos espinhosos representam interagoes
hidrofébicas entre a prM (em rosa) e CLRs (em vermelho).
As linhas pontilhadas verdes indicam ligagbes de
hidrogénio. Os residuos Glu353, Asn350, Asp320,
Leu321, Lys340 da DC-SIGN interagem com os residuos
Lys85, Arg89, Asp64 da prM por ligagdes de hidrogénio.
Os residuos Arg321, Arg324, Ser322, Tyr386, Arg380,

50
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Glu336, GIn335, Asn334, Asn365, Asp367, His290,
Asp384, GIn286 da L-SIGN interagem com os residuos

Asp64, Tyr51, Gly86, Arg93, Ala94, Thr96, Arg90, Ser91,
Arg89, Tyr78 da prM por ligagdes de hidrogénio. Os
residuos Glu752, Glu733, Asn750, Tyr718, Asn720,
Asn728, His692, Lys649, Lys652 de Asn728, His692,
Lys652 da MMR interagem com os residuos Arg89,
Ser101, Arg103, Arg92, Asp63, Ala19, Ile36, GIn37, lle38,
Asp40 prM, lle36, GIn37, 1le38, Asp40 da prM por ligagdes
de hidrogénio. Os residuos Lys168 e Glu125 da CLEC5A
interagem com os residuos Glu61 e Asn70 da prM,
respectivamente, também por ligagdes de

(a1 o[ o o [=T o o PRI

Artigo 2
Processos de ligagdo e entrada, replicagao, tradugao,
montagem, maturacdo e liberacdo do ZIKV de células

INTEC A . . e e

Estrutura dos dimeros da proteina E do ZIKV (codigo de
identificacdo do PDB: 51Z7). (A) Dominios proteicos E |
(vermelho), Il (amarelo) e Il (azul). Loop de fusao (FL) é
evidenciado no circulo pontilhado. (B) O dominio
transmembrana da haste que ancora a proteina na
membrana é mostrado em verde. O local de glicosilagao

(com o glicano, em rosa) € encontrado na regido do loop

Estruturas possiveis de particulas virais. (A) Particula
imatura exibindo projecdes triméricas (prM-E)s devido ao
pH neutro do reticulo endoplasmatico. (B) Particula

madura exibindo homodimeros E (E)2 e M (M)2 apds cliva-

73
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gem completa por furina e secreg¢éo a partir de células

hospedeiras. (C) estrutura de particula heterogénea..........

Artigo 3
Mecanismos envolvidos nas interagdes das células
hospedeiras com o virus Zika. A ligagéo das glicoproteinas
estruturais do ZIKV aos receptores de entrada celular
desencadeia a internalizagao viral através da endocitose
dependente de clatrina (1). O pH acido do lumen
endossdmico induz alteragdes conformacionais da
endocitose da superficie viral (1). O pH acido do lumen
endossdmico induz alteragbes conformacionais nas
glicoproteinas da superficie viral, permitindo assim a fusao
do envelope viral com a membrana endossOmica,
causando a libertacdo do RNA viral no citosol. O RNA viral
é entdo traduzido em proteinas virais (3). Particulas virais
imaturas se agrupam dentro do reticulo endoplasmatico
(ER) (4) e o trafego de vesiculas permite a transi¢cdo do
ZIKV do ER para a rede de Golgi (5). O ZIKV passa entéo
pelas cisternas do aparelho de Golgi e promove a
maturacdo viral (6). As particulas maduras do ZIKV sao

liberadas no ambiente extracelular (7).........ccccccevvvieenennnnn.

O papel da autofagia durante respostas imunes inatas e
adaptativas contra microorganismos invasores. Como
componente fundamental da resposta imune inata, a
autofagia seletiva degrada os patdégenos invasores,
principalmente através da sinalizagédo da ubiquitina. Os
patégenos ubiquinados sé&o reconhecidos por receptores
semelhantes ao sequestosoma-1/p62 (SLRs), que estao
envolvidos na criacdo de uma ponte molecular entre a
cadeia leve 1A/1B 3 (LC3) recrutada nas membranas do

ER e o0s componentes microbianos ubiquinados,

90
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promovendo sua inclusdo nos autofagossomos de
moléculas-alvo. A fusdo subsequente de autofagossomos
com lisossomas leva a degradagao do patdégeno e a elimi-
nacao direta. Essas vesiculas contendo peptideos
antigénicos exogenos, derivados da degradagdo do
lisossomo, fundem-se com compartimentos de carga do
complexo principal de histocompatibilidade de classe Il
(MHC-II). Apds o carregamento no MHC-II, os peptideos
sao transportados para a superficie celular de modo a
induzir a estimulacdo de uma resposta imunitaria

adaptativa anti-viral de células TCD4+..........cccccoeeeivvennnnnn...

O papel da autofagia na regulagdo de respostas
inflamatdérias contra patdégenos invasores. Padroes
moleculares associados a patdgenos microbianos
(PAMPs) sao reconhecidos por receptores toll-like (TLRs)
localizados na membrana plasmatica ou em
compartimentos endossomais (1). O reconhecimento de
TLRs ativados pelas proteinas adaptadoras Myd88 ou
TRIF (2), ativa as vias de sinalizacdo de TLR (3),
envolvidas na ativagao dos fatores de transcricao Nf-KB,
IRF3/7 e API-1, que entdo translocam para o nucleo
inducéo da transcri¢cao de citocinas INF e pré-inflamatorias
(4). A promogao da formagdo de autofagossomos é
induzida de maneira dependente de Myd88 ou TRIF (5), e
leva a regulagdo da ativacdo e secregdo de
inflamassomas de citocinas pro-inflamatdrias, através de
mecanismos que permanecem nao completamente
compreendidos (6), e entrega de PAMPs a vesiculas
contendo TLR para limitar a replicagéo viral (7). Além de
promover atividades pré-inflamatérias, a autofagia

também serve como um impedimento para a magnitude da
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Figura 4 -
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reacdo antiviral do hospedeiro. De fato, proteinas
relacionadas a autofagia (Atg12 e Atg5) podem servir co-
mo um intervalo para a resposta pro-inflamatdria induzida
POF TLRS (8).. ittt

Desregulagao da autofagia durante a infecgéo pelo virus
da Dengue. Durante a infecgado pelo DENV, a autofagia
tem atividade pré-viral. A indugao da autofagia pelo DENV
(1) eleva a formagdo de autofagossomos (2), que se
fundem com endossomos para formar anfisomes (3),
compartimentos induzidos pelo virus nos quais o DENV se
replica ativamente (4). Autofagossomos acumulados
estimulam o metabolismo lipidico (5), levando a liberagao
de acidos graxos e energia para sustentar a replicagao
1YL= 1 () TSSO

Desregulagao da autofagia durante a infecgao pelo ZIKV.
Apoés a internalizagdo do ZIKV, a liberacdo de material
gendmico dos endossomos e a tradugao do RNA viral (1),
NS4A e NS4B facilitam a curvatura das membranas do ER
para promover a montagem de particulas virais imaturas
(2) e inativar a via mTORC (3), limitando a fosforilagcao de
Akt, induzindo, assim, autofagia (5). A regulagao positiva
na formacédo de autofagossomo (5) ativa a autofagia
secretora (6) com liberagdo subsequente de particulas
Maduras do ZIKV (7)....ccoo oo

Papel da autofagia na infecgéo pelo ZIKV. O mecanismo
de entrada do ZIKV é mediado por uma grande variedade
de receptores. Apds a fusdo da membrana, o material
genético viral € liberado no citoplasma e traduzido em

proteinas. A formagdo de pacotes de vesiculas causa
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Figura 7 -

estresse do ER e desencadeia autofagia. A cloroquina age
aumentando o pH dentro dos endossomos, inibindo assim
a fusdo da membrana e a exocitose pela autofagia

(Y= To] (=) (o] o= AT

Testes de compostos e desenvolvimento de drogas para
limitar a autofagia: uma possivel abordagem para combate
a infeccdo pelo ZIKV. Compostos diferentes possuem a
capacidade de modular passos cruciais para a progressao
da autofagia. Considerando o papel fundamental da
autofagia na promogéao da replicagéo viral e no avango da
infeccao, o teste de moléculas conhecidas por atuarem na
autofagia pode ser essencial para identificar e selecionar

candidatos para testar a atividade anti-
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LISTA DE SIGLAS

ZIKV Virus zika

RNA Acido ribonucleico

C Proteina estrutural do capsideo

prM Proteina estrutural da membrana

E Proteina estrutural do envelope

NS1 Proteina nao-estrutural 1

NS2A Proteina nao-estrutural 2 A

NS2B Proteina nao-estrutural 2 B

NS3 Proteina ndo-estrutural 3

NS4A Proteina nao-estrutural 4 A

NS4B Proteina nao-estrutural 4 B

NS5 Proteina ndo-estrutural 5

DC-SIGN Proteina ndo-integrina de captura intercelular especifica de célula
dendritica

L-SIGN Ligante de molécula de adeséo intercelular ndo-integrina

especifica de figado/linfonodo

MMR Receptor de manose

CLEC5A Membro a da familia do dominio da lectina tipo C 5

TIM1 Dominio de mucina e imunoglobulina de célula T tipo 1
TIM3 Dominio de mucina e imunoglobulina de célula T tipo 3
TIM4 Dominio de mucina e imunoglobulina de célula T tipo 4
TAM Familia de receptores de tirosina-quinase, constituida das

moléculas Tyro3, Axl e Mer
TYRO3 Receptor de proteina tirosina quinase 3
AXL Receptor de proteina tirosina quinase, do grego “anexelekto”, ou

“descontrolado”

MER Protooncogene tirosina quinase

GAS6 Proteina especifica de parada do crescimento 6
PROS Proteina S

prM Proteina de membrana viral

CLR Receptores de lectina do tipo C



PS
DENV
prM-E
CHIKV
WNV
JEV
YFV
TBEV
MVEV
SLEV
NCR
RT-gPCR
MTase
RdPd
Asn154
N-X-T/S

E-stem
DI

B]ll
DIl
FL
N154
™
E-M
E-TM
M-TM
TRL3
RIG-I
MDAS
IFN-a
IFN-B

Fosfatidilserina

Virus da dengue

Complexo da proteina de membrana viral e a proteina viral E
Virus da chikungunya

Virus do oeste do Nilo

Virus da encefalite japonesa

Virus da febre amarela

Virus da encefalite transmitida por carrapato

Virus da encefalite Murray Valley

Virus da encefalite St. Louis
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1 INTRODUGCAO

O virus Zika (ZIKV) é um arbovirus de RNA fita simples, envelopado, do género
Flavivirus, transmitido por mosquitos Aedes (ROUTHU; BYRAREDDY, 2017; YUN;
LEE, 2017). Embora tenha sido descoberto na Africa, em 1947 (DICK; KITCHEN;
HADDOW, 1952; MERFELD et al., 2017), o ZIKV ganhou aten¢gdo mundial
recentemente, apés um surto nas Ameéricas, onde foi associado com defeitos
congénitos graves, incluindo microcefalia (OLIVEIRA et al.,, 2017; SCHULER-
FACCINI et al., 2016).

O genoma do ZIKV consiste de uma molécula de RNA de sentido positivo de
~11kb que codifica trés proteinas estruturais (C, prM e E) e sete néo-estruturais (5'-
NS1-NS2A-NS2B-NS3-NS4A-NS4B-NS5-3') (MEERTENS et al.,, 2017; PERERA-
LECOIN et al., 2014).

A entrada de Flavivirus em suas células-alvo é mediada principalmente pela
interagcdo de N-glicanos (ligados a proteina de envelope E) com receptores de
superficie celular (HASAN et al., 2017; PERERA-LECOIN et al., 2014), embora alguns
estudos recentes tenham considerado a prM como uma possivel proteina de entrada
em particulas virais imaturas (REY; STIASNY; HEINZ, 2017; YUAN et al., 2017).
Dentre esses receptores celulares, estdo os receptors de lectina do tipo C (C-type
Lectin Receptors, ou CLRs), como DC-SIGN (Dendritic cell-specific intracellular
adhesion molecule 3-grabbing nonintegrin), L-SIGN (Liver/lymph node-specific
intercellular adhesion molecule-3-grabbing integrin), MMR (Mannose receptor) e
CLECS5A (C-type lectin domain family 5 member A) (HASAN et al., 2017; LOZACH et
al.,, 2007; SMIT et al., 2011; ZELENSKY; GREADY, 2005). Estudos recentes
realizados com diferentes Flavivirus, entretanto, demonstram que a entrada viral
também pode ser mediada pela fosfatidilserina (PS) (adquirida durante a maturagéo
viral e presente na membrana viral) e receptores de PS (presentes na membrana das
células hospedeiras), processo denominado "mimetismo apoptético" (HAFIZI,
DAHLBACK, 2006; HAMEL et al., 2015; MERCER; HELENIUS, 2010; REY; STIASNY;
HEINZ, 2017). Esses receptores de PS pertencem a duas familias de proteinas: TIM
(T-cell Immunoglobulin and Mucin Domain: TIM1, TIM3 e TIM4) e TAM (TYRO3, AXL
e MER) (HAFIZI; DAHLBACK, 2006; KAY et al., 2012; LEMKE; ROTHLIN, 2010;
MEERTENS et al., 2017). O papel dos receptores de fosfatidilserina na entrada de

Flavivirus em células foi identificado pela primeira vez em estudos com o virus da
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Dengue (DENV), mas evidéncias sugerem que o ZIKV também pode usar mimetismo
apoptotico para infectar diferentes tecidos, incluindo células da pele, células
endoteliais, células neurais e células da placenta (LIU et al., 2016; RETALLACK et al.,
2016; TABATA et al., 2016; TANG et al., 2016; WELLS et al., 2016).

O processo de maturagéo do ZIKV ocorre no complex de Golgi (CG), onde a
protease do hospedeiro furina cliva a proteina prM de particulas imaturas (C, prM e
E), dissociando a porgao pr da particula viral e liberando particulas maduras (C, M e
E)(HEINZ; STIASNY, 2012). Evidéncias indicam que, em alguns casos, 0 processo
clivagem é incompleto, o que leva a reorganizagédo inadequada da proteina E e
consequente exposicado da membrana viral, que contém prM e PS (REY; STIASNY;
HEINZ, 2017). Isso culmina com a liberagéo de particulas virais parcialmente maduras
exibindo n&o apenas proteina E, mas também prM e PS, o que poderia contribuir para
uma gama mais ampla de células suscetiveis ao ZIKV.

Desta forma, estudos que elucidem as formas de entrada do ZIKV em células,
tal como que analisem os mecanismos moleculares envolvidos na fisiopatogenia desta
doenga, se tornam imprescindiveis para o desenvolvimento de formas de profilaxia e

tratamento contra essa arbovirose.

1.1 HIPOTESE

A liberacao de particulas virais parcialmente maduras, expondo na superficie
nao apenas proteina E, mas também fosfatidilserina e proteina prM, aumenta o

potencial de infectividade do virus Zika, principalmente em células cerebrais.

1.2 OBJETIVOS

1.2.1 Objetivo Geral

e Investigar in silico as vias de entrada do ZIKV em células e in vitro o papel da

maturag¢ao da particula viral nestes mecanismos.
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1.2.2 Objetivos Especificos

Investigar in silico sequéncias completas de aminoacidos do ZIKV disponiveis
no GenBank (NCBI), buscando por mutagdes néo-sinbnimas (presentes em
cepas circulantes) possivelmente envolvidas em mecanismos evolutivos virais
relacionados com a capacidade do ZIKV de infectar de células neuronais e
inferir o impacto destas mutagdes nao-sinbnimas nas proteinas virais;

Avaliar in silico, através de docking molecular, as interagdes moleculares entre
as proteinas virais de entrada em células (prM e E) e o ligante viral de entrada
(PS) com seus respectivos receptores celulares: CLRs e receptores de PS
(familias TAM e TIM), objetivando identificar as rotas de entrada preferiveis
pelo ZIKV e relacionando os resultados com os diferentes tipos celulares que
o virus infecta;

Avaliar in silico, através de dindmica molecular, a estabilidade das ligagoes
entre o ligante viral PS e os receptores celulares das familias TAM e TIM,
objetivando identificar as ligagbes mais provaveis de serem utilizadas pelo ZIKV
e relacionando os resultados com os diferentes tipos celulares que o virus
infecta;

Estudar in vitro a influéncia da maturagao das particulas virais da cepa viral
pernambucana ZIKV PE243 na infectividade de células humanas gliais
estabelecidas (U87-MG).
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2 REVISAO DA LITERATURA
2.1 ARBOVIROSES: VETORES, IMPLICACOES SANITARIAS E CENARIO ATUAL

Arboviroses sdo viroses transmitidas por vetores artrépodes hematdfagos
(mosquitos, moscas e carrapatos) para e entre hospedeiros vertebrados. Virus como
DENV, ZIKV, Chikungunya (CHIKV), da febre do Nilo Ocidental (WNV) e outros,
infectam milhdes de pessoas todos anos em diversas partes do mundo (BHATT et al.,
2013; CHANCEY et al., 2015; WEAVER; FORRESTER, 2015).

Os arbovirus se replicam no vetor artropode antes da transmissdo. A
transmissao bioldgica pode se dar (1): verticalmente, envolvendo a passagem do virus
a partir de um vetor fémea infectado para seus descendentes; ou (2): horizontalmente,
a partir de contato sexual entre um macho verticalmente infectado diretamente a um
vetor do sexo feminino, ou por via oral, de um vetor a um hospedeiro vertebrado
através da saliva durante repasto sanguineo (WEAVER; FORRESTER, 2015;
WEAVER; REISEN, 2010).

A transmissao horizontal € a mais comum para a maioria dos arbovirus e
envolve, primeiramente, a infecgdo do trato digestivo do vetor durante o repasto com
sangue infectado. Apds infecgéo, ocorre a disseminagao e eventual replicagao viral
nas glandulas salivares, seguida pela inje¢do de saliva infectante no hospedeiro
vertebrado durante um segundo repasto sanguineo (WEAVER; FORRESTER, 2015;
WEAVER; REISEN, 2010).

O numero aumentado de viagens turisticas e comerciais adivindas com a
globalizagdo, juntamente com o crescimento desordenados das cidades e as
mudangas ambientais em curso no planeta tém apresentado um impacto significativo
sobre a transmissao de inimeras arboviruses nos Gltimos anos (ARAUJO et al., 2015;
MARCONDES; XIMENES, 2016).

No inicio de 2015, um surto de ZIKV foi identificado no nordeste do Brasil, area
onde o DENV também circula. No mesmo ano (setembro), relatos de um aumento do
numero de criangas nascidas com microcefalia em areas afetadas pelo virus
comecaram a surgir, e o RNA viral foi identificado no liquido amnidtico de duas
mulheres cujos fetos tinham sido diagnosticados por ultrassonografia com
microcefalia no pré-natal (SCHULER-FACCINI et al., 2016).

Além desta complicacao, foi observado o desenvolvimento de sindrome Guillain-

Barré em adultos e outras desordens neuroldgicas nos fetos, como presenca de
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calcificagbes no parénquima periventricular e regides do talamo, ventriculomegalia,
lisencefalia e paquigiria, sugerindo a presenga de migragdo celular anormal no
primeiro trimestre gestacional (CHANG et al., 2016; SOLOMON; BAYLIS; BROWN,
2016; ZANLUCA et al., 2015).

2.2 FLAVIVIRUS

A familia Flaviviridae é constituida por virus envelopados de RNA com sentido
positivo, o qual pode ser diretamente transcrito em proteina. Essa familia € formada
por trés géneros: Flavivirus (do latim "flavus”, que quer dizer "amarelo"), Pestivirus (do
latim "pestis", que quer dizer "praga") e Hepacivirus (do grego "hepar", que quer dizer
"figado") (SMIT et al., 2011).

O género Flavivirus contém mais de 65 espécies, que compartilham
similaridades de morfologia, organizagao genémica e estratégia de replicagéo. Estes
incluem WNV, DENV, virus da encefalite japonesa (JEV), virus da febre amarela
(YFV), virus da encefalite transmitida por carrapato (TBEV), virus da encefalite do
Murray Valley (MVEV), virus da encefalite St. Louis (SLEV) e o ZIKV (CHOUMET;
DESPRES, 2015; SMIT et al., 2011).

2.3 0 VIRUS ZIKA

O ZIKV é um virus envelopado de RNA fita unica de sentido positivo, e foi
primeiramente identificado em 1947, na floresta de Zika (Kampala, Uganda), em
macacos Rhesus (DICK; KITCHEN; HADDOW, 1952; DUAN et al., 2017; MUSSO,
2015). Possuiduas linhagens: a asiatica e a africana. Supde-se que, na Africa, o virus
tenha sido mantido em um ciclo de transmissdo entre primatas n&o-humanos
(macacos e chimpanzés) e mosquitos, sendo os humanos hospedeiros ocasionais
acidentais (HADDOW et al., 1964). Em areas fora da Africa, entretanto, humanos tém

se tornado hospedeiros principais (DUFFY et al., 2009).

Entre o primeiro isolamento de ZIKV em macacos em 1947 até 2007, os relatos
de casos em humanos foram raros e esporadicos (KUNO; CHANG, 2007). Evidéncias
dessas infec¢gdes foram baseadas principalmente em estudos sorolégicos e, em
alguns casos, isolamento do virus. O isolamento viral sugeriu uma ampla distribuicao

na Africa e no sudeste asiatico, embora nenhuma epidemia tenha sido observada
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(MACNAMARA, 1954).

Os genomas sequenciados na epidemia sulamericana e as analises filogenéticas
apresentaram 99,7% e 99,9% de similaridade de nucleotideos e aminoacidos com a
linhagem circulante na Polinésia Francesa em 2013 (CAMPO et al., 2017; ENFISSI et
al., 2016). Esse achado é consistente com as analises das sequéncias dos genes do

envelope viral encontrados em pacientes brasileiros (CALVET et al., 2016).

O genoma do ZIKV possui 10.794 nucleotideos, que codificam 3.423
aminoacidos, com duas regides flanqueadoras nao-codificantes (50 e 30 NCR) e uma
estrutura longa unica codificando uma poliproteina, a qual é clivada em proteina de
capsideo (C), proteina precursora de membrana (prM), proteina de envelope (E) e 7
proteinas nao-estruturais (NS): 5'-C-prM-E-NS1-NS2A-NS2B-NS3-NS4A-NS4B-NS5-
3" (Figura 1). A particula viral tem um didmetro de ~50nm e contém um
nucleocapsideo cercado por uma bicamada lipidica contendo as proteinas estruturais
(prM/M e E), as quais sao dispostas em simetria icosaédrica na superficie do virus
(DUAN et al., 2017; WANG et al., 2017). As proteinas estruturais formam a particula
viral, enquanto as proteinas nao-estruturais desempenham funcées essenciais na
replicagdo do genoma, no processamento de poliproteinas e na manipulagéo das
respostas do hospedeiro (FAYE et al., 2014; GODOY et al., 2017).

Ensaios de RT-PCR usando primers direcionados para os genes E e NS5 tém
sido uma ferramenta laboratorial importante para diagndéstico nos recentes surtos
(DUFFY et al., 2009; MEERTENS et al., 2017).

I 3423 aa |
-1 Genes estruturais Genes nao-estruturais —
P N
| | | ? |
DI |-| ":] Prot Helicase [| L
C ] prM E NS1 NS2A 2B NS3 4A ] NS4B NS5
SP 2K
prM

Figura 1. O ZIKV possui um genoma de sentido positivo de cadeia simples de aproximadamente 11kb
que codifica as proteinas estruturas (C, prM e E) e ndo-estruturais (5'-NS1-NS2A-NS2B-NS3-NS4A-
NS4B-NS5-3'). As caixas abaixo do genoma indicam precursores e proteinas maduras geradas pela
cascata de processamento proteolitico. A NS1 é necessaria para replicacdo viral e infeccao.



30

Semelhante a outros Flavivirus, a proteina NS3 contém dois dominios funcionais: o dominio de
protease e o dominio de helicase. De igual forma, a NS5 possui dois dominios, os quais sao essenciais
para a replicacdo do genoma: o dominio N-terminal da metiltransferase (MTase), responsavel pela
estrutura cap 5’ do genoma viral, a qual garante uma tradugéo estavel e eficiente e evasao da resposta
imune do hospedeiro; e o dominio C-terminal RNA-polimerase dependente de RNA (RdRp), que é
responsavel pelo processo de replicacdo do genoma. A importancia da NS5 na replicagao viral e na
modulagao da resposta imune do hospedeiro a torna um alvo atraente para o desenvolvimento drogas
antivirais. Fonte: Adaptado de (DAl et al., 2016).

A proteina E € a maior proteina de superficie viral, estando envolvida nos
processos de ligacado e fusdo da membrana (HASAN et al., 2017; SHI; GAO, 2017).
Na maioria dos Flavivirus a proteina E é N-glicosilada apds o processo de tradugéo,
no aminoacido Asn154 (asparagina, na posicdo 154), dentro de um motivo de
glicosilagédo altamente conservado de sequéncia N-X-T/S (onde N é asparagina, T é
treonina e X é qualquer aminoacido padrao, exceto a prolina) nas posigdes 154-156,
indicando a importancia biolégica desta modificagdo. No entanto, alguns isolados de
Flavivirus ndo apresentam essa glicosilagao, sugerindo que a fungédo da proteina E
pode ser alcangada sem o N-glicano (ADAMS et al., 1995; BEASLEY et al., 2004;
FONTES-GARFIAS et al., 2017).

Semelhante a outros Flavivirus, a proteina E do ZIKV possui quatro dominios: o
dominio transmembranar da haste (E-stem), que é responsavel pelo ancoramento a
membrana; e os dominios I, Il e Ill, que constituem a parte superficial
predominantemente fita f da proteina (PERERA-LECOIN et al., 2014).

O dominio | (DI) da proteina E atua como uma ponte entre os dominios Il (DIl) e
[II (D) (Figura 2A). A ponta do DIl contém o looping de fusado (FL), que interage com
a membrana do hospedeiro durante a fusdo membranar. Na maioria dos Flavivirus, é
no DIl se que localiza o sitio de ligagédo ao receptor, sendo de grande importancia no
processo de fusdo. Curiosamente, o ZIKV tem um unico local de glicosilagao (N154)
no DI da proteina E (Figura 2B), evidenciado na superficie, por possuir um "loop" mais
longo (residuos 145-160) em comparagdo com outros Flavivirus, como DENV. Dado
que DC-SIGN e MMR séo provaveis receptores/co-receptores de DENV que se ligam
a glicanos, a glicosilagdo N154 pode funcionar como fator de anexo do virus as células
hospedeiras. Esta regido de “loop 150” varia ndo apenas entre cepas do ZIKV, mas
também em outros Flavivirus, 0 que sugere que variagdes nesta regido influenciam na
infectividade viral (SHI; GAO, 2017).

A recente propagacao da linhagem asiatica do ZIKV a Oceania e as Américas,
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pode estar associada a adaptacdo da proteina NS1, que pode facilitar a replicacao
viral. Mutagdes nos genes das proteinas prM e NS1 demonstraram contribuir pra
maior infectibilidade viral (XIA et al., 2018; YUAN et al., 2017).

Glicano
DIl &  Loop150

Figura 2. (A) Dimero da proteina E. O cddigo de cores segue
a designacao padréao de dominios da proteina: | (vermelho), I
(amarelo) e Ill (azul). Os residuos subjacentes da haste e da
transmembrana (TM) sdo mostrados (laranja). O glicano ligado
ao residuo Asn154 é mostrado em verde. (B) Vista lateral do
dimero E-M, mostrando os ectodominios E (DI, DIl e DIll), bem
como os dominios transmembranares E-stem e E-TM (laranja).
Os dominios transmembranares M-TM e M-loop estdo
evidenciados em ciano. Os dominios E-TM e M-TM sé&o
encontrados mergulhados dentro da bicamada lipidica. O
residuo de glicosilagdo Asn154 ¢é localizado no DI, e o glicano
pode ser visto representado em verde. Fonte: Adaptado de
(SHI; GAO, 2017).

2.4 CURSO DA INFECCAO E SINTOMAS

Quando o mosquito Aedes pica um individuo infectado, ele ingere sangue
contendo ZIKV. Como outros Flavivirus, o ZIKV se replica nas células epiteliais do
intestino do mosquito e, subsequentemente, nas células das glandulas salivares. Apos
um periodo de incubagao extrinseca (entre cinco e dez dias), o ZIKV pode ser
encontrado na saliva do mosquito, que entao podera infectar humanos (HAMEL et al.,
2015).
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Quando a saliva infectada do mosquito é inoculada em humanos, o virus pode
infectar os queratinécitos epidermais, fibroblastos da camada subcutanea e células de
Langerhans. Os queratindcitos e fibroblastos contém AXL, Tyro3 e TIM-1, que servem
como fatores de ligagéo ou receptores para o ZIKV. Por outro lado, as células de
Langerhans contém DC-SIGN, que serve como receptor de entrada do virus (HAMEL
et al., 2015; LOZACH et al., 2007; MEERTENS et al., 2017).

A infecgdo por ZIKV nos fibroblastos esta associada a alta expressdo de TRL3
(Toll-like receptor 3), RIG-I (Retinoic acid-inducible gene 1) e MDA5 (Melanoma
Differentiation-Associated protein 5), seguida pela expressdao aumentada de
interferons alfa (IFN-a) e beta (IFN-B), e as suas vias da ativagdo imunoldgica,
podendo assim, suprimir a carga viral das células infectadas. Apds a replicagdo em
células de tecidos locais e nos nodulos linfaticos regionais, o ZIKV pode se difundir a
partir dos vasos linfaticos para outros érgéos/tecidos, incluindo o sistema nervoso
central, musculos esqueléticos, miocardio, via corrente sanguinea; e ser transmitido
para o feto, verticalmente (CARNEIRO; TRAVASSOS, 2016; CHAN et al., 2016).

A infeccdo por ZIKV em ratos lactentes se mostrou altamente neurotrépica.
Exames histopatoldgicos revelaram que cérebros de ratos lactentes infectados
apresentam degeneragao neuronal e infiltragdo celular com sitios de replicagéo viral
em células gliais e neurdnios (CARNEIRO; TRAVASSOS, 2016; CHAN et al., 2016).

Aproximadamente, 80% das infecgdes pelo ZIKV podem ser subclinicas ou
causar uma doenca suave, depois de um periodo de incubagao de 3 a 12 dias. Os
sintomas duram de dois a sete dias e incluem: febre baixa (37,8 - 38,5°C), rash
cutaneo, dor de cabecga retro-orbital, conjuntivite ndo purulenta bilateral, mialgia, e
artrite/artralgia com edema periarticular das pequenas articulagdes das maos e dos
pés (CHAN et al., 2016). O rash cuténeo é descrito como generalizado, eritematoso,
de erupcao maculopapular que se espalha do rosto para os demais membros
(MUSSO, 2015).

Em menor frequéncia, alguns pacientes podem apresentar sintomas sistémicos
mais proeminentes (febre alta, arrepios, calafrios, dor de garganta, hipotensdo e
adenopatias cervical, submandibular, axilar e/ou inguinais), sintomas do trato
digestivo (nauseas, vémitos, diarréia, constipagéo, dor abdominal e ulceras aftosas),
sintomas do trato geniturinario (hematuria, disuria, dor perineal, e hematospermia,
muitas vezes tém RNA viral detectavel ou particulas infecciosas de virus na urina e/ou
sémem) (SCHAFFNER; FONTENILLE; MATHIS, 2014).
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De forma geral, parametros laboratoriais hematoldgicos e bioquimicos se
mostram normais durante a infec¢do. No entanto, alguns pacientes podem ter
leucopenia moderada e transiente, neutropenia, linfopenia ou linfocitos ativados,
monocitose e trombocitopenia, além de niveis séricos elevados de lactato
desidrogenase, aspartato aminotransferase, y-glutamil transferase, fibrinogénio,
ferritina, proteina reativa C e taxa de sedimentagédo de eritrécitos, durante a fase
virémica (ALAM et al., 2017; MUSSO et al., 2015).

A recuperacao da infeccdo ZIKV esta relacionada com a restauragdo do numero
normal de células imunoldgicas periféricas e a com a fungédo normal das células
apresentadoras de antigenos. Notavelmente, as manifestagdes clinicas da febre Zika
nao sao especificas, podendo ser observadas em outras doengas causadas por
arbovirus, especialmente DENV e CHIKV (NHAN; MUSSO, 2015).

2.5 DESORDENS NEUROLOGICAS E A SINDROME DA ZIKA CONGENITA

Uma possivel associacdo entre a infecgao por ZIKV e complicacbes severas
neurolégicas foi levantada durante as epidemias recentes na Oceania e na América
do Sul, onde a incidéncia da sindrome de Guillain-Barré aumentou de 8 a 20 vezes
em alguns paises (OEHLER et al., 2014; RUSSO; JUNGMANN; BELTRAO-BRAGA,
2017).

Setenta e quatro dos 8.750 (0,8%) pacientes com suspeita de Zika no surto da
Polinésia Francesa desenvolveram sindromes neurolégicas apds apresentar quadro
da doenca. Quarenta e dois desses 74 (56,8%) pacientes foram diagnosticados com
sindrome de Guillain-Barré. Similarmente, relatos de sindrome de Guillain-Barré tém
sido reportados em pacientes infectados pelo ZIKV na América do Sul (ECDC, 2015).
Outras complicagdes neuroldgicas estdo também potencialmente ligadas a infecgao
por ZIKV, incluindo encefalite, meningoencefalite, mielite, parestesia, vertigem,
paralesia facial, manifestagcdes oftalmoldgicas (fotofobia e iridociclite hipertensiva) e
auditivas (RUSSO; JUNGMANN; BELTRAO-BRAGA, 2017).

Microcefalia (perimetro cefalico igual ou maior que 2 desvios-padrao abaixo da
média para sexo e idade gestacional no nascimento) € o relato clinico mais comum
na sindrome da Zika congénita (MLAKAR et al., 2016). Além da microcefalia, neonatos
e fetos com suspeita de infeccao congénita por ZIKV tém tido também outras

malformagdes. Caracteristicas gerais incluem baixo peso ao nascer, pele do couro
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cabeludo em excesso, anasarca, polidramnio e artrogripose (SCHULER-FACCINI et
al., 2016). Anormalidades neuroldgicas incluem lesdo cerebral, sindrome de
polimalformagado, disfungdes no tronco cerebral e auséncia de degluticdo
(PAHO/WHO, 2015). Problemas oftalmoldgicos incluem catarata, formato assimétrico
dos olhos, calcificagbes intra-oculares, atrofia macular (unilateral, atrofia macular bem
definida e/ou manchas de pigmento macular e perda de reflexo foveal), hipoplasia do
nervo otico, coloboma da iris e subluxacao do cristalino (DE PAULA FREITAS et al.,
2017; RUSSO; JUNGMANN; BELTRAO-BRAGA, 2017). Notavelmente, outras
caracteristicas de infecgbes intrauterinas, como hepatoesplenomegalia, rash e
coriorretinite, foram relatadas (SCHULER-FACCINI et al., 2016).

Particulas virais e de RNA do ZIKV podem ser detectadas em amostras de
autopsia por microscopia eletronica e RT-qPCR, respectivamente (MLAKAR et al.,
2016). No comego do surto no Brasil, 0 RNA do ZIKV foi detectado por RT-qPCR no
flido amnidtico de 2 mulheres gravidas, cujos fetos demonstraram evidéncias de
microcefalia na ultrassonografia (BASARAB et al., 2016).

Desde o comego do surto no Brasil (em novembro de 2015) até novembro de
2018, foram notificados 16.900 casos suspeitos de alteragdes no crescimento e
desenvolvimento relacionadas a infecgao pelo ZIKV e outras etiologias infecciosas.
Destes, 3.279 (19,4%) foram confirmados. Neste mesmo periodo, na regido nordeste
(que engloba os estados do Maranhéo, Piaui, Ceara, Rio Grande do Norte, Paraiba,
Pernambuco, Alagoas, Sergipe e Bahia) foram notificados 9.905 casos de alteragdes
no crescimento e desenvolvimento relacionadas a infecgao pelo virus Zika e outras
etiologias infecciosas, tendo sido confirmados 2.079 casos. Em todo o Brasil, foram
confirmados 351 obitos por ZIKV, sendo 201 (57,2%) na regidao nordeste
(MINISTERIO DA SAUDE (BRAZIL), 2018).

Centrando-se nos pacientes mais afetados e no fato de que o periodo da
infeccdo € um importante fator determinante na severidade das lesbes fetais, é
possivel que os casos reportados de microcefalia representem apenas a ponta do
iceberg. Infecgao precoce que ocorra durante o primeiro ou até o segundo semestre
podem estar associados com anormalidades congénitas ou até morte intrauterina
(MLAKAR et al.,, 2016; SCHULER-FACCINI et al., 2016). Sem duvidas, dados
preliminares sugerem um maior risco de desenvolvimento de anormalidades
congénitas ou microcefalia no primeiro trimestre de gravidez. De 35 maes cujos filhos

nasceram com microcefalia, 57% apresentaram rash durante o primeiro trimestre de
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gravidez, e 14% durante o segundo. E possivel que infeccdes intrauterinas que
ocorram em um estagio tardio da gravidez, possam apresentar manifestagdes
diferentes, como retardo mental, surdez neurosensorial e/ou lesdes oftalmoldgicas
(ECDC, 2016).

2.6 VIAS DE ENTRADA DO ZIKV EM CELULAS

A superficie do ZIKV é tipicamente coberta pela proteina de envelope (E). As
interagdes individuais com receptores geralmente sdo fracas, mas o contato com
multiplos receptores torna a avidez alta e liga o virus a célula de modo praticamente
irreversivel (MERCER; HELENIUS, 2010). A entrada de Flavivirus em suas células-
alvo é mediada pela interagdo de N-glicanos, conjugados a proteina viral E, com
receptores de superficie celular da célula hospedeira (HASAN et al., 2017; PERERA-
LECOIN et al., 2014).

Apds a ligacdo com receptors celulares, o ZIKV entra nas células hospedeiras
por endocitose mediada por clatrina, proteina que desempenha importante fungao na
formacdo de vesiculas membranares. A endocitose € acompanhada por uma
mudanga na conformacgao do envelope, seguida por fusdo da membrana e posterior
liberagdo do genoma viral no citoplasma da célula. As particulas virais difundem-se
ao longo da superficie celular em diregdo a um pogo pré-existente revestido por
clatrina. Desta forma, duas possibilidades séo sugeridas: ou as particulas virais rolam
sobre fatores de ligagao distintos até se ligarem ao receptor de entrada (localizados
em hotspots de clatrina na superficie celular), ou o complexo virus-receptor, formado
inicialmente, é transportado para um pogo pré-existente revestido por clatrina. Neste
ponto, € importante distinguir receptores de entrada - moléculas cujas interagdes
resultam na absorgdo do virus - de fatores de ligagdo, os quais apenas retém
particulas virais na superficie celular até que haja interagdo com um receptor de
entrada. Posteriormente, o pogo revestido com clatrina evolui e a invaginagao na
membrana plasmatica é fechada por excisdo de membrana mediada por dinamina
para formar uma vesicula revestida com clatrina. A vesicula revestida com clatrina é
transportada para longe da membrana plasmatica e, apds isso, o revestimento de
clatrina é liberado da vesicula. Apés a absor¢cdo mediada por clatrina, a vesicula
endocitica que transporta o virus € conduzida aos endossomos iniciais, 0os quais
amadurecem em endossomos tardios. Em seguida, ocorre a fusdo da membrana viral

com a membrana do endossomo e 0 RNA viral é descarregado no citoplasma. A fusao
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da membrana foi detectada em média de 10 a 13 minutos apds o inicio da infeccéo
(SMIT et al., 2011).

Apesar de extensas investigagoes, a identidade dos receptores celulares que
medeiam a entrada e infeccdo de Flavivirus €, no momento, pouco conhecida. Um
grande numero de moléculas foi descrito como candidatos a receptores em diferentes
tipos de células, mas seu papel preciso na endocitose viral permanece obscuro
(PERERA-LECOIN et al., 2014).

2.6.1 Receptores de Lectinas do tipo C

O sistema imune inato é responsavel pela primeira linha de defesa do organismo
contra o ataque microbiano e é induzido pelo reconhecimento de componentes
microbianos, conhecidos como padrbées moleculares associados a patégenos
(pathogen-associated molecular patterns, ou PAMPs), por receptores de
reconhecimento de padrao (pattern recognition receptors, ou PRRs). Os PAMPs sao
altamente conservados e geralmente unicos aos microbios. Nos virus, os PAMPs sao
reconhecidos principalmente por meio de seus acidos nucleicos, como RNA de fita
dupla ou RNA de fita simples, e DNA, embora as glicoproteinas do envelope também
possam ser reconhecidas (HOVING et al., 2014).

Os receptores de lectina do tipo C compreendem uma grande familia de
receptores que se ligam a carboidratos, através de um ou mais dominios de
reconhecimento de carboidratos (carbohidrate recognition domains, ou CRDs) (Figura
3). Varios membros desta familia sdo altamente expressos em células mieldides,
incluindo mondcitos, macrofagos e células dendriticas (dendritic cells, ou DCs) e,
portanto, desempenham um papel central na ativacdo do sistema imune do
hospedeiro (HOVING et al., 2014; KIM; LI; LINHARDT, 2017).

CLRs reconhecem perfis de carboidratos em agentes patogénicos e atuam como
receptores de internalizagdo desses agentes, encaminhando-os para endossomos,
dando inicio ao processo de apresentagcado de antigenos e eliminagado do patégeno
(HOVING et al., 2014). Nesse aspecto, Flavivirus podem ter evoluido para explorar
multiplos CLRs para entrada e maior disseminacgao viral. Dentre eles, se sobressaem
os receptores celulares DC-SIGN, L-SIGN, MMR e CLEC5A (KIM; LI; LINHARDT,
2017).

DC-SIGN e L-SIGN sao CLRs transmembranares do tipo 2 (dependentes de

célcio). Seus dominios extracelulares compartilham motivos estruturais comuns,
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incluindo um pescogo prolongado, composto de repeticobes em tandem de uma
sequéncia de 23 aminoacidos altamente conservada, seguida por um CRD, que liga
glicanos ricos em manose e desempenha um papel importante na ligagao de Flavivirus
e na infecgdo de células mieloides. DC-SIGN é altamente expresso em alguns
subconjuntos de macrofagos e DCs imaturas, o que sugere uma possivel facilitagao
na disseminacgao viral (HAMEL et al., 2015; KAY et al., 2012; SMIT et al., 2011). Por
outro lado, a expressao de L-SIGN ¢é restrita as células endoteliais (sinusoidais) do
figado e células endoteliais dos ganglios linfaticos. Apesar de evidéncias
demonstrarem que células que expressam L-SIGN sao infectadas in vivo, o papel da
L-SIGN durante o curso da infecgao natural em Flavivirus ainda nio esta claramente
estabelecido (PERERA-LECOIN et al., 2014).
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Figura 3. DC-SIGN é um receptor de lectina do tipo C conhecido por interagir com o Zika e
outros Flavivirus, facilitando sua entrada nas células hospedeiras. O dominio transmembranar
(TM), o dominio de quinase (KD), o dominio Ig, os dominios de fibronectina tipo 3 (FNIIID), o
dominio de reconhecimento de carboidratos (CRD), a triade de aminoacidos acidos (TAA), a
tetramerizacao dominio (TD) e motivo de dileucina (DM) sao representados na figura, assim
como o N-terminal e o C-terminal. Fonte: Adaptado de (ROUTHU; BYRAREDDY, 2017).

Estudos recentes identificaram um polimorfismo de nucleotideo unico na regiao
promotora do gene da DC-SIGN (CD209) que se mostra fortemente associado a
predisposi¢cao a formas graves de febre hemorragica da Dengue (BARKHASH et al.,
2012; WANG et al., 2011), o que refor¢a o envolvimento desse receptor no tropismo
de Flavivirus. DC-SIGN e L-SIGN ancorados a membrana celular interagem, através
de seus dominios CRD, com carboidratos (N-glicanos) ligados a proteina viral E e tém
se demonstrado capazes de promover a infeccado de DENV e WNV in vitro (KIM; LI,
LINHARDT, 2017).

MMR é outro CLR dependente de calcio que foi proposto como receptor
funcional de Flavivirus (HAFIZI; DAHLBACK, 2006). Ao contrario de DC-SIGN e de L-
SIGN, MMR tem varios dominios CRD e um dominio rico em cisteina na extremidade
do seu dominio extracelular que é capaz de interagir com agucares sulfatados
(HAFIZI; DAHLBACK, 2006; HAMEL et al., 2015). MMR é essencialmente expresso
em macrofagos, mas também pode ser encontrado em linfonodos e células endoteliais
do figado, em células renais e em algumas populagdes de DC - todas relevantes para
a infec¢ao por Flavivirus. Esse receptor demonstrou se ligar a proteina E dos quatro
sorotipos de DENV e foi proposto como receptor de internalizacdo para DENV em
macrofagos primarios humanos, uma vez que anticorpos policlonais anti-MMR inibem
a infecgao pelo virus (DEJNIRATTISAI et al., 2016).

CLECS5A, que é expressa em mondcitos e macrofagos, demonstrou mediar a
entrada de DENV e JEV nas células. Ao contrario de outros CLRs, a sua ligagao ocorre
de forma n&o-dependente do célcio (KIM; LI; LINHARDT, 2017).

2.6.2 Receptores de Fosfatidilserina

Estudos recentes com diferentes Flavivirus mostram de forma convincente que
a entrada viral pode ser mediada por interacdes que nao envolvem a proteina E, mas

ocorrem entre lipideos carregados negativamente, como a fosfatidilserina (PS),
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presentes na membrana viral (HAFIZI; DAHLBACK, 2006; HAMEL et al., 2015; HEINZ;
STIASNY, 2017). Os receptores celulares lipidicos anibnicos pertencem a duas
familias distintas de receptores de fosfatidilserina transmembranares: TIM (T-cell
Immunoglobulin and Mucin Domain: TIM1, TIM 3 e TIM4) e TAM (TYROS3, AXL e MER)
(HAFIZI; DAHLBACK, 2006; KAY et al., 2012; LEMKE; ROTHLIN, 2010; MEERTENS
et al., 2012, 2017). Contrariamente aos receptores TIM, os receptores TAM néo se
ligam diretamente a PS, mas indiretamente, através de um processo que requer a
presencga da proteina GAS6 (Growth-arrest-specific 6) ou da proteina S (PROS), dois
ligantes naturais dos receptores TAM, que funcionam como moléculas intermediarias
(HAF1ZI; DAHLBACK, 2006; LEMKE; ROTHLIN, 2010; MEERTENS et al., 2017). A
funcdo fisioldgica desses receptores ¢é reconhecer os lipidos carregados
negativamente em células apoptdticas e desencadear endocitose por células
fagociticas (FAIRN et al., 2011; HAMEL et al., 2015; MERCER; HELENIUS, 2010).
Este processo de “sequestro” foi previamente identificado em um grande numero de
virus e denominado "mimetismo apoptético" (MERCER; HELENIUS, 2010).

A medida que Flavivirus brotam no limen do reticulo endoplasmatico (RE)
durante a morfogénese, a membrana viral acaba refletindo a composicdo da
membrana do RE, que possui PS em seu folheto luminal. A membrana plasmatica das
células vivas normalmente ndo contém lipideos negativamente carregados no folheto
externo, devido a presenca de enzimas especificas denominadas "flipases lipidicas"
que asseguram a assimetria da membrana plasmatica ao manter esses lipideos
somente no folheto interno (FAIRN et al., 2011; KAY et al., 2012).

O papel dos receptores de fosfatidilserina na entrada de Flavivirus em células foi
identificado pela primeira vez em estudos com DENV, mas varias evidéncias sugerem
que o ZIKV também pode usar mimetismo apoptoético para infectar diferentes tecidos,
incluindo células da pele, células endoteliais, células neurais e células da placenta
(LIU et al., 2016; RETALLACK et al., 2016; TABATA et al., 2016; TANG et al., 2016;
WELLS et al.,, 2016). Estudos recentes em camundongos com knock-out de
receptores de TAM, no entanto, mostraram que essas moléculas ndo sao necessarias
para infectividade do virus Zika, e a replicacdo do virus nao foi afetada no baco,
placenta, vagina e cérebro (HASTINGS et al., 2017). Os dados corroboram com
observacbdes anteriores (GOVERO et al.,, 2016) e sugerem que pode haver
redundancia de receptores de entrada do ZIKV em células (KIM; LI; LINHARDT,
2017).
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2.6.3 Perspectivas no desenvolvimento de farmacos

Desde que o surto de Zika aconteceu no Brasil, em 2015, a transmissao de ZIKV
foi relatada em mais de 60 paises e regides do mundo. Embora 80% dos pacientes
infectados sejam assintomaticos, a infeccdo por este Flavivirus pode causar
microcefalia fetal em mulheres gravidas e aumentar o risco de disturbios neurolégicos
e mielite em adultos infectados (ALAM et al., 2017; CAO et al., 2017; WALKER,;
THORNTON, 2016).

Até entdo, nao foi aprovado nenhum agente antiviral especifico contra qualquer
Flavivirus, e o tratamento, quando aplicado, é geralmente direcionado ao alivio de
sintomas, com analgésicos e antipiréticos. No entanto, ultimamente, tem havido um
grande esfor¢co na elaboragdo de ensaios com possiveis drogas candidatas
direcionados para alvos virais (antivirais de agao direta) ou contra alvos celulares
(MENENDEZ-ARIAS; D RICHMAN, 2014; SAIZ; MARTIN-ACEBES, 2017).

Estudos recentes tém introduzido a idéia da reutilizagdo de drogas, onde os
medicamentos aprovados pela FDA (Food and Drug Administration) para atividade
antiviral poderiam ser usados contra a infecgao por ZIKV (NICOLA NOSENGO, 2016).
A vantagem da reutilizacdo de drogas em comparagao com o desenvolvimento de
drogas de novo em uma emergéncia publica é a rapida aplicagao clinica. Esses
medicamentos aprovados pela FDA estdo emergindo como uma alternativa
promissora para acelerar o desenvolvimento de drogas para doengas transmissiveis,
como o virus da hepatite C e o virus Ebola (HE et al., 2015). Assim, a triagem
sistematica de medicamentos aprovados pela FDA pode revelar novos agentes para
o tratamento da infecgao por ZIKV (ALAM et al., 2017; CAO et al., 2017; ROUTHU,;
BYRAREDDY, 2017).

Apesar dos avancgos, a histéria bem suscedida de vacinas e terapias antivirais,
a infecgdo por ZIKV ainda representa uma grande ameaga para a saude humana.
Desta forma, torna-se de extrema importancia estudos aprofundados sobre a
patogénese do ZIKV, bem como sobre suas formas de entrada em células, visto que

essas proteinas de entrada sao potenciais alvos no desenvolvimento de drogas.

2.7 PAPEL DA MATURACAO VIRAL NA INFECTIVIDADE DO ZIKV

A maturacgéao de particulas de Flavivirus de forma imatura (C, prM e E) para forma

madura (C, M e E) ocorre durante a saida viral de uma célula infectada. As particulas
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de virus maduras contém 180 cépias da proteina E e da proteina de membrana (M)
no envelope e exibem um arranjo icosaédrico, no qual 90 E dimeros cobrem
completamente a superficie viral (DOWD et al., 2014).

Durante a entrada na célula hospedeira, o ambiente endossomal &acido
desencadeia uma alteracado conformacional irreversivel na proteina E e uma transicao
de uma formacgao de dimero para trimero, que leva ao evento de fusdao de membrana
(Figura 4) (YU et al., 2014). No RE, a particula recém-montada imatura exibe uma
superficie espinhosa, com 60 protrusdes triméricas dos heterodimeros E-prM
ancoradas. Durante a maturacdo do virus, o baixo pH do interior do CG induz a
reorganizagao dos heterodimeros E-prM em homodimeros E (YU et al., 2014). Este
rearranjo estrutural expde o local de clivagem da prM para ser digerida pela protease
hospedeira, furina. A porcao "pr" clivada da prM permanece associada ao virus até a
libertacdo da célula, onde finalmente se dissocia, devido ao pH neutro do espaco
extracelular (ZHANG et al., 2007).
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Figura 4. Entrada de Flavivirus na célula hospedeira. (A) Absor¢do e (B) internalizagdo, com
consequente mudanga na conformacgéao da proteina E, desencadeia a fusdo da membrana e liberagao
do genoma viral; (C) replicagao, (D) tradugao e inicio do processo de glicosilagdo e montagem viral no
RE; (E) clivagem da proteina prM no CG; (F) exocitose de particulas maduras e liberagdo da porgao
“pr’. Fonte: Adaptado de (KIM; LI; LINHARDT, 2017).
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Os virus totalmente maduros incorporam proteinas E como 90 homodimeros,
dispostos em uma configuragdo de espinha de peixe, e ndo possuem proteina prM
nao-clivada (DANG et al., 2016). Varias linhas de evidéncia indicam que a clivagem
da prM pode ser ineficiente e que particulas virais infecciosas liberadas das células
podem apresentar prM ndo-clivada. As particulas resultantes, portanto, exibem uma
arquitetura heterogénea, expondo estrutura de particula madura e de particula imatura
(Figura 5) (CHEN et al., 2016; DANG et al., 2016).
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Figura 5. Representagdo da estrutura da particula imatura
(esquerda) e madura (direita) do virus Zika. A estrutura em
dimero da proteina E (sE) aparece em destaque. Fonte:
Adaptado de (HEINZ; STIASNY, 2017).

Até agora, ndo ha estudos que relacionem especificamente o estado de
maturagao das particulas virais em relagao a sua capacidade de entrada mediada por
receptores de fosfatidilserina. E provavel que diferentes virus, ou mesmo diferentes
cepas do mesmo virus, demonstrem diferentes graus de exposigdo a membrana e,
portanto, possam diferir no uso de receptores lipidicos de entrada (LOZACH et al.,
2007; REY; STIASNY; HEINZ, 2017). A heterogeneidade das particulas virais parece
ser necessaria para o uso de mimetismo apoptético no processo de entrada de
Flavivirus em células, porque a membrana viral, contendo PS, ndo seria acessivel em
virus maduros (SMIT et al., 2011).

A liberagao de particulas parcialmente maduras, mas infecciosas, sugere que a
prM ou o complexo prM-E, expostos na superficie dessas particulas, poderiam mediar
0 processo de entrada viral, em certos casos. Neste contexto, € provavel que existam
locais de N-glicosilagdo na prM (REY; STIASNY; HEINZ, 2017; YUAN et al., 2017).
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Duas revisdes bibliograficas decorrentes deste trabalho foram publicadas
(APENDICE A e APENDICE B).
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3 MATERIAL E METODOS

Embora ensaios in vitro recentes tenham descrito a relagdo entre algumas
moléculas de adesao do ZIKV e receptores de entrada no hospedeiro separadamente,
uma abordagem que unifique o estudo dessas interagbes ainda nao foi feita. Uma
maneira de tornar isso possivel é verificar a ligacdo destas moléculas usando métodos
computacionais, como simulagbes de docking e dindmica molecular. O uso destas
metodologias, ajudam a esclarecer esses mecanismos virais e celulares, reduzindo
tempo, orientando os pesquisadores na elaboragao de hipéteses mais direcionadas.

Este estudo é, portanto, dividido em dois tipos de analise: in silico e in vitro.

3.1 DESENHO DO ESTUDO E AMOSTRAGEM

Os ensaios in silico seguiram o esquema da figura 6 a seguir:

ANALISE MUTACIONAL | ANALISE DE INTERAGAO MOLECULAR
1. Download de sequéncias completas de 1. Analise por docking molecular das afinidades de
aminoacidos do ZIKV disponiveis no GenBank (NCBI) ligagao entre as proteinas virais de entrada em

células (prM e E) e o ligante viral de entrada (PS) com
seus respectivos receptores celulares: CLRs e

I
Fiimgem: (lualidade:s:hospedelio) receptores de PS (familias TAM e TIM)

2. Separacao por proteina baseada em genoma de
referéncia Q32ZE1, disponivel em
https://www.uniprot.org

2. Identificacdo das rotas de entrada preferiveis pelo
ZIKV e relacao com os diferentes tipos celulares que
o ZIKV infecta

3. Alinhamento (MEGA) l

]
Filtrage;n (Gaps) 3. Andlise por dinamica molecular da estabilidade das

ligacoes entre o ligante viral PS e os receptores
celulares das familias TAM e TIM

4. Catalogacao das variantes usando pacotes do R

(seqirn e adegenet)
'
Frequéncias alélicas e testes estatisticos (R) l
M 4. |ldentificacdo das ligacdes mais provaveis de serem
5. Download das estruturas (Protein Data Bank), utilizadas pelo ZIKV e relacao com os diferentes tipos
geracao dos perfis de sensibilidade e inferéncia do celulares que o ZIKV infecta

impacto nas proteinas (MAESTROweb)

|
Geracao de heatmaps usando o R (pheatmap e
RColorBrewer)

v

6. Comparacao e analise dos dados, considerando
threshold = AAG <-1.00 Kcal/mol ou > +1.00 Kcal/mol

Figura 6. Etapas das andlises in silico mutacionais e de interagao molecular.



45

No contexto dos ensaios in vitro, trata-se de um estudo experimental laboratorial, de
abordagem qualitativa e quantitativa, que se deu pelo cultivo e conseguinte infec¢ao
de células neuronais gliais da linhagem U87-MG pela cepa contemporanea
pernambucana do virus Zika PE243 (GenBank ID: KX197192.1). Foi quantificada a
carga viral apds 1 hora de infeccdo, em MOI (Multiplicity of infection) =1 e 4,5, através
de RT-gPCR (reagdo da transcripase reversa, seguida de PCR quantitativa).
Diferentes concentragdes (25 e 75uM) do inibidor de furina (Furin Inhibitor | —
Calbiochem Merk Millipore®) foram empregadas, com o objetivo de subdividir o nivel

de maturidade das particulas virais.

3.2 DESCRICAO DO LOCAL DE ESTUDO

O Laboratério de Imunopatologia Keizo Asami (LIKA) é formado por laboratérios
de pesquisa e inovagao que proveram a infraestrutura necessaria para o
desenvolvimento do projeto, apresentando equipamentos laboratoriais modernos que
viabilizaram a execugao da proposta. O LIKA também dispde de um laboratdério de
cultura celular completo, o que permitiu a realizacao dos experimentos in vitro do
projeto.

As analises in silico foram realizadas no Laboratério de Patologia Molecular, do
Departamento de Patologia da Universidade Federal de Pernambuco, onde foram
realizadas as simulagdes de docking e dinamica molecular, bem como as analises

estatisticas do projeto.

3.3 DOCKING E DINAMICA MOLECULAR

As simulagcbes de docking foram realizadas utilizando servidores SwissDock
(GROSDIDIER; ZOETE; MICHIELIN, 2011) e ClusPro (COMEAU et al., 2004). O
servidor SwissDock foi usado para determinar a energia livre de Gibbs (AG) dos
complexos proteina-ligante, enquanto o servidor ClusPro foi utilizado para medir a
forca de van der Waals e interagdes eletrostaticas (VAW + Elec) dos complexos
proteina-proteina.

Os resultados das analises de docking foram submetidos a simulagbes de
dindmica molecular utilizando o pacote GROMACS (GROningen MAchine for
Chemical Simulations) (ABRAHAM et al., 2015). Foi utilizado campo de forca
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GROMOS 96 53a6 (OOSTENBRINK et al., 2004). O sistema foi sovatado em agua e
ionicamente equilibrado, e a energia do sistema, minimizada. Temperatura e pressao
foram ajustadas em 1BAR e 36°C. Foram observados padrées de desvio médio
quadratico (RMSD) em funcéo do tempo de simulagédo de cada sistema, bem como a
area superficial acessivel ao solvente (SASA). Também foram analisados critérios de
flutuagdo quadratica média da raiz (RMSF) e de raio de giro dos aminoacidos da
cadeia polipeptidica. O tempo de simulagao estabelecido foi de 200ns.

A trajetéria do RMSD é usada para prever a estabilidade da proteina. Maior valor
de RMSD implica baixa estabilidade da estrutura da proteina. A analise SASA avalia
a area de superficie da proteina que € acessivel ao solvente. Em geral, a medi¢cao do
SASA é usada para avaliar a estabilidade da proteina. SASA inferior indica maior
estabilidade termodindmica da proteina e maiores valores de SASA sugerem
expansao relativa. A analise RMSF pode ser usada como uma ferramenta para
descrever as diferengas locais de flexibilidade entre os residuos ao longo da
simulagao MD. Valores mais altos de RMSF mostram movimentos mais flexiveis,
enquanto valores baixos de RMSF mostram movimentos limitados durante a
simulagao em relagao a sua posigdo média. A analise do raio de giro indica o nivel de
compactagdao de cada molécula e as dimensdes gerais da estrutura (KREBS;
MESQUITA, 2016; KUMAR et al., 2014; LEE et al., 2014).

3.3.1 Preparacao de ligantes e receptores

As estruturas 3D das moléculas DC-SIGN, L-SIGN, MMR, CLEC5A, TIM1, TIM
3, TIM4, GAS6 e PROS foram baixadas do Protein Data Bank (BERMAN et al., 2000)
(Cddigos ID, respectivamente: 2IT5, 1XAR, 1EGG, 2YHF, 5F70, 5F71, 5D2N, 2C5D
e 1Z6C) para servirem como receptores. Dois ions de calcio foram adicionados as
moléculas DC-SIGN, L-SIGN e MMR (célcio-dependentes), usando o MIB server (LIN
et al., 2016). As moléculas de agua e outras subunidades ndo relacionadas no
complexo foram removidas. A molécula de fosfatidilserina foi baixada do servidor ZINC
(IRWIN et al., 2012) (Cddigo Id: 12484909) e a molécula N-acetilglicosamina (NAG,
N-glicano utilizado na glicosilagao) foi baixada do Protein Data Bank (Cédigo Id: 51Z7),
e ambos foram tomados como ligantes. A proteina E glicosilada com NAG utilizada

como ligante na analise de docking dos complexos proteina-proteina foi baixada no
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mesmo banco de dados (Cadigo Id: 51Z7). As moléculas foram refinadas através do

Zhang Lab server e validadas pelo RAMPAGE — Ramachandram Plot Assessment.

3.3.2 Modelagem molecular da proteina prM

A proteina prM foi modelada usando o servidor I-TASSER (YANG et al., 2014),
glicosilada com uma molécula de NAG, usando o GLYCAM Web-Server e, depois,

usada como ligante.

3.4 CULTIVO, INFECCAO E PROCESSAMENTO DE CELULAS
3.4.1 Expansao celular da linhagem U87-MG

Células U87-MG (linhagem celular de glioblastoma humano) foram
generosamente fornecidas pelo Prof. Del Sal G. (Universidade de Trieste, Italia) e
cultivadas em meio minimo essencial Eagle (MEM, Sigma-Aldrich®). O meio foi
suplementado com L-glutamina (200 mM) (10%) (Sigma-Aldrich®) e solugdo de
Penicilina-Streptomicina (10.000 unidades de penicilina e 10 mg de streptomicina/mL)
(10%) (Sigma-Aldrich®). Posteriormente, foi adicionado soro fetal bovino (SFB) (10%)
(Gibco®) a esta solugao.

As células foram expandidas em garrafas de 75cm? (pré-tratadas para aderéncia
celular e com filtro) (Greiner®) até a obtengdo do numero de células suficiente para
realizagao do experimento. Para contagem e estabelecimento da viabilidade, as
células foram coradas com azul de tripan (0,4%) (Gibco®) na seguinte propor¢ao:
10uL de solugéo de suspensao celular + 90 uL de azul de tripan e, entdo, contadas

em camara de Neubauer. O resultado foi multiplicado pelo fator de diluicdo de 10°.

3.4.2 Expansao da cepa viral pernambucana ZIKV PE243

Células VERO (linhagem celular renal de macaco verde africano) foram
generosamente fornecidas pelo Prof. Del Sal G. (Universidade de Trieste, Italia) e
cultivadas em meio Dulbecco MEM (DMEM, Sigma-Aldrich®). O meio foi
suplementado com L-glutamina (200 mM) (10%) (Sigma-Aldrich®) e solugdo de
Penicilina-Streptomicina (10.000 unidades de penicilina e 10 mg de streptomicina/mL)
(10%) (Sigma-Aldrich®). Posteriormente, foi adicionado SFB (10%) (Gibco®) a esta
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solugédo. As células foram expandidas em garrafas de 75cm? (pré-tratadas para

aderéncia celular e com filtro) (Greiner®) para posterior infecgdo e expansao viral.
Uma aliquota da cepa pernambucana ZIKV PE243 foi gentilmente fornecida pelo

Professor Lindomar José Pena, do Centro de Pesquisas Aggeu Magalhaes (Fundagao

Oswaldo Cruz, Pernambuco).

Para expansédo viral, uma garrafa de 75cm? (numa confluéncia de 90%) de
células VERO, previamente lavada com PBS (tampéao salina-fosfato) (150 mM fosfato
de sodio; 150 mM NaCl; pH 7,210,1) (Sigma-Aldrich®), foi infectada com 50uL da
solugéo stock de virus e incubada com 5mL de meio (2% de SFB) por 1 hora a 37°C
e 5% de CO2, sendo homogeneizada a cada 15 minutos para melhor adsorgéao viral
(AGBULOS et al., 2016). Em seguida, foram adicionados 10mL de meio (2% de SFB),
totalizando 15mL na garrafa. As células, entdo, foram incubadas por 72 horas a 37°C
e 5% de COz,

Apds 72 horas, 5SmL do sobrenadante foi retirado, repassado para uma nova
garrafa de VERO (previamente lavada com PBS, numa confluéncia de 90%) e
incubado por 1 hora a 37°C e 5% de CO2, sendo a garrafa homogeneizada a cada 15
minutos para melhor adsor¢ao viral. Em seguida, foram adicionados 10mL de meio
(2% de SFB), totalizando 15mL na garrafa. As células, entdo, foram incubadas por 72
horas a 37°C e 5% de COa.

Apds 72 horas, os 15mL do sobrenadante foram repassados para 3 novas
garrafas de VERO (previamente lavadas com PBS, numa confluéncia de 90%) (5mL
por garrafa) por 1 hora a 37°C e 5% de CO., sendo as garrafas homogeneizadas a
cada 15 minutos para melhor adsorgéo viral. Em seguida, foram adicionados 10mL de
meio (2% de SFB) em cada garrafa, totalizando 15mL por garrafa. As células, entao,
foram incubadas por 72 horas a 37°C e 5% de CO2. Apds 72 horas, os 45mL do
sobrenadante das 3 garrafas foram aliquotados e guardados a -80°C. Uma aliquota
foi utilizada para titulagcéo viral (COELHO et al., 2017).

3.4.3 Titulagao viral por Tissue Culture Infective Dose 50% (TCID50)

Células VERO foram diluidas em meio DMEM (10% de SFB) até atingirem uma

concentragéo final de 108 células/mL. Em seguida, foram cultivadas em uma placa de
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96 pogos (de fundo chato) (Greiner®), tendo sido distribuido um total de 100uL (numa
concentragédo de 10° células/mL) de suspensao celular por pogo. Posteriormente, a
placa de titulagdo foi incubada a 37°C e 5% de CO: por 48 horas para atingir uma
confluéncia de 90% (AGBULOQOS et al., 2016).

Apds 48 horas, a placa foi vertida para retirada do meio. Em um microtubo, 150uL
de aliquota viral foram diluidos em 350uL de meio DMEM (2% SFB) e diluigdes em
série (de 10" a 10'?) foram realizadas (7 repetigdes + 1 controle). Em seguida, 50uL
de cada diluicao foram distribuidos por poco/coluna. A placa foi incubada por 1 hora
a 37°C e 5% de CO., sendo homogeneizada a cada 15 minutos para melhor adsor¢ao
viral. Em seguida, foram adicionados 100uL de meio (2% de SFB) em cada poco,
totalizando 150uL por pogo. As células, entdo, foram incubadas por 120 horas a 37°C
e 5% de CO., observadas para efeito citopatico e tituladas, segundo REED &
MUENCH, 1938.

3.4.4 Ensaio in vitro da maturagao da particula viral e infectividade

Células da linhagem glial U87-MG foram cultivadas em 2 placas de 6 pogos (pré-
tratadas para aderéncia celular) (Sigma-Aldrich®) e em meio MEM (10% SFB) (2mL
por pogo), num total de 2 x 10° células por pogo. Apds 24 horas, o meio foi removido
e as células foram lavadas uma vez com PBS. Duas placas foram incubadas com 2mL
de solugéo de meio MEM (2% SFB) + inibidor de furina (Furin Inhibitor | — Calbiochem
Merk Millipore®), em diferentes concentragdes (25 e 75uM), por 30 minutos (sendo
homogeneizadas a cada 10 minutos). Os controles foram incubados em 2mL de meio
MEM (2% SFB), sob as mesmas condi¢gbes. Em seguida, o meio (com e sem inibidor)
foi retirado das placas e as 2 placas foram infectadas em MOI=1 e MOI=4,5,
assegurando um indice de infectividade celular de 63,2% e 99%, respectivamente.

As solucdes de MOI foram preparadas a partir de sobrenadante contendo virus
numa titulagdo de TCID50 = 1,48 x 107. As solugdes contendo virus em diferentes
concentragdes foram distribuidas nas placas, totalizando 300uL de solugéo por pogo.
Em seguida, as duas placas foram levadas a incubadora por 1 hora a 37°C e 5% de
CO2, sendo homogeneizadas a cada 15 minutos para melhor adsorgdo viral
(AGBULOS et al., 2016). Em seguida, um total de 1,7mL de meio (2% SFB) foi
adicionado por poco. Os sobrenadantes e as células foram coletados 1 hora apds a

infecgao.
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Os RNAs virais foram extraidos dos sobrenadantes, oriundos de cada cultivo,
usando o kit QlAamp Viral RNA Mini Spin (Qiagen®), segundo instrucées do
fabricante. Os RNAs virais presentes no interior das células foram extraidos utilizando
o kit TRIzol Reagent (Invitrogen®), segundo instru¢des do fabricante. O RNA do ZIKV
foi detectado por RT-gPCR em uma unica etapa como descrito por LANCIOTTI et al.,
2008. A amplificagao foi realizada na plataforma do ABI 7500 Real-Time PCR (Applied
Biosystems®) utilizando o kit SuperScript® IlI One-Step RT-PCR System with
Platinum® Taq DNA Polymerase (Invitrogen®).

O ensaio in vitro foi realizado em duplicata e seguiu 0 esquema da Figura 7 abaixo:

Infec¢ao com ZIKV (MOI=1) Infec¢ao com ZIKV (MOI=4,5)
v v
Duplicata el & & el & &
c 25uM  75uM c 25uM  75uM

Extracao RNA do sobrenadante e do lisado celular, cDNA e quantificacao

$ € $ ¢ s C $ € $ € $ C
s ¢ s ¢ s ¢ s € s ¢ s €
1h 1h

Quantificagao da carga viral por RTq-PCR

Duplicata
$§ € 8§ ¢ s € 8§ ¢ 8 € (8§ € 8 ¢ 8 (& 8§ € s ¢ $§ € s ¢
s ¢ 8 |e s le| 8 e § € s ¢ s € s ¢ s € 8§ ¢ § € s ¢
1h 1h

Figura 7. Etapas dos ensaios in vitro de culturo celular, infecg¢ao viral, incubagao na presenca
de inibidor de furina e quantificagado de carga viral.
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3.5 ANALISE ESTATISTICA

A comparagdo quantitativa relativa ao crescimento viral nos tratamentos
descritos na figura 7, foi realizado pelo “fold change” entre o grupo controle
(referéncia) e tratado com o inibidor da furina pela formula:

fOld change — 2—(CT controle— CT Tradado),

onde o CT é o ciclo threshold médio obtido da amplificacédo da RT-qPCR.
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ABSTRACT

Zika virus (ZIKV) has spread globally and has been linked to the onset of microcephaly
and other brain abnormalities. The ZIKV genome consists of an ~10.7 kb positive-
stranded RNA molecule that encodes three structural (C, prM and E) and seven
nonstructural (5-NS1-NS2A-NS2B-NS3— NS4A/2K-NS4B—-NS5-3') proteins. In this
work, we looked for genetic variants in 485 ZIKV complete genomes from GenBank
(NCBI) and performed a computational systematic approach using MAESTROweb
server to assess the impact of nonsynonymous mutations in ZIKV proteins (C, M, E,
NS1, NS2A, NS2B-NS3 protease, NS3 helicase and NS5). Then, we merged the data
and correlated it with the phenotypic reports of ZIKV circulating strains. The sensitivity
profile of the proteins showed 96 mutational hotspots. We found 22 relevant mutations
in proteins C (180T), NS2A (I134M/T/V, 145V, 180T/V, L113F, A117V, 1118V, L128P,
V143A, T151A, M1991/V, R207K and L208l) and NS3 helicase (D436G, Y498H,
R525K, Q528R and R583K) of the circulating strains. Our analysis exploited the impact
of nonsynonymous mutations on ZIKV proteins, their structural and functional insights.
The results presented here could advance our current understanding on ZIKV proteins

functions and pathogenesis.

Key-words: Zika virus; Mutation; Nonsynonymous; Protein C; NS2A; NS3 helicase
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1. INTRODUCTION

Zika virus (ZIKV) is an enveloped single-stranded RNA (ssRNA) arbovirus of
the Flavivirus genus transmitted by Aedes mosquitoes (Musso, 2015), which was first
isolated in Uganda in 1947 from a sentinel monkey (Dick et al., 1952). Nevertheless,
little attention was paid to this virus until outbreaks were reported in Yap Island,
Federated States of Micronesia, in 2007 (Duffy et al., 2009), and French Polynesia in
2013 (Cao-Lormeau et al., 2014), where it was associated with the development of
Guillain-Barré Syndrome. In 2015, during the outbreak in Brazil, ZIKV was first linked
to neonatal microcephaly (Schuler-faccini et al., 2016) and since then the virus has
spread rapidly throughout many countries around the world (Kindhauser et al., 2016).

Phylogenetic analyses diverge about how many ZIKV lineages exist. An
analysis of viral protein NS5 nucleotide sequences suggested the existence of three
major lineages: West and East African and Asian lineages (Shen et al., 2016), however
no genome of the West African lineage was completely sequenced or made available
to date (Gong et al., 2017). Using different approaches, more authors (Faria et al.,
2016; Haddow et al., 2012; Wang et al., 2016) have classified ZIKV into two major
lineages: African and Asian. Asian lineage has been implicated as responsible for the
recent epidemics in Americas (Enfissi et al., 2016; Ramaiah et al., 2017) and has been
so far the only lineage associated with fetal microcephaly and other neurological
abnormalities (McGrath et al., 2017).

ZIKV genome has ~10.7 kb, encoding 3,423 amino acids, with two flanking 5’
and 3' noncoding regions and a single long structure encoding a polyprotein (5’UTR-
C-prM-E-NS1-NS2A-NS2B-NS3-NS4A/2K-NS4B-NS5-3'UTR), which is cleaved
during viral replication into three structural proteins [capsid (C), pre-membrane (prM)
or membrane (M), and envelope (E)] involved in viral entry and particle assembly, and
seven nonstructural (NS) proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B and NS5)
responsible for viral replication, assembly and evasion from innate immune system
(Goertz et al., 2017; Hou et al., 2017).

Many ZIKV sequences have been made available openly for the scientific
community, including complete genomes from strains isolated around the world. Some
variants are known to affect viral infectivity as NS1’s variant A188V (Delatorre et al.,
2017; Xia et al., 2018), or involved with the host prognosis as the S17N mutation
(Nambala and Su, 2018; Yuan et al., 2017) in prM protein of immature ZIKV particles.

Many studies have been carried out with ZIKV genomes allowing the phylogeography
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of the virus to be traced, but lack information regarding the impact of these mutations
on viral proteins and their phenotypic importance.

Here, we analyzed ZIKV complete amino acid sequences from GenBank
searching for nonsynonymous mutations and performed a systematic approach to
assess the impact of these mutations on proteins C, M, E, NS1, NS2A, NS2B-NS3
protease, NS3 helicase and NS5 of ZIKV, using MAESTROweb server. MAESTRO is
a multi-agent prediction system that predicts changes in stability upon point mutations
in proteins based on statistical scoring functions and different machine learning
approaches (Laimer et al., 2015).

Afterwards, we crossed these results aiming to identify critical mutations in the

circulating ZIKV strains.

2. MATERIAL AND METHODS

We downloaded 1,141 polyprotein sequences of ZIKV from NCBI GenBank
(Clark et al., 2016) from different countries and continents. After pruning for host
(Human), incompleteness and low-quality, we kept 485 amino acid sequences.

Subsequently, we split the full polyproteins' amino acid sequences into their
respective proteins based on the positions described in the ZIKV full reference genome
accession Q32ZE1, found in https://www.uniprot.org. Then, we used MEGA (Molecular
Evolutionary Genetics Analysis) (Kumar et al., 2018) to align (MUSCLE algorithm with
default parameters) and manually inspect the sequences adding or removing gaps as
necessary. From the aligned sequences, we proceeded with three analysis described
below.

Firstly, we catalogued all the variants by using ‘seqinr’ (version 3.4.5) (Charif et
al., 2015) and ‘adegenet’ (version 2.1.1) (Jombart, 2008) packages of R (version
3.5.1), estimating their allele frequencies and other statistical tests.

Afterwards, we used MAESTROweb (Laimer et al., 2015) server to calculate
the sensitivity profile of proteins C, M, E, NS1, NS2A, NS2B-NS3 protease, NS3
helicase and NS5 of ZIKV, searching for mutational hotspots and inferring their impact
on the protein function. To achieve this, we downloaded structures from Protein Data
Bank (PDB) (Berman et al., 2000) of each protein of ZIKV, with the exception of the
precursor portion “pr” of protein prM, NS4A and NS4B, which were not available in the
database. The structures were selected based on their resolutions and the most

complete protein linear structure. The following protein structures were used: C (PDB
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ID: 5YGH), M (PDB ID: 51Z7), E (PDB ID: 51Z7), NS1 (PDB ID: 5K6K), NS2A (PDB ID:
5GJ4), NS2B-NS3 (PDB ID: 5GJ4), NS3 (PDB ID: 5JMT) and NS5 (PDB ID: 5TFR).
More details on the collection and selection of sequences are available in Table 1.
Lastly, the sensitivity profiles of the proteins were analyzed through heatmaps
generated using R packages ‘pheatmap’ (version 1.0.10) (Kolde, 2018) and
‘RColorBrewer’ (version 1.1.2) (Neuwirth, 2014). We considered relevant stability
changes on the protein when the difference of free energy (AAG) was lower than -1.00
Kcal/mol or higher than +1.00 Kcal/mol as described in Capriotti et al., 2005 [26]. Once
we knew the variants from the amino acid sequences and the mutational hotspots in
the heatmaps from the sensitivity profiles, we were able to compare the data and see

which critical nonsynonymous mutations in fact existed in the circulating ZIKV strains.

3. RESULTS

Concerning the circulating strains origin, we found two sequences from Nigeria,
in the African continent, out of the 485 analyzed. Strains isolated from the Asian
continent are distributed as follows: Singapore (105), China (27), Thailand (14), Japan
(4), Cambodia (3), South Korea (3), Taiwan (2) Indonesia (1), Philippines (1) and
Russia (5). In Europe, we found 6 sequences from Italy. In the North America continent:
Dominican Republic (23), USA (35), Honduras (22), Nicaragua (18), Haiti (7), Mexico
(30), Panama (4), Puerto Rico (7), Jamaica (4), Cuba (3), Guatemala (3) and
Martinique (2). In South America, where the outbreaks presented more severe clinical
consequences, strains were isolated in Colombia (50), Brazil (74), Ecuador (3),
Suriname (3), Venezuela (3), Peru (2) and French Guiana (1). In Oceania: French
Polynesia (13), Micronesia (1) and Australia (1). Three sequences did not have
information on its origin (in Supplementary Table 1).

Regarding the samples’ source, we found 122 samples extracted from blood,
54 from urine, 9 from saliva, 7 from brain, 7 from kidney, 4 from sperm, 2 from
mammalian milk, 2 from placenta, 1 from amniotic fluid and 1 from cerebrospinal fluid.
Other 276 sequences did not specified the source of the samples (in Supplementary
Table 2).

We found 403 mutant /oci throughout the 485 amino acid sequences analyzed
distributed as follows: 4 in protein C, 35 in protein prM, 60 in protein E, 48 in protein
NS1, 50 in protein NS2A, 18 in NS2B protein, 65 in protein NS3, 16 in protein NS4A,
28 in protein NS2B, 1 in portion 2K and 78 in protein NS5.
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In the structural analysis, considering AAG values lower than -1.00 or higher
than +1.00, we found 96 important mutational hotspots in the heatmaps from the
sensitivity profiles of proteins C, M, NS2A, NS2B-NS3 protease and NS3 helicase.
Proteins E, NS1 and NS5 did not show any significant hotspots (in Supplementary
Figure 1). Therefore, subsequent analyzes were performed in 18 loci comprising 22
variants that matched the position in the hotspots (according to the great impact on the
protein stability) and in the mutant circulating strains. We highlighted these mutations
in Table 2.

Besides actively participating in the process of viral particles assembly, the
structural protein C contains four a-helices (a1, a2, a3 and o4) and interacts with host
proteins, modulating cellular metabolism, apoptosis and immune response (Shang et
al., 2018). Protein C presented a single variation in a mutational hotspot located at
position 80, changing from an interleukin residue to a threonine (I80T; AAG = +2.8329).

NS2A is a hydrophobic protein essential for RNA synthesis and pathogenesis
(Yoon et al., 2017). A topology analysis of DENV NS2A showed that NS2A has eight
predicted transmembrane segments (pTMS1, 2, 3, 4, 5, 6, 7 and 8) (Xie et al., 2013).
The C-terminal half (pTMS4-8) is thought to participate in the processes of RNA
replication, particle assembly and secretion (Wu et al., 2015). Twelve loci showed
amino acid substitutions that exceeded the AAG thresholds in protein NS2A. We
highlight three sites that showed multiple mutations with significant impact on the
protein: 1I34M/T/V (AAG = +1.9966, +2.6724 and +2.2171, respectively); I80T/V (AAG
= +1.1619 and +2.1727, respectively); and M199I/V (AAG = +2.4280 and +2.3014,
respectively).

In Flavivirus, cytoplasmic cleavages including those at junctions between
NS2A/NS2B, NS2B/NS3, NS3/NS4A and NS4B/NS5 are mediated by the viral two-
component serine protease NS2B-NS3, which is formed by the N-terminal part of NS3
and the cofactor region of NS2B (Li et al., 2018). The C-terminal region of the protein
NS3 is a RNA helicase with three domains: domain | (residues 182-327), domain |l
(residues 328-480) and domain Il (residues 481-617) (Tian et al., 2016). Given the
essential role of the helicase activity in genome replication, NS3 helicase has been an
attractive target for antiviral drug development (Luo et al.,, 2015; Ramharack and
Soliman, 2016; Yuan et al., 2016). There are two important active-binding regions in
domains | and lll, respectively: the ATP-binding site and the RNA-binding groove.

They form profound hydrophobic cavities in the electrostatic surface area, allowing
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ATP and ssRNA to bind. Inhibition of either one of these sites leads to viral insufficient
maturation and replication (Ramharack et al., 2017). Five substitutions were predicted
to cause significant changes in NS3 helicase: D436G (AAG = +1.2411) on domain ll;
and Y498H (AAG = +1.1694), R525K (AAG = +1.9792), Q528R (AAG = +1.5107) and
R583K (AAG = +1.5084) on domain Ill, which may lead to improper RNA-binding and
suppress viral replication.

We did not find any significant mutation in protein M or NS2B-NS3 protease.

4. DISCUSSION

Despite the recent global spread and the appearance of severe symptoms
associated with the infection, vaccines or drugs against ZIKV have not been approved
to date; moreover there is still no explanation regarding why, considering the same
lineage (Asian) origin, in a short period of time, the clinical consequences of the
infection were different between the outbreaks of Yap Island (2007), Brazil (2015) and
Colombia (2015), these last two being neighboring countries with similar
socioeconomic and climatic conditions. To uncover these questions, studies that relate
the impact of genetic variations and their phenotypic consequences in ZIKV
pathogenesis are necessary.

It is believed that Brazil and Colombia ZIKV strains were originated from French
Polynesia (Asian lineage) (Musso, 2015; Wang et al., 2016), although the pattern of
clinical outcomes resulting from ZIKV infection reported in these two outbreaks were
notably different: considerably more cases of microcephaly and/or central nervous
system malformations in neonates were reported in Brazil while Guillain-Barré
Syndrome were proportionally more reported in Colombia (Méndez et al., 2017; World
Health Organization, 2017, 2016). The Yap Island outbreak is also found to be caused
by the Asian lineage (Pettersson et al., 2018), however no neurological symptoms
were reported there (Duffy et al., 2009; Mier-Y-Teran-Romero et al., 2018).

We found four polymorphic loci between the populations from French Polynesia,
Brazil and Colombia: position 80 in protein C and positions 113, 143 and 199 in NS2A.
Comparing the distribution of the allele frequencies of the relevant mutations among
sequences isolated from these countries, we observed that the presence of the T allele
at the position 80 in protein C is significantly more frequent in Colombia than in Brazil

or French Polynesia (p-value=0.0177). Curiously, this allele is only present in American
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strains and thus may have a role in ZIKV adaptation process. The comparisons for
other loci did not reached a significant level.

Two analyzed African strains (both isolated from Nigeria) showed a six amino
acid deletion from position 155 to 160 (GenBank IDs: AEN75265 and AMR68906) in
protein E. These results reinforce those found by Fontes-Garfias et al., 2017, which
detected a similar deletion in other African strains. All the analyzed contemporary
strains (Asian lineage) lacked this deletion. Thus, this deletion might represent a
criterion of differentiation between ZIKV lineages. Curiously, substitutions V451, T143A
and L208I (in NS2A) and R583K (in NS3 helicase) were also found only in these two
analyzed Nigerian sequences. A recent comparative in vitro study conducted with
Asian and African lineages revealed that Nigerian strain (GenBank ID: KU963574.2)
caused severe placental cell lysis, whereas viral replication rates remained similar
between both lineages (Sheridan et al., 2018). The authors suggested that infection
with African lineage in early pregnancy may result in pregnancy loss rather than
malformations of the nervous system. It is important to note that these findings may
generate a new argument about underreported cases of abortion in African countries
where ZIKV circulates.

We searched the literature for phenotypical (clinical and in vitro) data of the
circulating strains carrying the mutations with predicted great impact on the proteins
stability. We found mutations L113F and 1118V at the C-terminal half of NS2A in
sequences (GenBank IDs: AMD16557 and AVV62004, respectively) extracted from
samples of women whose fetuses developed microcephaly (Calvet et al., 2016;
Wongsurawat et al., 2018); in addition, mutations R207K and L208I| (GenBank IDs:
AMK49492 and APH11522, respectively) were related to common symptoms of ZIKV
infection, such as fever, rash and headache (Ho et al., 2017; Perkasa et al., 2016).
The results above-mentioned suggest that these mutations are compatible with viral
replication and infectivity despite their predicted impact on the protein stability. We
were not able to find any documented phenotypical report on the other variants.

Among the analyzed sequences, we found that valine was more frequent (473
sequences) than alanine (seven sequences) at position 188 of the NS1 protein.
Another important locus is the position 17 in prM (position 139 considering ZIKV
polyprotein), where we found 345 sequences with asparagine, 132 with serine and
also one with lysine (GenBank ID: APQ41785). It is possible that the high frequencies

of the variants in our data are due to the fact that the genomes were isolated after
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these mutations had been spread with the recent South America outbreaks. Although

these variants are well known, they did not fell into any potential mutational hotspots.

5. CONCLUSIONS

One of the contributions of our work is the identification of mutations with
relevant impact on stability of proteins C, M, NS2A, NS2B-NS3 protease and NS3
helicase of ZIKV. We also identified that some of these mutations are present in ZIKV
circulating strains despite their predicted impact on the protein stability, meaning that
these variants are compatible with viral replication and infectivity, as discussed
previously. For a better understanding of the genotypic and phenotypic correlations
involved in these complex processes, we emphasize the importance to make available
clinical data together with the genomic sequence. Further in vitro and in vivo analysis
of the impact of these mutations on ZIKV immunopathogenesis are needed to help

clarify the questions outlined in this article.
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Table 1. PDB structures used to analyze the impact of nonsynonymous mutations on ZIKV proteins using MAESTROweb
server. We used a ZIKV sequence from Uniprot (Consortium, 2017) as a reference genome.

Residues within

Equivalent
PDB Resolution polyprotein of ZIKV Residues present in
Viral protein residues on Reference
entry (A) reference genome analyzed PDBs
heatmaps
(Q32ZE1)
C 5YGH 1.884 1-104 26-98 26-98 (Shang et al., 2018)
M 5127 3.7 216-290 216-290 1-75 (Kostyuchenko et al., 2016)
E 5127 3.7 291-790 291-794 1-504 (Kostyuchenko et al., 2016)
NS1 5K6K 1.89 791-1142 785-1142 1-350 (Brown et al., 2016)
NS2A 5GJ4 1.839 1143-1368 1143-1368 1-226 (Phoo et al., 2016)
NS2B/NS3 5GJ4 1.839 1369-1498/1499-1666 1417-1469/1517-1669 1-53/19-171 (Phoo et al., 2016)
NS3 helicase 5JMT 1.796 1667-2115 1673-2115 175-617 (Tian et al., 2016)
NS5 5TFR 3.05 2517-3419 2522-3403 6-887 (Upadhyay et al., 2017)




Table 2. Variants found in sequences of circulating ZIKV strains available in GenBank that were predicted to have a major 66
impact on ZIKV proteins.

Mutational position Most

Protein within protein frequent Variation £ Mlnor_allele AAG Location _at the
(heatmap) amino acid requencies (MAF) protein
C
80 I T 0.0330 +2.8329 a-4
NS2A
34 I M/T/V 0.0062/0.0041/0.0020 +1.9966/+2.6724/+2.2171 pTMS2
45 I v 0.0041 +2.3067 pTMS2
80 I TV 0.0063/0.0105 +2.1727/+1.1619 pTMS3
113 L F 0.0020 +1.2304 pTMS4
117 A v 0.0020 +2.2284 pTMS4
118 I v 0.0041 +1.0873 pTMS4
128 L P 0.0062 +1.1699 pTMS5
139 I v 0.0166 +2.2149 pTMS5
151 T A 0.0041 +2.2385 pTMS6
199 M /v 0.0021/0.0021 +2.4280/+2.3014 pTMS8
207 R K 0.0021 +2.1371 pTMS8
208 L I 0.0042 +1.2326 pTMS8
NS3 helicase

436 D G 0.0020 +1.2411 Domain Il
498 Y H 0.0020 +1.1694 Domain llI
525 R K 0.0020 +1.9792 Domain Ill
528 Q R 0.0020 +1.5107 Domain llI
583 R K 0.0042 +1.5084 Domain llI




Color should be used for any fiqures in print.

SUPPLEMENTARY MATERIAL CAPTIONS

Supplementary Figure 1. Heatmaps from analyzed ZIKV proteins: C (A), M (B), E (C), NS1 (D), NS2A (E), NS2B-NS3 protease (F), NS3 helicase (G) and
NS5 (H). We identified 96 hotspots in proteins C (10), M (11), NS2A (16), NS2B-NS3 protease (34) and NS3 helicase (25), which are highlighted below.

Supplementary Table 1. Distribution of the analyzed sequences by continent and country.

Supplementary Table 2. Source of the samples used to extract the viral RNA.

Supplementary Table 3. Analyzed sequences (485) and their respective GenBank IDs, samples’ sources, countries of origin and

alleles.
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4.2 DOCKING E DINAMICA MOLECULAR

Estudos de docking molecular foram realizados para estimar a afinidade da
ligacéo proteina-ligante entre: 1) os receptores TIM (TIM1, TIM3 e TIM4) e a PS; 2)
as moléculas adaptadoras dos receptores TAM (GAS6 e PROS) e a PS; e entre CLRs

e NAG. Os resultados estao expostos na Tabela 1.

Tabela 1. Energia livre de ligagao (kcal/mol) de complexos proteina-ligante
entre familias de receptores celulares (receptores de fosfatidilserina e
receptores de lectina do tipo C) e seus respectivos ligantes virais
(fosfatidilserina e NAG).

- . . AG
Familia de receptor Molécula Ligante (kcal/mol)

TIM1 -9,07

TIM3 -8,53

Receptores de TIM4 Fosfatidilserina 8,96
fosfatidilserina

GAS6 -9,72

PROS -8,31

DC-SIGN -6,74

Receptores de lectina do L-SIGN NAG -7.89

tipo C
MMR -7,23
CLEC5A -4,5

TIM1= Dominio de mucina e imunoglobulina de célula T tipo 1

TIM3= Dominio de mucina e imunoglobulina de célula T tipo 3

TIM4= Dominio de mucina e imunoglobulina de célula T tipo 4

GASG6= Proteina especifica de parada do crescimento 6

PROS= Proteina S

DC-SIGN= Proteina ndo-integrina de captura intercelular especifica de
célula dendritica

L-SIGN= Ligante de molécula de adeséo intercelular ndo-integrina
especifica de figado/linfonodo

MMR= Receptor de manose

CLEC5A= Membro A da familia do dominio da lectina tipo C 5

NAG= N-acetilglicosamina

Os resultados das analises de docking foram avaliados com base na energia
livre de Gibbs (AG) e foi observada uma pequena diferenga de valores de AG dentre
os membros da familia de receptores TIM, tendo sido TIM1 o receptor com ligagéo
mais estavel com a PS (AG= -9,07). Estes resultados coincidiram com os resultados

achados nas analises de dinamica molecular (Figura 8), com valores de RMSD



69

inferiores para TIM1 (aproximadamente 0,2nm) quando comparados a TIM3 e TIM4
(aproximadamente 0,3nm). Dentre as moléculas intermediarias dos receptores TAM,
a GASG6 apresentou menor valor de AG (AG= -9,72) do que a PROS (AG= -8,31),
sugerindo que a ligagado dessas proteinas com a PS poderia ser mais efetiva se
mediada por GAS6. Estes resultados corroboram com os encontrados nas analises
de dinamica molecular (Figura 9), com valores de RMSD levemente inferiores para
GASG6 (aproximadamente 0,5nm).

Padroes de desvio médio quadratico (RMSD) Flutuacao quadratica média da raiz (RMSF)
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Figura 8. Analise de dindmica molecular dos receptores TIM1 (em preto), TIM3 (em vermelho) e TIM4
(em verde). Os valores de RMSD (A) em razédo to tempo (200ns) evidenciaram uma alta estabilidade
de todos os sistemas, com desvios préximos de zero. TIM1 demonstrou 0 menor valor de RSMD (e,
portanto, maior estabilidade), seguido por TIM4 e TIM3. TIM1 também demonstrou menores valores de
RMSF (B), SASA (C) e raio de giro (D).
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(A) Padrées de desvio médio quadratico (RMSD) (B) Flutuagio quadratica média da raiz (RMSF)
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Figura 9. Analise de dindmica molecular das moléculas adaptadoras dos receptores TAM: GAS6 (em
preto) e PROS (em vermelho). GAS6 demonstrou menores valores de RSMD (A), de RMSF (B), SASA
(C) e raio de giro (D).

E importante evidenciar que todos os receptores da familia TIM demonstraram
mais estabilidade de ligagdo (com valores de RMSD variando entre 0,2 e 0,3nm) com
a PS do que os receptores TAM (com valores de RMSD variando entre 0,5 e 0,6nm).

De uma forma geral, os receptores de PS exibiram valores de AG mais baixos
do que os CLRs. Estes achados sugerem que as ligagdes mediadas por PS sado mais
propensas a induzir endocitose do que as mediadas por NAG, o que fortalece a
hipotese de que a liberagao de particulas virais parcialmente imaturas exibindo PS, é
favoravel a infectividade do ZIKV. Em macroéfagos, por exemplo, que possuem altos
niveis de expressao de CRLs e de receptores de fosfatidilserina, a entrada do virus
tenderia a ser mediada por receptores de fosfatidilserina. Quando comparado com

outros CLRs, L-SIGN mostrou ter a ligagao mais estavel com NAG.



71

A heterogeneidade das particulas virais submete os receptores celulares a
diferentes op¢des de ligagdo. Para relacionar o grau de maturidade da particula viral
com sua provavel via de entrada nas células, a estabilidade dos complexos proteina-
proteina de CLRs com as proteinas E e prM glicosiladas foi medida, através da analise
de forgas de van der Waals e interagbes eletrostaticas (VdW + Elec). A analise da
glicosilagédo da prM demonstrou que seu local mais provavel de glicosilagédo € no
residuo Asn70 (Figura 10B), situado na metade C-terminal ancorada na membrana
(Figura 10A), a qual é exposta na superficie viral em particulas imaturas e, portanto,
tem o potencial de interagir com receptores de entrada de células hospedeiras. Esse

achado acorda com os resultados descritos por YE et al., 2016.

(A) (B)

Figura 10. (A) Estrutura final da prM glicosilada com NAG; (B) LIGPLOT das interacdes de ligagao
entre NAG e prM. Os arcos com espinhos vermelhos representam interagdes hidrofobicas. As linhas
roxas mostram o residuo Asn70 da prM em ligagao direta com NAG.

A maioria dos CLRs (DC-SIGN, L-SIGN e CLEC5A) mostraram maior
estabilidade de ligacdo com a proteina glicosilada prM do que com a proteina
glicosilada E (Tabela 2), sugerindo que as particulas parcialmente imaturas, que
exibem quantidades consideraveis de prM nao-clivada e também PS, tém maior
capacidade de adesao as células e podem aumentar o potencial de infectividade do
ZIKV.
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Tabela 2. Estabilidade dos complexos proteina-proteina entre CRLs e
proteinas E e prM glicosiladas com uma molécula de NAG cada.

Receptor de lectina Estabilidade dos complexos proteina-
do tipo C proteina (VAW + Elec)
LIGANTES
Proteina E Proteina prM
glisosilada glicosilada
DC-SIGN -257,2 -304,5
L-SIGN -285,5 -347,4
MMR -328,4 -317,1
CLEC5A -317,3 -337,3

VdW= Forcas de van der Walls

Elec= Interacbes eletrostaticas

DC-SIGN= Proteina nao-integrina de captura intercelular especifica
de célula dendritica

L-SIGN= Ligante de molécula de adeséo intercelular ndo-integrina

especifica de figado/linfonodo
MMR= Receptor de manose
CLEC5A= Membro A da familia do dominio da lectina tipo C 5

Dentre os CLRs, L-SIGN mostrou possuir o maior numero de ligagbes de
hidrogénio com a prM (Figura 11), o que estda de acordo com as medidas de
estabilidade (AG) encontradas nas analises de docking antecedentes. O residuo
Arg89 da prM demonstrou ser o residuo mais envolvido nas interagdes entre prM e
CLRs, formando liga¢des de hidrogénio com DC-SIGN, L-SIGN e MMR.
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Figura 11. LIGPLOT da comparagao de interagbes da glicoproteina prM com DC-SIGN (A), L-SIGN
(B), MMR (C) e CLEC5A (D). Os arcos espinhosos representam interagdes hidrofébicas entre a prM
(em rosa) e CLRs (em vermelho). As linhas pontilhadas verdes indicam ligagées de hidrogénio. Os
residuos Glu353, Asn350, Asp320, Leu321, Lys340 da DC-SIGN interagem com os residuos Lys85,
Arg89, Asp64 da prM por ligagdes de hidrogénio. Os residuos Arg321, Arg324, Ser322, Tyr386, Arg380,
Glu336, GIn335, Asn334, Asn365, Asp367, His290, Asp384, GIn286 da L-SIGN interagem com os
residuos Asp64, Tyr51, Gly86, Arg93, Ala94, Thr96, Arg90, Ser91, Arg89, Tyr78 da prM por ligagdes
de hidrogénio. Os residuos Glu752, Glu733, Asn750, Tyr718, Asn720, Asn728, His692, Lys649, Lys652
de Asn728, His692, Lys652 da MMR interagem com os residuos Arg89, Ser101, Arg103, Arg92, Asp63,
Ala19, lle36, GIn37, 11e38, Asp40 prM, lle36, GIn37, 11e38, Asp40 da prM por ligagdes de hidrogénio.
Os residuos Lys168 e Glu125 da CLECS5A interagem com os residuos Glu61 e Asn70 da prM,
respectivamente, também por ligagdes de hidrogénio.

Um estudo recente mostrou que uma unica mutagao (S139N) na proteina prM
aumenta a infectividade do ZIKV em células progenitoras neurais e contribui para a
microcefalia fetal em camundongos (YUAN et al., 2017). Experimentos com WNV
mostraram que a infecciosidade de particulas virais tratadas com um potente inibidor
de furina — e que, portanto, apresentam grandes quantidades de prM nao-clivada -
nao é alterada e, desta forma, independe da clivagem da prM para entrada nas células
(MUKHERJEE et al., 2011).

DENV sao particularmente ricos em particulas parcialmente maduras, uma vez
que evoluiram um motivo de clivagem sub-6timo de furina na prM, que demonstrou
ter um efeito negativo na eficiéncia da clivagem pela furina (JUNJHON et al., 2008). A
maturagao parcial parece, portanto, importante na manuteng¢ao do virus em seu ciclo
ecoldgico natural. Considerando que a prM demonstra maior afinidade de ligagdo aos
principais receptores celulares do ZIKV do que a proteina E, a liberacado de particulas
parcialmente imaturas pode ser vantajosa para a entrada do virus em células. Além
disso, as particulas parcialmente imaturas sdo capazes de exibir PS, permitindo o seu
reconhecimento pelos receptores de fosfatidilserina, aumentando a gama das
possiveis rotas de entrada do virus. Dessa forma, o grau de maturagao da particula
viral e a quantidade de prM exposta na superficie do virus sdo determinantes no
mecanismo de entrada do ZIKV em células e parecem resguardar processos

evolutivos virais de infectividade.

4.3 ENSAIO IN VITRO DA MATURACAO DA PARTICULA VIRAL E INFECTIVIDADE

A infectividade viral foi avaliada, apds 1 hora de infec¢ao, na auséncia (controle)
e presenga (em diferentes concentragdes: 25 e 75uM) de um inibidor de maturagao

viral, em diferentes concentra¢des de MOI (1 e 4,5). Objetivando observar a
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quantidade de particulas virais que sofreram endocitose, o RNA viral foi extraido do
sobrenadante (particulas virais ndo adsorvidas) e no lisado celular (particulas virais
adsorvidas) e submetido a RT-qPCR para comparagao entre os grupos. Esses

resultados estao expostos na Tabela 3.

Ct Fold Change

Controle 25,0641
SOBRENADANTE  25uM 25,7927 0,6035

75uM 25,9015 0,5597

Controle 282347
LISADO CELULAR  25uM 29,1885 0,5163

75uM 28,2772 0,971

Controle 21,3169
SOBRENADANTE 25uM 20,6523 1,5851
75uM 20,9681 1,2735

Controle 31,6854
LISADO CELULAR  25uM 28,7052 7,891
75uM 32,3163 0,6458

Tabela 3. Valores médios de Ct e fold change de
expressdo do ZIKV para amostras de sobrenadante e
lisado celular de células U87-MG nos grupos controle e
tratamento com inibidor de furina em diferentes
concentracgdes (25 e 75uM) e MOI (1 e 4,5).

Considerando o MOI=1, foi observado pouca diferenga entre o controle infectado
e as células pré-tratadas com inibidor de furina, tanto do isolado do sobrenadante
quanto do lisado celular. Esses achados reinforcam a hipétese que a maturacao da
particula de ZIKV nao é mandatéria para infectividade viral. Nossos resultados
acordam com os encontrados por MUKHERJEE et al., 2011, em um estudo com WNV,
no qual células pré-tratadas com inibidor de furina demonstraram produzir particulas
virais infecciosas. Contrariamente, um trabalho conduzido com DENV demonstrou
que, em células LoVo (linhagem celular humana de adenocarcinoma) sem a protease
furina, as particulas virais imaturas liberadas possuiam baixo potencial de
infectividade (ZYBERT et al., 2008). Também conduzido com DENV, um estudo mais
recente analisou a infectividade de particulas virais produzidas em células dendriticas
com auséncia e com superexpressao de furina, e demonstrou que, em células sem a
protease, particulas com baixo potencial infeccioso eram liberadas.

Consistentemente, em células com superexpressao da protease, um maior indice de
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infectividade foi observado (DECEMBRE et al., 2014). E possivel que, entre diferentes
Flavivirus, a relagao da maturagao da particula viral com a infectividade seja distinta.
E importante notar que a fusdo @ membrana da célula hospedeira depende do pH da
membrana viral e, portanto, pode variar entre diferentes cepas (SMIT et al., 2011).
Quando considerado um MOI=4,5, foi observado nos pocos tratatos com inibidor
de furina a 25uM, um aumento de sete vezes na quantidade de virus que sofreu
adsorcao. Esse resultado pressupde que, em maiores quantidades de virus por célula,
a concentragao de 25uM de inibidor de furina é ideal para que sejam liberadas
particulas virais heterogéneas (exibindo ndo somente proteina E, mas também prM e
PS), o que pode ter levado a intensificagdo da adesao viral as células U87-MG, que
expressam em grande quantidade receptores de PS. O aumento da concentragao do
inibidor de furina a 75uM parece ter suprimido a infectividade, possivelmente porque
levou a formacdo de particulas completamente imaturas e com menor potencial

infeccioso.



77

5 CONCLUSOES

Uma das contribuicdes deste trabalho foi a identificacéo in silico de mutacdes
com impacto relevante na estabilidade das proteinas C, M, NS2A, NS2B-NS3
protease e NS3 helicase do ZIKV e que, apesar do impacto previsto na estabilidade
da proteina, algumas dessas mutagdes estdo presentes em cepas circulantes do
ZIKV, o que significa que essas variantes sdo compativeis com a replicacéo e
infectividade viral. Ademais, foi observado que a proteina prM pode mediar o processo
de entrada viral e que é vantajoso para o ZIKV utilizar o mecanismo de mimetismo
apoptético (mediado por PS) para entrada em células. Nesse sentido, concluimos que
a liberagado de particulas parcialmente maduras aumenta a quantidade de células
suscetiveis ao ZIKV. Por fim, concluimos que o pré-tratamento de células gliais U87-
MG com inibidor de furina ndo inibe a infectividade do ZIKV, o que sugere que a
maturagao da particula viral ndo € mandatdria para adesao e entrada do ZIKV em
células. Mais estudos se fazem necessarios para elucidar os mecanismos de

infectividade, maturacao e patogénese deste Flavivirus.
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6 ASPECTOS ETICOS

Este projeto faz parte de um projeto majoritario intitulado “FATORES
GENETICOS E MOLECULARES ENVOLVIDOS NA PATOGENESE DA INFECCAO
POR VIRUS ZIKA” e possui aprovacdo do comité de ética em pesquisa (CEP) do
Centro de Ciéncias da Saude da Universidade Federal de Pernambuco — UFPE/CCS
(CAAE: 03110818.8.0000.5208 / Numero do Parecer: 3.135.383) (ANEXO A).
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ABSTRACT

Zika virus (ZIKV) is an enveloped, mosquito-borme Flavivirus, which infects cells through clathrin-mediated
endocytosis and fusion employing acidic endosomes. Cell entry is mostly mediated by the viral glycoprotein E,

Ithough inc lete particle enables viral protein prM and anionic lipids present in the viral
membrane to mediate this process. Inc lete p lytic results in a set of highly heterogeneous
particles. These heterogeneous and dynamic infectious particles offer a variety of possible receptor interaction
sites on their surfaces, thus contributing to the wide range of cells susceptible to ZIKV as well as to variation in

tissue tropism. This review addresses recent advances in the understanding of ZIKV entry process into cells and

put together fundamental questions about viral replication, maturation and host-cell interactions.

1. Introduction

Zika virus (ZIKV) is an arbovirus belonging to the Flaviviridae fa-
mily, genus Flavivirus, closely related to several other viruses that cause
disease globally, including Dengue (DENV), Yellow Fever (YFV), West
Nile (WNV), Japanese Encephalitis (JEV) and Tick-borne Encephalitis
Virus (TBEV) (Alam et al., 2017; Miner and Diamond, 2017; Musso
et al., 2015; Wang et al., 2017a).

ZIKV was first isolated in 1947 from the serum of a sentinel Rhesus
monkey at the Zika forest, in Uganda (Dick et al., 1952). The first
evidence of human infection was based on the presence of neutralizing
antibodies against ZIKV in 1952, and it was first linked to Zika disease
in 1964 (Simpson, 1964). Nevertheless, little attention was paid to this
virus until outbreaks were reported in Yap Island, Federated States of
Micronesia, in 2007 (Duffy et al., 2009), and in French Polynesia, 2013
(Cao-Lormeau et al., 2014), where it was associated with Guillain-Barré
Syndrome. During the outbreak in Brazil, in 2015, ZIKV was linked to
neonatal microcephaly (ECDC, 2015; Schuler-faccini et al., 2016). To
date, in Brazil, there were 16,735 suspected cases of changes in growth
and development of children related to ZIKV infection, with 3267
(19,5%) confirmed cases (Brazil Ministry of Health, 2018). These severe
clinical implications have prompted the scientific community to de-
velop emergency interventions, since the disease pathogenic

* Corresponding author.

mechanism is not yet completely understood.

ZIKV genome has ~10.7 kb, encoding 3423 amino acids, with two
flanking 5° and 3’ noncoding regions and a single long structure en-
coding a polyprotein, which is cleaved into capsid protein (C), pre-
cursor protein (prM), envelope protein (E) and 7 non-structural proteins
(NS):  50-C-prM-E-NS1-NS2A-NS2B-NS3-NS4A-NS4B-NS5-30  (Dikhit
etal., 2016; Goertz et al., 2017). Viral envelope protein E intermediates
membrane fusion by receptor-mediated endocytosis mostly through C-
type lectin receptors family from the host-cell (Dai et al., 2016; Kim
et al., 2017a). Although, cellular lipid receptors, such as TIM (T-cell
immunoglobulin mucin) and TAM (Receptor tyrosine kinases: TYRO3,
AXL and MER) receptor families (which recognize lipids in the viral
membrane) showed to mediate ZIKV entry (Hastings et al., 2017; Liu
et al., 2016; Meertens et al., 2017).

The molecules used by ZIKV in entry process depend on the pattern
of proteins expressed in viral particle lattice and therefore appear to
rely on the degree of particle maturation (Pierson and Diamond, 2013).
Furthermore, cell type plays a major role in this mechanism (Perera-
lecoin et al., 2014). Studies in vivo showed that cells of the reproductive
tract (spermatogonia, sperm, Sertoli and Leydig cells) (Govero et al.,
2016) and from cerebral cortex and hippocampus (Wang et al., 2017b)
are permissive to ZIKV infection in mice. More importantly, using an in
vitro approach, cell culture experiments demonstrated the ability of
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Fig. 1. ZIKV processes of attach and entry, replication, translation, assembly, maturation and release from infected cells.
ZIKV to infect human cells, such as skin fibroblasts (Hamel et al., 2015), and then the viral membrane fuses with the endosome membrane so
uterine fibroblasts (Chen et al., 2016), primary placental trophoblasts viral RNA is rel d into the cytopl (Mercer et al., 2010). It is
and Hofbauer cells (Aagaard et al.,, 2017; Quicke et al., 2016), en- important to note that membrane fusion on the host cell depends on the

dometrial stromal cells (Pagani et al., 2017), and neural progenitor cells pH of the viral membrane and therefore may vary between different
(Dang et al., 2016; Tang et al., 2016). These findings hold for an ex- strains (Chu and Ng, 2004; Cruz-Oliveira et al., 2015).

tensive set of cells susceptible to ZIKV infection and therefore a robust
number of receptors involved in viral entry process. In this review, we
discuss viral maturation and heterogeneity in the context of ZIKV entry,
highlighting recent advances in the understanding of molecular me-
chanisms involved in viral infectivity.

3. Attachment factors and entry receptors

It is likely that receptor binding and recognition is a process where
multiple molecules are used in combination for infectious entry
(Kaufmann and Rossmann, 2012; Kim et al., 2017a; Mercer et al.,
2. CLATHRIN-mediated endocytosis 2010). The surface of ZIKV mature particle is typically covered by

homodimers of protein E (E),, arranged in an icosahedral format (Sirohi

The main mechanism by which Flavivirus infiltrate human host cells et al., 2016). Individual interactions with human receptors are gen-
is clathrin-mediated endocytosis, which is followed by a change in erally weak, but contact with multiple receptors makes avidity higher
envelope conformation, membrane fusion and release of the viral and the bind becomes stronger (Mercer and Helenius, 2010). It is im-
genome (Fig. 1) (Cruz-Oliveira et al., 2015; Hackett and Cherry, 2018). portant to distinguish entry receptors - interactions that result in virus
Clathrin-mediated endocytosis is a vesicular trafficking process that uptake - from attachment factors, which will only retain viral particles
transports cargo molecules from the cell surface to its interior, and on cell surface until there is interaction with an entry receptor (Kim
generally occurs at specialized sites, where a “coated pit” structure is et al., 2017a). Generally, receptors promote endocytosis and accom-
assembled in order to concentrate surface proteins for internalization pany the virus into the cell (Kaufmann and Rossmann, 2012). There-
(Mousavi et al., 2004). This process (named after the most abundant fore, entry starts with binding to attachment factors, followed by as-

protein found in coated pits: clathrin) is mostly involved in physiolo- sociations with one or more receptors.

gical processes, such as nutrient uptake, cell signaling and adhesion, The most commonly encountered attachment factors are negatively
etc., however, the same mechanism has shown to be used by viruses, charged glycosaminoglycans (GAGs), such as heparan sulfate and
including ZIKV (Persaud et al.,, 2018), to enter cells (Kaksonen and chondroitin sulfate (Kim et al., 2017a), which can be utilized by several
Roux, 2018). flaviviruses, including DENV (Hilgard and Stockhert, 2000; Thepparit

Initially, during viral infection, viral particles diffuse along the cell et al., 2004), WNV (Lee et al., 2004), JEV (Lee et al., 2004; Su et al.,
surface toward a pre-existing clathrin-coated pit. This implies that 2001) and TBEV (Kroschewski et al., 2003), as low-affinity attachment
viruses either roll over distinct binding factors until they bind to the factors that concentrate the virus on the cell surface. Binding to these
input receptor (located in clathrin hotspots on the cell surface), or that negatively charged polysaccharides is usually electrostatic and rela-
the initially formed virus-receptor complex is transported to a pre-ex- tively nonspecific (Mercer et al., 2010). A surface plasmon resonance
isting clathrin-coated pit (Smit et al., 2011). Subsequently, the clathrin- analysis that explored binding between GAGs prepared from placenta
coated pit evolves and invagination at the plasma membrane is closed and protein E suggested that ZIKV may utilized GAGs as attachment

by excision of the dynamin-mediated membrane to form a clathrin- factors for host cell entry, as other pathogenic flaviviruses (Kim et al.,
coated vesicle. This vesicle is transported away from the plasma 2017b).
membrane, and then the clathrin coating is released from it. After ZIKV entry into target cells is mostly mediated by interaction of N-

clathrin-mediated uptake, the endocytic vesicle carrying the virus is glycans conjugated to protein E with cell surface receptors of the host
delivered to the initial endosomes, which mature into late endosomes, cell (Hasan et al.,, 2017; Heinz and Stiasny, 2017). Protein E is the
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Fig. 2. Structure of ZIKV E protein dimers (PDB id code: 5127). (A) E protein domains I (red), II (yellow) and I (blue). Fusion loop (FL) is evidenced in the dotted
circle. (B) Stem-transmembrane domain that anchors the protein into the membrane is shown in green. The glycosylation site (with the glycan, in pink) is found in the
150 loop region. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

largest viral surface protein, being involved in membrane binding and
fusion processes (Hasan et al., 2017; Shi and Gao, 2017). In ZIKV,
protein E is N-glycosylated after the translation process at position
Asn154 (asparagine, at position 154) within a highly conserved N-X-T/
S sequence glycosylation motif (in which N is asparagine, T is threonine
and X is any standard amino acid, except proline) at positions 154-156,
indicating the biological importance of this modification (Fontes-garfias
et al., 2017). However, other Flavivirus do not exhibit such glycosyla-
tion, suggesting that protein E function can be achieved without N-
glycan (Adams et al., 1995; Beasley et al., 2004).

Similar to other Flavivirus, ZIKV protein E has four domains: the
stem-transmembrane domain, which is responsible for membrane an-
choring; and domains I, 1T and III, which constitute the predominantly
B-strand surface part of the protein (Heinz and Stiasny, 2017; Ye et al.,
2016).

Domain I (DI) of protein E acts as a bridge between domains II (DII)
and III (DII) (Fig. 2a). The tip of DII contains the fusion loop (FL),
which interacts with the host membrane during membrane fusion and is
the most conserved structural element in this protein among all Flavi-
virus (Heinz and Stiasny, 2012). FL is responsible for the broad antibody
cross-reactivity observed among all Flavivirus and plays an important
role as an antigenic site that contributes to antibody-mediated en-
hancement of infection. A study based on chemical cross-linking and
immunoassays demonstrated that monoclonal antibodies recognize
epitopes at the interface of the dimeric envelope protein E, cause dimer
dissociation and lead to the exposure of FL in TBEV and DENV
(Haslwanter et al., 2017). Under usual infection conditions, this process
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is only triggered after the virus contact with the acidic pH of endo-
somes, resulting in membrane fusion through the interaction of FL with
the endosomal membrane (Mercer et al., 2010; Smit et al., 2011). This
exposure of FL at neutral pH may mediate attachment of the virus to the
plasma membrane, thereby increasing viral infectivity.

Receptor-binding site is localized on DIII, being of great importance
in the fusion process. Curiously, ZIKV has a single glycosylation site
(Asn154) on DI of protein E (Fig. 2b), which protrudes from the surface,
because ZIKV E-DI has a longer “150 loop” (residues 145-160) com-
pared to other flaviviruses. This 150 loop region varies not only be-
tween ZIKV strains but also in other Flavivirus, suggesting that varia-
tions in this region influence viral infectivity (Shi and Gao, 2017).

Virions are not static structures and undergo concerted fluctuations
at equilibrium, a phenomenon referred to as viral “breathing” (Lewis
et al., 1998). More recent evidence indicates that metastability of the E
dimers gives rise to a dynamic motion, in which they transiently expose
otherwise buried surfaces (Kuhn et al., 2015). These structural dy-
namics of the surface of the virus transiently expose the E-sites that
would be inaccessible in a static viral particle with a closed envelope of
90 E dimers in a fishbone arrangement, as determined by cryo EM
(Kostyuchenko et al., 2016). Dynamics of fully and partially mature
particles may thus facilitate interactions with cellular attachment fac-
tors and entry receptors.

4. C-type lectin receptors

The innate immune system is responsible for the body's first line of
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defense against microbial attack and it is induced by the recognition of
microbial components, known as pathogen-associated molecular pat-
terns (PAMPs). Such recognition initiates signaling cascades that induce
the intracellular innate i defe and the infl y re-
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populations (Martinez-pomares, 2012) - all relevant to Flavivirus in-
fection. This receptor demonstrated to bind protein E of four DENV
serotypes and was proposed as a DENV internalization receptor in
h primary macrophages, since anti-MMR polyclonal antibodies

sponse which facilitates the development of the acquired immune re-
sponse (Hoving et al., 2014; Kell and Gale Jr, 2015). Viruses are re-
cognized by human pattern recognition receptors (PRRs) through their
nucleic acids, such as double (dsRNA), single stranded-RNA (ssRNA),
and DNA, although envelope glycoproteins on surface of viral particle
can also be recognized as PAMPs (Hoving et al., 2014).

C-type lectin receptors (CLRs) comprise a large family of carbohy-
drate receptors, which bind through one or more carbohydrate re-
cognition domains (CRDs), and is divided into 17 groups taking into
account features such as phylogeny and structure (Zelensky and
Gready, 2005). Several members of this family are highly expressed in
myeloid cells, including monocytes, macrophages and dendritic cells,
thus playing a central role in the activation of the host immune system
(Kim et al., 2017a).

CLRs recognize carbohydrate profiles in pathogens and act as PPRs
for the internalization of these agents, directing them to endosomes,
initiating the process of antigen pr ion and eli ion of the
pathogen (Cambi et al., 2005). The most implicated CLRs in Flavivirus
entry are DC-SIGN (Dendritic cell-specific intercellular adhesion mole-
cule-3-grabbing non-integrin) (Hacker et al., 2009; Lozach et al., 2005;
Navarro-Sanchez et al., 2003; Tassaneetrithep et al., 2003), L-SIGN
(Liver/lymph node-specific intercellular adh molecule-3-grabbing
integrin) (Navarro-Sanchez et al., 2003; Wang et al., 2016), MMR
(Macrophage mannose receptor) (Miller et al., 2008) e CLEC5A (C-type
lectin member 5A) (Chen et al., 2008).

DC-SIGN showed to permit ZIKV entry into cells (Hamel et al.,
2015). Additionally, in vitro analysis carried out with different cell
lineages revealed similar results with DENV (Alen et al., 2009; Hacker
et al., 2009; Lozach et al., 2005; Tassaneetrithep et al., 2003), WNV
(Davis et al., 2006b; Martina et al., 2008) and JEV (Shimojima et al.,
2014), whereas L-SIGN demonstrated to enable cell entry only for WNV
(Davis et al., 2006b) and JEV (Shimojima et al., 2014). Studies have
identified a single nucleotide polymorphism in the promoter sequence
of DC-SIGN gene (CD209) that is strongly associated with predisposi-
tion to dengue hemorrhagic fever (rs4804803) (Wang et al., 2011) and
severe forms of tick-borne encephalitis (rs2287886) (Barkhash et al.,
2012), which reinforces the involvement of this receptor in Flavivirus
tropism.

DC-SIGN and its close homologue L-SIGN are group II (calcium-
dependent with single CRD) transmembrane C-type lectins and interact
through their CRD domains with carbohydrates bound to viral protein E
(Cruz-Oliveira et al., 2015; Zelensky and Gready, 2005). Their extra-
cellular domains share common structural motifs, including an ex-
tended neck composed of tandem repeats of a highly conserved 23-
amino acid sequence, which is followed by a CRD that binds mannose-
rich glycans and plays an important role in entry mechanisms of Fla-
vivirus into myeloid cells (Khoo et al., 2008). DC-SIGN is highly ex-
pressed in some subsets of immature macrophages and dendritic cells,
suggesting a possible facilitation in viral dissemination (Hamel et al.,
2015; Kay et al., 2012; Smit et al., 2011). Contrarily, L-SIGN expression
is restricted to sinusoidal endothelial cells of the liver and endothelial
cells of lymph nodes (Tassaneetrithep et al., 2003), however its role
during the course of infection has not yet been established (Perera-le-
coin et al., 2014).

MMR is a group VI (calcium-dependent with multiple CRDs) CLR
that has been proposed to be a functional entry receptor for Flavivirus
(Hafizi and Dahlbick, 2006). Unlike DC-SIGN and L-SIGN, MMR has
several CRD domains and a cysteine-rich domain at the end of its ex-
tracellular domain that is capable of interacting with sulfated sugars
(Hamel et al., 2015; Martinez-pomares, 2012). MMR is essentially ex-
pressed in macrophages, but can also be found in lymph nodes and
endothelial cells of the liver, in kidney cells and in some dendritic cells
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inhibit virus infection (Dejnirattisai et al., 2016). CLEC5A is a group V
CLR (calcium-independent with single CRD) (Kim et al., 2017a), which
is expressed in monocytes and macrophages and has showed to mediate
the entry of DENV (Chen et al., 2008) and JEV (Chen et al., 2012) into
cells. Even though strong evidence link L-SIGN, MMR and CLEC5A to
Flavivirus entry, we did not find in literature studies relating these re-
ceptors particularly in ZIKV entry process. Nevertheless, considering
the similarity between these viruses, it is possible that ZIKV explores
multiple CLRs for entry and greater viral spread.

5. Entry mediated by negatively charged lipids

Previous studies indicate that the entry process of flaviviruses, in-
cluding ZIKV, may be mediated by interactions that do not involve
protein E, but occur between negatively charged lipids, such as phos-
phatidylserine (PS), present in the viral membrane (Cruz-Oliveira et al.,
2015; Hafizi and Dahlback, 2006; Hamel et al., 2015; Heinz and
Stiasny, 2017; Meertens et al., 2012; Perera-lecoin et al., 2014). These
anionic lipid cell receptors belong to two distinct families of trans-
membrane phosphatidylserine receptors: TIM (TIM1, TIM3 and TIM4)
and TAM (TYRO3, AXL and MER) (Kay et al., 2012; Lemke and Rothlin,
2010; Meertens et al., 2012).

On the contrary of TIM receptors, TAM receptors do not bind di-
rectly to PS, but indirectly, through a process that requires the presence
of GAS6 (Growth-arrest-specific 6) or PROS (Protein S), which act as
bridging molecules (Hafizi and Dahlbick, 2006; Lemke and Rothlin,
2010; Meertens et al., 2012). The physiological function of these re-
ceptors is to recognize negatively charged lipids in apoptotic cells and
trigger endocytosis by phagocytic cells (Fairn et al., 2011; Mercer and
Helenius, 2010). This process of “kidnapping™ was previously identified
in a large number of viruses and is called “apoptotic mimicry” (Amara
and Mercer, 2015).

As Flavivirus sprouts in the lumen of the endoplasmic reticulum (ER)
during morphogenesis, the viral membrane ends up reflecting the ER
membrane composition, which has PS in its luminal leaflet. The plasma
membrane of living cells normally does not contain negatively charged
lipids in the external leaflet due to the presence of specific enzymes
called “lipid flipases” that assure the asymmetry of the plasmatic
membrane by keeping these lipids only in the internal leaflet (Fairn
et al., 2011; Kay et al., 2012).

The role of phosphatidylserine receptors in the entry of Flavivirus
into cells was first identified in DENV studies, but several evidences
suggest that ZIKV can also use apoptotic mimicry to infect different
human tissues, including skin cells (Hamel et al., 2015), endothelial
cells (Liu et al., 2016), neural cells (Retallack et al., 2016; Tang et al.,
2016; Wells et al.,, 2016), and placenta cells (Tabata et al., 2016). A
study carried out with a TAM-knockout mice demonstrated that these
molecules are not necessary for ZIKV infectivity and virus replication
has not been affected in the spleen, placenta, vagina and brain
(Hastings et al., 2017). The data corroborate with previous observations
(Govero et al., 2016) and suggest that there may be redundancy of ZIKV
input receptors in cells.

Interestingly, a recent case series where placental tissues (from
women who had laboratory-confirmed ZIKV during pregnancy) were
analyzed showed that Hofbauer cells sustain the presence of the virus in
the placenta until birth and may provide a viral source for continued
infection (Noronha et al., 2018). Additionally, a sophisticated model of
uterine-placental route of transmission was suggested by Tabata et al.,
2016. This model proposes that ZIKV may disseminate by infecting
invasive cytotrophoblasts (CTBs), which leave from chorionic villus of
the placenta and surpass uterine wall to remodel uterine arteries. Once
in contact with maternal infected blood, CTBs get infected and may
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infect trophoblast progenitor cells in the chorionic membrane and then
amniotic epithelial cells in the amniotic membrane. Thus, virions re-
leased into amniotic fluid may infect cells from the fetus. This elegant
work also reported that TIM1 plays a critical role in the uterine-pla-
cental interface once its inhibitor blocked ZIKV infection in vitro. These
data reinforce the involvement of phosphatidylserine receptors in ZIKV
entry mechanism and raise questions on the possibility of an underlying
cell-to-cell transmission mechanism. Further investigations on vir-
ological synapses are required to elucidate ZIKV infectivity processes.

6. Role of particle maturation in ZIKV infectivity and prM as a
putative entry receptor

Maturation of Flavivirus from immature particles (C, prM and E) to
mature form (C, M and E) occurs during viral exocytosis of an infected
cell (Dowd et al., 2014). During entry into the host cell, the acidic
endosomal environment triggers an irreversible conformational change
in protein E and a transition from a homodimer (E), to a homotrimer
(E)3 formation - the final, lowest-energy conformation of E, which leads
to membrane fusion and release of viral genetic material and further
replication and translation processes (Yu et al., 2014). In ER, during
particle assembly process, the i e newly bled particle ex-
hibits a spiny surface, with 180 prM-E heterodimers associated into 60
trimeric projections (prM-E); (Fig. 3a). During viral maturation, the low
pH within the trans-Golgi network induces a reorganization of (prM-E),
trimeric projections into 90 dimers (prM-E), (Yu et al., 2014). This
structural rearrangement exposes the cleavage site of prM to be di-
gested by the host protease, furin (Heinz and Stiasny, 2012). The “pr”
portion cleaved from prM remains associated with the virus until the
cell is released, where it finally dissociates, due to the neutral pH of the
extracellular medium (Zhang et al., 2007).

Fully mature particles incorporate proteins E (E), and M (M), as 90
homodimers each (Fig. 3b), arranged in closely packed protein shell
with a herringbone pattern, and lacking non-cleaved prM protein (Yu
et al.,, 2014). Several lines of evidence indicate that cleavage of prM
may be inefficient and that infectious viral particles released from the
cells may have non-cleaved prM. The resulting particles, therefore,
exhibit a heterogeneous architecture, exposing both mature and im-
mature particle structure (Fig. 3¢) (Rey et al., 2017; Yu et al., 2014).

Heterogeneity of viral particles appears to be necessary for the use
of apoptotic mimicry in the entry process of ZIKV into cells because the
viral membrane containing PS would not be accessible in the mature
viruses (Smit et al., 2011). We did not find any reports in literature
about in vitro assays that exploited the maturation status of ZIKV par-
ticles to their phosphatidylserine receptor-mediated entry ability. It
must be noted that different Flavivirus, or even different strains of the
same virus, are likely to demonstrate different degrees of membrane
exposure and may therefore differ in the use of entry lipid receptors.

The release of partially mature but infectious particles suggests that
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prM or prM-E complex exposed on the surface of these particles could
mediate viral entry process (Heinz and Stiasny, 2017). DENV has pre-
viously shown to be particularly rich in partially mature particles, since
a sub-optimal furin cleavage motif in prM has evolved, exhibiting a
conserved amino acid residue at the P3 cleavage position, which has
shown to have a negative effect on the efficiency of furin cleavage
(Junjhon et al., 2008). Thus, partial maturation seems to be important
in the maintenance of viral ecological cycle. Another study conducted
with WNV has demonstrated that N-glycosylated prM can mediate viral
entry into cells via DC-SIGN (Davis et al., 2006a). A single mutation in
PrM (serine to asparagine substitution at position 139) has been asso-
ciated with the ability of ZIKV to infect cells (Yuan et al., 2017), sug-
gesting that prM could also act as an entry receptor.

6.1. Inhibition of ZIKV entry

Since ZIKV infection has become a serious public health issue, many
efforts have been made to develop an anti-ZIKV drug. In this regard,
many molecules d rated to be prc inhibi of different
stages of ZIKV's life cycle, such as viral entry, replication, maturation
and release of infectious particles, although until date there is still no
specific drug or vaccine against ZIKV infection (Munjal et al., 2017).

Concerning ZIKV entry, some molecules are known to block early
viral mechanisms: by interfering with receptor binding or inhibiting
internalization by endocytosis. Studies in vitro performed on different
cell lines showed that curcumin (Mounce et al., 2017), nanchangmycin
(Rausch et al., 2017), ZINC33683341 and ZINC49605556 (Sandun
et al., 2016) molecules inhibit viral entry by blocking receptor binding,
while compounds such as chloroquine (Li et al., 2017b; Shiryaev et al.,
2017), suramin (Albulescu et al., 2017; Tan et al., 2017) and 25-hy-
droxycholesterol (Li et al., 2017a) demonstrated to inhibit ZIKV inter-
nalization in vitro and in vivo. Chloroquine's is controversial about its
mechanism of action, whether if it is in viral entry or autophagic flux.
Several tests in vitro and in vivo were carried out on both perspectives
and appear to evidence a double mechanism for this drug (Cao et al.,
2017; Li et al., 2017b; Liang et al., 2016; Shiryaev et al., 2017; Zhang
et al., 2017). Apart from blocking receptor binding by targeting AXL,
nanchangmycin also seems to play a double role by inhibiting clathrin-
mediated endocytosis (Rausch et al., 2017). Further, arbitol, a well-
known antiviral of broad-spectrum, showed to prevent an early step of
ZIKV's lifecycle in vitro, although its precise mechanism of action is not
well known yet (Fink et al., 2018). Epigallocatechin gallate (EGCG), a
compound largely present in green tea, demonstrated to considerably
reduce ZIKV infectivity in Vero cells, however its action seems to be
viricidal by directly interacting with ZIKV's envelope (Carneiro et al.,
2016). Additional tests with these drugs are clearly necessary for the
development of a safe and effective treatment against ZIKV. We sum-
marized the mechanisms of these anti-ZIKV drugs in Table 1.

Cc

Capsid (C)

Fig. 3. Viral particle possible structures. (A) Immature particle displaying trimeric projections (prM-E); due to neutral pH of endoplasmic reticulum. (B) Mature

particle displaying E (E), and M (M), h di after ¢
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age by furin and secretion from host cells. (C) Heterogeneous particle structure.
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Table 1

List of potential inhibitors of early stage in ZIKV infection.

Reference

Putative mechanism of action

Effects

Study model

Compound

(Fink et al., 2018)

Inhibits an early step in viral lifecycle

Inhibits viral infection of primary vaginal (HVE2) and cervical epithelial cells
(ENDO and ECTO cells) and reduces the production of progeny virions

In vitro

Arbidol

2017b)

(Lietal.,

Blocks viral internalization

In vitro/In

Chloroquine

Inhibits viral infection in vitro (BHK-21, Huh7 and Vero cells) and attenuates ZIKV-

in mice

Reduces infectivity in HeLa, BHK-21 and Vero cells

Reduces infectivity in Vero cells

2017)
, 2016)

(Mounce et al
(Carneiro et

Inhibits viral entry by interfering with the binding of protein E

In vitro
In vitro

Curcumin

EGCG

Viricidal effect probably by direct interaction of the drug with lipid
envelope, leading to a subsequent destruction of the virus particle

2017)

2
-
z
=3

Blocks ZIKV replication in U20S cells

In vitro
In vitro

Nanchangmycin

Suramin

Targets AXL receptors and blocks clathrin-mediated endocytosis

ing viral entry and

by p

Inhibits viral

Inhibits viral attachment and the release of infectious progeny in Vero cells

g
&
Y
S
~
=
3
=
2
g &
]
-

Inhibits the function of protein E by binding the viral receptors (Sandun et al., 2016)

replication.

Inhibits viral replication in Vero cells

In silico/In

ZINC33683341 and ZINC49605556

(Li et al,, 2017a)

Inhibits viral entry possibly blocking viral interalization

Inhibits viral infection in vitro (A549, BHK-21, HeLa and Vero cells), reduces the
morbidity and mortality in mice and considerably reduces fever and viremia in

monkeys

In vitro/In

25-hydroxycholesterol
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7. Conclusions

Current studies suggest that ZIKV produces an ensemble of struc-
turally different virions circulating in an organism, collectively con-
tributing to virus dissemination and tissue tropism. Considering that
apoptotic mimicry may be used by ZIKV as an entry mechanism and
that prM has also showed to be able to mediate this process, the release
of immature particles may be advantageous for the virus, as it would
increase the range of ZIKV susceptible cells. Thus, the degree of viral
particle maturation and the amount of prM, E and PS exposed on the
surface of the virus seem to be determinant in ZIKV entry mechanism in
cells and appear to safeguard viral evolutionary processes of infectivity.
Further studies regarding the role of viral particle maturation, the
tropism and the cellular receptors involved in ZIKV entry are needed.
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Abstract: Zika virus (ZIKV) still constitutes a public health concern, however, no vaccines or
therapies are currently approved for treatment. A fundamental process involved in ZIKV infection
is autophagy, a cellular catabolic pathway delivering cytoplasmic cargo to the lysosome for
degradation—considered as a primordial form of innate immunity against invading microorganisms.
ZIKV is thought to inhibit the Akt-mTOR signaling pathway, which causes aberrant activation of
autophagy promoting viral replication and propagation. It is therefore appealing to study the role
of autophagic molecular effectors during viral infection to identify potential targets for anti-ZIKV
therapeutic intervention.

Keywords: Zika virus; autophagy; Akt-mTOR; innate immunity; therapeutic targets

1. Introduction

Zika virus (ZIKV) is an arthropod-borne virus (arbovirus), member of the Flaviviridae family, first
isolated in 1947 from a febrile rhesus macaque monkey in the Zika Forest (Uganda). Symptomatic ZIKV
infections have always been limited to small clusters of patients and to sporadic cases causing localized
outbreaks throughout Africa, Asia, and Oceania. Nevertheless, this emerging arbovirus infection
reached a global scale of diffusion since its arrival in the Americas in 2015, particularly devastating in
the northeastern territories of Brazil. This virus was declared a public health emergency after reports
of clinical complications such as neonatal microcephaly and other neurological disorders following
infection [1,2]. Even if viral circulation is currently at low levels in endemic areas, presumably due
to the development of herd immunity, Zika is still considered an ongoing challenge requiring strict
surveillance [3]. Epidemiological data from Brazilian territories in 2018 provide support to the notion
that the impact of ZIKV infection on health is diminishing. Indeed, the Brazilian Ministry of Health
asserted that of the 16,735 suspected changes in the growth and development of children exposed to
ZIKV infection, 3,267 (19.5%) were confirmed cases [4]. In spite many efforts over the last years aimed
at developing preventive vaccines and strategies for limiting the effects of ZIKV infection, few results
have been obtained so far. Therefore, a characterization of ZIKV biology is required in order to identify
potential targets for effective therapeutic interventions [3].

ZIKYV, a 50 nm enveloped and icosahedral particle with an 11 kb positive-strand RNA genome,
is typically transmitted by bites from infected Aedes genus mosquitoes, in addition to mother-to-child
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transmission, blood transfusion, sexual contact, and organ transplantation [2]. ZIKV’s viral RNA
genome encodes three structural proteins (membrane precursor prM, envelope E glycoprotein, and
core C) and seven non-structural (NS) proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5), which
have been found to play a pivotal role in assisting viral pathogenesis and propagation by mediating
viral entry and promoting viral translation and replication [5,6]. Viral structural glycoproteins,
in particular envelope E glycoprotein, mediate binding to cellular receptors, thereby triggering
endocytotic pathways. These interactions between cellular receptors and glycoproteins allow ZIKV to
infect specific cellular types including fibroblasts, immature dendritic cells, epidermal keratinocytes,
and stem-cell-derived human neural progenitor cells [7]. The uptake of viral particles occurs primarily
through clathrin-dependent endocytosis. Surface glycoproteins of internalized viral particles undergo
conformational changes due to the endosomal lumen’s acidic environment, which promote viral
envelope fusion with the endosomal membrane. This completes the entry process, which implies
the delivery of viral RNA into the cytoplasm of the host cell. The positive-sense RNA is translated
into a polyprotein, which is subsequently cleaved to release structural and NS proteins [7]. Cellular
compartments such as the endoplasmic reticulum (ER) and the Golgi apparatus, seem to be crucial for
viral replication and propagation. First, ER membranes give rise to the vesicles involved in autophagic
flux, a cellular mechanism exploited and manipulated by Flaviviruses in order to enhance their own
replication and initiate infection [8]. Second, immature viral particles are assembled within the ER and
virions traffic through the Golgi network for particle maturation prior to the release from the infected
cell. Mature particles are then delivered into the extracellular environment where they are ready to
commence a new infectious life cycle (Figure 1) [7,9].
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Figure 1. Mechanisms involved in Zika virus-host cell interactions. The binding of ZIKV structural
glycoproteins to cellular entry receptors triggers viral internalization through clathrin-dependent
endocytosis (1). The endosomal lumen'’s acidic pH induces conformational changes of viral surface
glycoproteins thus allowing the fusion of viral envelope with endosomal membrane, causing the
release of viral RNA into the cytosol (2). Viral RNA is then translated into viral proteins (3). Immature
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viral particles assemble within the endoplasmic reticulum (ER) (4), and vesicle trafficking enables the
transition of ZIKV from the ER to the Golgi network (5). ZIKV then passes through the cisternae of the
Golgi apparatus and promotes viral maturation (6). Mature ZIKV particles are delivered and liberated
into the extracellular environment (7).

The goal of this review is to investigate in depth the role of autophagy during ZIKV infection.
The precise molecular mechanisms involved in ZIKV-induced autophagy have not been fully
elucidated. Nevertheless, previous findings strongly suggest that a greater insight and description
of the effectors participating in these cellular processes might be required for highlighting potential
molecules to be used as possible therapeutic targets, and to design compounds able to modulate the
activity of autophagy in ZIKV-infected cells [8,10].

2. Autophagy

Autophagy is a strictly regulated cellular degradative pathway involving the delivery of cytoplasmic
cargoes for lysosomal degradation and subsequent recycling of the resulting macromolecular constituents.
Currently three forms of autophagy have been identified and well characterized—microautophagy,
chaperone-mediated autophagy, and macroautophagy—that differ in their type of exploited
physiological function and mode of cargo delivery to lysosomes [11]. In this review, we focus on
macroautophagy (herein referred to as autophagy), a mechanism by which cell substrates are included
in double-membrane vesicles termed autophagosomes [12]. Eukaryotic cells benefit from autophagy,
which is the process involved in removing damaged or long-living organelles and redundant proteins
(including peroxisomes, mitochondria, and ER) through lysosome machinery. Indeed, this cellular
process is known to occur virtually at basal levels in every living cell in the organism, but it can
be rapidly upregulated to respond to unfavorable stress signals by generating energy for cellular
homeostasis maintenance [11].

The initial steps include phagophore or pre-autophagosome formation, an isolation membrane
able to enclose and fuse its edges forming an autophagosome, which is a double-membrane partition
that includes cytoplasmic material. Autophagosomes then fuse with lysosomes forming autolysosome
or degradative autophagosomes, compartments where sequestered intra-autophagosomal components
are degraded by lysosomal hydroxilases [11].

Several factors and regulatory kinases can mediate the activation and progression of this process.
The main regulatory molecules are called autophagy-related proteins (Atgs), the majority of which are
highly conserved from yeast to humans with many yeast orthologs found in mammalian cells.

1A /1B light-chain 3 (LC3) is an Atg protein that plays a central role in autophagy. During the
engulfment of cytosolic components by the autophagosomes, a soluble and cytosolic form of LC3
(LC3-I) is lipidated in conjugation with phosphatidylethanolamine into an active moiety of LC3 (LC3-II).
This form goes to autophagosomal membranes promoting membrane elongation. Following fusion
of autophagosomes and lysosomes, LC3-I1 is still retained in the membrane and is itself degraded
with autophagosomal components by lysosome hydroxilases. Therefore, in the presence of stimuli
cable of enhancing autophagic responses, there is an increment in LC3 cellular levels while a correct
completion of the process is characterized by its reduction [13,14].

LC3-II interacts with a class of autophagy adaptors known as sequestosome-1/p62-like receptors
(SLRs), which are pathogen recognition receptors (PRRs) cable of selectively targeting diverse
microorganisms towards selective autophagic degradation. Typically, SLRs contain three principal
domains: cargo recognition and capture domains such as ubiquitin-associate (UBA) domain allowing
a strong and selective binding to ubiquitin chains; LC3-interacting region (LIR), through which SLRs
recognize multiple sites of autophagosome-localized LC3; and additional protein interaction domains
involved in inflammatory processes. In response to bacterial and viral infections the main SLRs are
given by sequestosome-1/p62 (p62), autophagy cargo receptor (NBR1), and calcium-binding and
coiled-coil domain-containing protein 2 (CALCOCQO?2). These proteins may lead to selective autophagy
mainly via ubiquitin-signaling of invasive microorganisms. SLRs are able to pack ubiquinated
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microbial components via the UBA site, while the interaction with LC3 through the LIR region
promotes the delivery of packed substrates towards the autophagic route. Therefore, SLRs constitutes
a molecular bridge between LC3 and ubiquinated cargoes, thereby promoting the enclosure and
degradation into autophagosomes of target molecules [15,16].

2.1. Autophagy and Its Role in the Immune Responses Against Invading Microorganisms

A strongly emergent concept correlates autophagy with immune functions. This cellular process
can be considered a primordial form of innate immunity counteracting invading microorganisms.
In mammalian cells these primordial functions of autophagy have evolved, and are now integrated in
several innate and adaptive pathways. Indeed, autophagy has been seen to mediate multiple aspects
of the immune response including direct elimination of intracellular pathogens comprising viruses,
the control of adaptive responses through the promotion of antigen presentation, and the control of
inflammation and inflammasome activation with subsequent cytokine secretion [17].

During viral infections, innate immunity disposes of several defense mechanisms that can rapidly
detect the presence of invading microorganisms, and are promptly solicited to counteract invasion
by mounting an efficient antiviral first-line response. The principle defense mechanism is given via
the recognition of viral-conserved pathogen-associated molecular patterns (PAMPs) by cytosolic or
membrane-bound PRRs. This is followed by the transduction of intracellular signals culminating
in the stimulation of innate immune responses, principally including the activation of transcription
factors that regulate the synthesis of inflammatory cytokines. During the progressive mounting of this
innate response, autophagy constitutes an integrated, valid, and immediate option by exerting a direct
immune function. Indeed, autophagy is a constantly ongoing cellular process that traps pathogens
and mediates their prompt degradation following infection by capturing intracellular pathogens into
autophagosomes (Figure 2) [17,18].
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Figure 2. The role of autophagy during innate and adaptive immune responses against invading
microorganisms. As a fundamental component of the innate immune response, selective autophagy
degrades invading pathogens principally through ubiquitin-signaling. Ubiquinated pathogens are
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recognized by sequestosome-1/p62-like receptors (SLRs), which are involved in creating a molecular
bridge between 1A/1B light-chain 3 (LC3) recruited on ER membranes and the ubiquinated
microbial components, thus promoting their enclosure into the autophagosomes of target molecules.
The subsequent fusion of autophagosomes with lysosomes leads to pathogen degradation and
direct elimination. These vesicles containing exogenous antigenic peptides, derived from lysosome
degradation, fuse with major histocompatibility complex class II (MHC-II) loading-compartments.
After loading on MHC-II, the peptides are transported to the cell surface in order to induce the
stimulation of a CD4" T-cell anti-viral adaptive immune response.

Nevertheless, autophagic machinery activation is not limited to the progression of innate immune
responses, it also performs a crucial role in the context of adaptive immunity during viral infections
by influencing cytosolic antigen processing and presentation for major histocompatibility complex
class II (MHC-II) molecules. MHC-II molecules present exogenous antigenic peptides derived from
lysosome degradation. After loading on MHC-II, the peptides are transported to the cell surface in
order to induce a CD4* T-cell response (Figure 2) [16]. Interestingly, autophagosomes can deliver
pathogen-derived antigens to MHC-II loading compartments as demonstrated by morphological
analysis that showed a 30%-50% co-staining between MHC-II compartments and the autophagosome
marker LC3 [19].

In addition, a complex association has been found between autophagy and the regulation of
inflammatory responses, affecting the secretion of inflammatory and anti-microbial mediators, and
inflammasome activation. Inflammation constitutes a vital host response to tissue loss and cellular
homeostasis, thus promoting host defense, tissue repair and remodeling, and metabolism regulation.
During infection, a cascade of signals leads to the recruitment of inflammatory cells (neutrophils and
macrophages), which phagocytose damaged cells and infectious agents, thus promoting the secretion
of pro-inflammatory cytokines and chemokines (e.g., tumor necrosis factor (TNF) and interleukin 1
(IL-1)) for the subsequent activation of adaptive immune responses [17,18].

Different PRRs can recognize viral PAMPs, thus detecting the initiation of a viral infection.
Following recognition, the activation of signaling pathways through different classes of PRRs (toll-like
receptors (TLRs), nucleotide oligomerization domain-like receptors (NLRs), and RIG-I-like receptors
(RLRs)), have been shown to converge with the autophagic route [17].

The principle PRRs involved in the recognition of viral PAMPs are TLRs, located on the
plasma membrane (TLR1/2/4/5/6/10) for recognition of microbial membrane components or
inside endosomal compartments (TLR 3/7/8/9) where uptaken microbial partitions are directed.
Signal transduction is primarily mediated by toll/interleukin-1 receptor (TIR)-domain-containing
adapter-inducing interferon- (TRIF) or myeloid differentiation primary response gene 88 (Myd88),
for the activation of transcription factors including NF-kB, IRF3/7, and API-1, which induce the
expression of pro-inflammatory cytokines (e.g., IL-6 and IL-1 ) and type 1 interferons (INF), thus
leading to the modulation of anti-viral immune responses [17,20-22]. TLR signaling pathways are
thought to induce autophagy principally by promoting autophagosome formation, presumably in a
Myd88 or TRIF-dependent manner [23]. Furthermore, autophagy is known to enhance viral recognition
and modulate downstream synthesis of inflammatory cytokine production principally by delivering
viral PAMPs to their receptors [24].

Another crucial connection between inflammatory responses and autophagy is related to the
regulation of inflammasome activation [20]. Indeed, autophagy is known to regulate this activation by
controlling the secretion levels of pro-inflammatory cytokines including IL-18 and IL-1f3, though the
mechanisms underlining this regulatory activity are still under debate [20,25].

Nevertheless, autophagy might not only serve to sustain an inflammatory antiviral response,
but also serve as an impediment on the magnitude of the host’s antiviral reaction. Recently, some
Atgs (namely Atgb and Atgl2) have been shown to down-regulate some PRRs, where autophagy
might also serve as a brake on the pro-inflammatory response induced by the activation of NLRs
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(Figure 3) [21,26-28]. Presumably, the role of autophagy in suppressing inflammatory responses
is linked to the necessity to dampen immune signaling during viral infections to avoid excessive
and potentially harming inflammatory responses. All this considered, while analyzing the interplay
between inflammation and autophagy during viral infections, it is necessary to consider the possible
dual function of the catabolic route: cooperation between autophagy and innate immunity, and the
suppression of innate immunity by autophagy [21].
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Figure 3. The role of autophagy in the regulation of inflammatory responses against invading
pathogens. Microbial pathogen-associated molecular patterns (PAMPs) are recognized by toll-like
receptors (TLRs) located on the plasma membrane or in endosomal compartments (1). The recognition
of activated TLRs by adaptor proteins Myd88 or TRIF (2), activates TLR signaling pathways
(3), involved in the activation of transcription factors Nf-KB, IRF3/7, and API-1 that then
translocate to the nucleus for the induction of INF and pro-inflammatory cytokines transcription
(4). The promotion of autophagosome formation is induced in a Myd88- or TRIF-dependent manner (5),
and leads to the regulation of inflammasome activation and secretion of pro-inflammatory cytokines,
through mechanisms that remain not completely understood (6), and to the delivery of PAMPs to
TLR-containing vesicles to limit viral replication (7). Besides promoting pro-inflammatory activities,
autophagy also serves as an impediment on the magnitude of the host’s antiviral reaction. Indeed,
autophagy-related proteins (Atg12 and Atg5) might serve as a break for the pro-inflammatory response
induce by TLRs (8).

2.2. Regulation of Autophagic Flux

Autophagy is sensitive to a great variety of stimuli that are transduced by different cellular
effectors. In the presence of unfavorable stress conditions, the activation of autophagic flux assures
energy supplies and molecular building blocks to sustain cellular proliferation and survival [29].
Specifically, the induction of autophagy is caused by many stress-inducing factors including starvation,
growth-factor withdrawal, ER stress, redox stress, hypoxia, danger-associated molecular patterns,
mitochondrial damage, chemicals, and irradiation [16,30]. Viruses can trigger many of these stresses in
the host cell during different stages of their replication cycle. Viral binding to target receptors, as well
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as viral intracellular replication, are the best described events during viral infection known to elicit
stress responses and subsequent stimulation of autophagy [16].

However, all these signaling molecules transduce signals to a common target, the kinase mTOR,
found to be directly upstream of the machinery involved in autophagosome formation. mTOR is a
serine/threonine kinase considered a master regulator and gatekeeper of the autophagic pathway.
In eukaryotic cells, mTOR forms two different signaling complexes: multiprotein complex 1 of
mammalian target of rapamycin (mTORC1) and multiprotein complex 2 of mammalian target of
rapamycin (mTORC2), composed of mTOR and multiple binding proteins. The two kinase complexes
bind to diverse and distinct substrates and therefore promote the transduction of different downstream
signaling pathways to modulate distinct cellular events [29,31].

Another aspect of autophagy subjected to severe regulation is the mobilization of membrane
structures during the generation of autophagic compartments moving through the endo/exocytotic
vesicular intracellular trafficking, which requires control by different GTPases [31].

Indeed, several small GTPases are indicated as crucial Atg proteins and they comprehend
Rheb, Rabs, and RalB. Ras homology enriched in brain (Rheb) is known to activate, by direct and
selective binding, mTORCI1 [32]. Ras-related protein Rabs (Rabs) are involved in the regulation
of autophagy intracellular vesicular trafficking including vesicle budding, delivery, tethering, and
fusion [33]. Ras-related protein RalB (RalB) affects isolation of the pre-autophagosomal membrane and
the maturation of autophagosomes by localizing on nascent autophagosomes following activation due
to starvation and binding to Exo84 effector [34].

mTORC1 promotes anabolic cellular metabolism to supply the necessary building blocks for
cell growth and proliferation. The activation of mTORC1 by nutrients and growth factors induces a
blockade of autophagy at both a post-translation and transcriptional level through the phosphorylation
of various Atgs involved in the promotion of autophagy initiation and autophagosome formation [29].

A well-known upstream regulator of mTORC1 is the PI3K/Akt pathway. Signaling route
activation occurs at the cell membrane level following the binding of tyrosine kinase receptors
(including epidermal growth factor receptor, insulin-like growth factor-1 receptor, G-protein-coupled
receptors) to their ligands, causing stimulation of the PI3K/Akt signaling axis. Once activated,
the PI3K catalyzes the phosphorylation of phosphoinositides to generate activated molecules—
phosphatidylinositol-3,4,5-triphosphate and phosphatidylinositol-3,4-bisphosphate. The activated
phosphoinositides bind and activate both the serine/threonine kinase Akt and the 3’-phosphoinositide-
dependent kinase 1 (PDK-1). Next, PDK-1 phosphorylates Akt, which is then able to propagate its
cellular signals to affect cell cycle progression, transcription, and apoptosis. In this context, Akt might
trigger mTORC1 activation directly, catalyzing mTORC1 phosphorylation on 52448, or indirectly by
phosphorylating and inactivating tuberous sclerosis complex 2 (TSC2), normally exerting an inhibitory
activity on mTORC1 when bound to Rheb [35]. Once activated, mTORC1 phosphorylates and
inactivates multiple Atgs such as ULK1 and Atg13, two components of the ULK complex, in addition
to AMBRA1 and Atgl4L, constituent of the VPS34 complex, thus preventing autophagy initiation and
transcription of lysosome and autophagy genes [29].

On the contrary, autophagy initiation induced by stress stimuli is characterized by the inactivation
of mTORCT1 until the complex in reactivated by energy supplies released as products of autolysosomal
degradation at the end of autophagic flux [29].

3. Flavivirus Infection and Autophagy

As a fundamental part of the immune system, autophagy plays a crucial role in sensing the
presence of viruses and mediating their elimination. It is thought that the consumption of intracellular
nutrients caused by a competition between the invading virus and the host cells’ metabolism constitutes
one of the principal danger signals in the eukaryotic cell used to recognize infection and mount an
appropriate antiviral immune response through the activation of autophagy [17]. Therefore, it is not
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surprising that several viruses have evolved mechanisms to exploit and subvert autophagic machinery,
directly or indirectly, to promote their replication and propagation [8].

Describing the role of autophagy in viral infection has been elucidating the puzzle relative to
Flavivirus pathogenesis. Indeed, autophagy provides an adequate platform for Flavivirus replication
during the early steps of infection, allowing apoptosis inhibition, innate immunity evasion, and lipid
metabolism reordering to support robust replication [36].

Apart from exerting a degradative function through the recycling of damaged or long-living
organelles, redundant proteins, or invading microbes via lysosomal machinery, autophagy has
been also described to possess different biogenesis-associated functions [37]. This unconventional
mechanism is known as secretory autophagy, involved in exporting a great variety of cytoplasmic
substrates including cytokines, contents of intracellular organelles and invading microorganisms.
The study of this process seems promising for a better characterization of Flavivirus-host cell
interactions [37,38].

In fact, Flaviviruses can hijack the autophagic response in order to enhance their own replication
and facilitate the establishment of infection [8]. Therefore, unraveling the role of autophagy during
Flavivirus infection might have implications for better understanding viral pathogenesis and aid the
identification of potential therapeutic targets.

Although the specific molecular mechanisms involved in the modulation of autophagy by
Flaviviruses has yet to be fully understood, literature findings relative to Japanese encephalitis virus
(JEV), Usutu virus (USUV), West Nile virus (WNV), Dengue virus (DENV), and Zika virus (ZIKV) are
currently available.

Different studies suggest that JEV-induced autophagy exerts a crucial role in promoting viral
replication. Indeed, the enhancement of viral progression following administration of autophagy
inducers (e.g., rapamycin), and the suppression of viral growth after the administration of autophagy
inhibitors (e.g., 3-methyladenine), create a strong correlation between JEV-induced alterations in the
autophagy machinery and viral propagation [10,39]. JEV infection has been associated to an increment
in LC3 lipidation levels and to its cytoplasmic aggregation, therefore leading to an upregulation of
the autophagic pathway [10,36]. In addition, recent findings suggest that autophagic vesicles do not
constitute a source of membrane compartments used by JEV to sustain its replication, but rather
that viral-activated autophagy is capable of promoting the initial stages of infection, specifically the
JEV entry process [36]. Moreover, the accumulation of autophagosomes is thought to enhance viral
replication though the mechanisms underlining this process are not fully understood [39].

USUYV belongs to the JEV serocomplex and has been recently, and rarely, detected in humans.
Being closely related to JEV, the effects of USUV infection present a similar impact on autophagy when
compared to JEV [40-42].

In the case of WNV, autophagy does not seem to play a pro-viral role, since this cellular process
is supposedly not required for the activation and advancement of the viral life cycle [10]. Different
experimental evidences support the presence of an upregulation of autophagy upon WNV infection,
associated with an augmented lipidation and aggregation of LC3 [43,44]. Nevertheless, inhibition
of autophagy by the depletion of essential autophagy Atg proteins, namely Atg5 and Atg7, is not
associated to an alteration of WNV replication in infected cells therefore suggesting that a functional
autophagy pathway is not required for WNV infectious particle production [10,45,46]. Taken together
these findings indicate that the involvement of autophagy in WNV infection remains controversial,
and further investigations are required to unravel the role of this pathway in WNV pathogenesis.

The re-emergence of DENV and ZIKV-infection indicated the necessity to characterise the principle
mechanisms responsible for viral propagation in order to assess possible therapeutic interventions.
In this context, autophagy appears to be a promising target. Indeed, substantial efforts to determine
the major processes involved in the interaction between autophagy and viral infection are currently
underway, which may result in interesting findings.
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DENYV is known to induce autophagy and this process possesses a pro-viral activity. First,
the induction of autophagy in DENV-infected cells determines membrane reorganization to form
autophagosomes that fuse with endosomes to form amphisomes. In this case, both autophagosomes
and amphisomes are virus-induced double-membrane compartments in which DENV actively
replicates. Second, it has been hypothesized that the upregulation of autophagy might suppress
the host cells” unfolded protein response thus supporting DENV replication [8]. Finally, the induction
of autophagy is crucial for targeting lipid droplets in order to stimulate lipid metabolism (lipophagy).
Accumulating autophagosomes, generated following infection, preferentially associate to lipid droplets
and promote the mobilization of lipid content, thus increasing lipid metabolism and (3-oxidation to
obtain free fatty acids and energy that are essential for sustaining viral replication [47,48]. Among the
mentioned roles of autophagy in supporting DENV infection, the greatest impact of autophagy during
DENYV infection is associated to the promotion of lipid metabolism (Figure 4) [47].

Fatty acids

6. Liberation of fatty acids and energy

for viral replication @
Amphisomes
pid
O O droplets

DENV s
4. Virus-induced
. compartments in
whIch DENY 3. Fusion of autophagosomes
1. Induction of Scielyrepicates with endosomes
autophagy by
promoting 5. Stimulation of lipid
reorganisation metabolism by accumulating
of ER autophagosomes
membranes

Endosome

W,

2. Up-regulated formation of Autophagosome

autophagosomes

Figure 4. Deregulation of autophagy during Dengue virus infection. During DENV infection,
autophagy has pro-viral activity. The induction of autophagy by DENV (1) upregulates
autophagosomes formation (2) that fuse with endosomes to form amphisomes (3), virus-induced
compartments in which DENV actively replicates (4). Accumulating autophagosomes stimulate lipid
metabolism (5) leading to the liberation of fatty acids and energy to sustain viral replication (6).

Different studies have highlighted the important role of autophagy during ZIKV entry and
replication after observing accumulating autophagic vesicles following viral infection in vivo and
in vitro. Viral replication occurs primarily on the ER, where immature viral particles initially assemble.
This stage of ZIKV infection induces ER stress, which in turn triggers autophagy activation. During
this response, the non-structural proteins, NS4A and NS4B, seem to be involved in facilitating the
curvature of ER membranes to generate platform sites for viral assembly, and inhibit Akt-mTORC
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pathway, principally by limiting Akt levels of phosphorylation, to induce autophagy and increase viral
replication and release (Figure 5) [49-52].

ZIKV

7. Liberation of mature
P P viral particles
Akt
Mature
Endosome ZIKV

®

l 1. Translation

AL

Viral RNA

3. Inactivation of
mTORC-pathway
by limiting the
phosphorylation
of Akt

2. Facilitates curvature of ER
membrane for assembly of immature
virions causing ER-stress

mTORC

6. Secretory
autophagy

4. Induction of
autophagy

Immature %

ZIKV B ——

5. Autophagosome

formation from ER
membrane

Figure 5. Deregulation of autophagy during ZIKV infection. Following ZIKV internalization, release
of genomic material from endosomes and translation of viral RNA (1), NS4A and NS4B facilitate the
curvature of ER membranes to promote assembly of immature viral particles (2) and inactivate the
mTORC-pathway (3) by limiting Akt phosphorylation, thus inducing autophagy (5). The upregulation
in autophagosome formation (5) activates secretory autophagy (6) with subsequent liberation of mature
ZIKV particles (7).

Novel findings highlight important similarities between the mechanisms that DENV and ZIKV use
in order to exploit autophagy during infection. Both DENV and ZIKV have been shown to induce the
formation of LC3-containing membranes. Indeed, a common feature seems to be the requirement for
LC3, which is targeted to viral-induced membranes through mechanisms other than cellular lipidation
of the protein. The presence of LIR motifs in the polyproteins of ZIKV and DENV might be responsible
for the viral-mediated localization of LC3 to cellular membranous compartments. Furthermore,
autophagy components seem crucial for post-replication processes including viral maturation and
packaging [53].

Despite these important similarities, DENV and ZIKV exploit a differential utilization of upstream
components of the autophagic machinery, therefore, presumably promoting the activation of diverse
upstream signaling cascades. The induction of autophagy by ZIKV appears to be linked to the
activation of AMPK by phosphorylation, while DENV induces autophagy using a divergent route
presumably involving the activation of VPS34 [53].

ZIKV Infection and Autophagy

In ZIKV and other Flavivirus, receptor-binding is mostly mediated by the interaction of N-glycans
conjugated to viral protein E with C-type lectin receptors (CLRs) from host-cells [54], such as
DC-SIGN (Dendritic cell-specific intercellular adhesion molecule-3-grabbing non-integrin) [55-58],
L-SIGN (Liver/lymph node-specific intercellular adhesion molecule-3-grabbing integrin) [58,59], MMR
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(Macrophage mannose receptor) [60], and CLEC5A (C-type lectin member 5A) [61]. A more recent
in vitro assay demonstrated that DC-SIGN mediates ZIKV entry into cells [62]. CLRs comprise a
large family of carbohydrate receptors, which bind through one or more carbohydrate recognition
domains [63]. These cellular receptors recognize carbohydrate in pathogens as PAMPs and act as
PRRs, interiorizing these agents into endosomes, initiating the process of antigen presentation, and
elimination of the pathogen [64]. Members of this family are usually expressed in myeloid cells,
including macrophages, monocytes, and dendritic cells, thus these receptors play a central role in the
early steps of activating the host’s immune response [65].

Furthermore, ZIKA can acquire negatively charged lipids from the ER lumen during viral
morphogenesis, mainly phosphatidylserine (PS). The PS of immature ZIKV particles misleads host cells
and facilitates the infection of different tissues, including endothelial, neural, and placental [62,66-70].
These anionic lipids are known to bind cellular lipid receptors from two distinct families: TAM
(Receptor tyrosine kinases: TYRO3, AXL and MER) and TIM (T-cell immunoglobulin mucin: TIM1,
TIM3 and TIM4) [71-73]. TIM receptors bind PS directly, whereas TAMs bind it indirectly, through a
process that requires the presence of GAS6 (Growth-arrest-specific 6) or PROS (Protein S) as bridging
molecules [72,74,75]. TAM receptors are expressed on the surface of macrophages, dendritic cells [76],
Sertoli cells (testis) [77], retinal pigment epithelial cells [78], and neuronal cells, such as Purkinje and
dentate gyrus cells [79]. In contrast, TIM receptors are mostly expressed by immune system cells,
especially T cells [80,81].

The ZIKV maturation process occurs in the trans-Golgi network (TGN), where the host’s protease
furin cleaves protein prM of immature particles (C, prM, and E), dissociating the pr portion from
the viral particle, and releasing mature particles (C, M, and E) [82,83]. Abrogating this step leads to
improper reorganization of protein E and consequent exposure of the viral membrane exhibiting prM
and PS. This culminates with the release of immature viral particles exhibiting not only protein E, but
also prM and PS, which could contribute to a wider range of cells susceptible to ZIKV. Additionally,
a single mutation in prM was shown to be associated with the ability of ZIKV to infect cells, suggesting
that prM could also act as an entry receptor [84]. Therefore, ZIKV entry into cells seems to be a
process dependent on the degree of particle maturation, where multiple molecules can be explored for
infectious entry dictating cell tropism.

Following association with one or more host receptors, ZIKV infiltrates cells through
clathrin-mediated endocytosis [85], a vesicular trafficking process that transports cargo molecules from
the cell surface to its interior [86]. Initially, a pre-existing clathrin-coated pit enfolds viral particles and
the invagination on the plasma membrane is closed by excision of the dynamin-mediated membrane
to form a clathrin-coated vesicle. Subsequently, the endocytic vesicle carrying the virus is delivered to
the initial endosomes, which mature into late endosomes [87]. Then, the acidic pH of the endosome
compartment triggers a conformational change in protein E, leading to viral membrane fusion with
the endosome membrane and further release of viral RNA into the cytoplasm, enabling replication
and translation processes [88]. In this regard, chloroquine is thought to inhibit membrane fusion by
raising the pH in the lumen of endosomes (Figure 6) [89].
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Figure 6. The role of autophagy in ZIKV infection. The ZIKV entry mechanism is mediated by a wide

range of receptors. After membrane fusion, viral genetic material is released into the cytoplasm and
translated into proteins. The formation of vesicle packets causes ER stress and triggers autophagy.
Chloroquine acts by increasing the pH within the endosomes, inhibiting membrane fusion and
exocytosis by secretory autophagy.

Viral replication machinery is established at the ER membrane, which undergoes a structural
rearrangement mediated by ZIKV structural proteins, NS4A and NS4B [90]. These invaginations
inside the ER lumen are termed “vesicle packets”, and provide an ideal environment for biogenesis.
The formation of these replication complexes causes ER stress, which is thought to be the main
mechanism by which autophagy is triggered during ZIKV infection [49]. NS4A and NS4B have also
been shown to promote autophagy in HeLa and fetal neural stem cells by inhibiting the Akt-mTOR
pathway, thus increasing ZIKV replication and preventing neurogenesis [51].

During morphogenesis, the newly synthesized viral genomes are assembled into virions that bud
into the ER lumen, thus the viral membrane ends up reflecting the ER membrane composition, which
has PS in its luminal leaflet [91]. Then, these particles traffic through the TGN, for maturation, and
further secretory pathways [82].

It is important to note that proteins lacking the N-terminal leader peptides cannot enter the
ER-TGN pathway for secretion. These proteins, such as viral polypeptides, may be exported
unconventionally through secretory autophagy [90]. Different from degradative autophagy, the
secretory autophagy machinery causes the secretion of viral particles instead of their degradation [37].
Therefore, ZIKV may exploit secretory autophagy to facilitate the release of mature viral particles.
Nevertheless, the mechanisms by which secretory autophagy branches from degradative autophagy
and how ZIKV explores it, are not yet understood. On this matter, an alkalizer drug such as chloroquine
may inhibit secretory autophagy and suppress degradative autophagy once acidic pH is necessary for
the activation of lysosomal hydrolases.



Int. . Mol. Sci. 2019, 20, 1048 13 of 21

4. Therapy Development and Approaches to Counteract ZIKV Infection

ZIKV is a recent emerging infectious disease characterized by its rapid spread and high
virulence. Clinical manifestations following infection are generally mild, self-limited, and non-specific,
which include symptoms such as fever, headache, arthralgia, myalgia, asthenia, and non-purulent
conjunctivitis, found to be very similar to those caused by other arboviruses, therefore confounding
the diagnosis [2]. Nevertheless, more severe outcomes have been described including the development
of microcephaly in newborns, and grave neurological impairments in adults such as the Guillain Barre
syndrome (GBS) [89,92-94]. These complications possibly correlate with the unavailability of vaccines,
therapies, or effective prophylactic strategies to counteract the infection [95]. Different ZIKV vaccine
candidates are currently under development, and clinical trials entail nucleic acid based vaccines (RNA
or DNA), virus-like particle, recombinant, and vectored vaccines [89,96]. Other than acetaminophen
to control pain and fever, administration of fluids to prevent dehydration, and anti-histamines to
prevent rushes, no specific anti-viral drugs for ZIKV have yet been identified. Recently, several
compounds have been tested in order to assess a possible effective therapeutic strategy to neutralize the
infection [95]. Indeed, in a scenario lacking accepted anti-ZIKV treatments, researchers are proceeding
with testing repurposed available drugs already approved for use in pregnant woman, which seems to
be the most effective way for reducing viral infection in adults and to limit birth defects in newborns.

What has emerged is the necessity to investigate the genetic and molecular components
underlining ZIKV biology and viral pathogenicity. Knowledge of the exact molecular processes
and effectors mediating all the different stages of viral replication and host cell-virus interactions,
are crucial in order to test repurposed or newly designed drugs that can be used as anti-viral agents
against ZIKV.

Targeting Autophagy to Limit ZIKV Infection: A Perspective Approach

Compound testing and drug design to block receptor binding, endosomal fusion, viral replication,
and release from host cells is of contingent need to make rapid progress in the development of novel
therapies that might work efficiently to fight ZIKV.

Based on novel and crucial findings related to autophagy in promoting viral replication and
progression of infection, we describe the activity of chloroquine, a compound found to efficiently limit
ZIKV infection in vivo and in vitro. We also highlight other compounds known to act on autophagy,
for which we suggest further testing to identify those with anti-ZIKV activity. Our intent is to highlight
the importance of targeting autophagy to limit ZIKV infection.

Chloroquine (CQ) is an FDA-approved antimalarial compound with high tolerability, low cost,
and immunomodulatory properties for which no substantiated reports indicate an association between
drug administration and fetal harm or risk during pregnancy [97]. Due to its interesting properties,
the usage of CQ has been repurposed also against other pathogens. Specifically, CQ has recently been
seen to counteract ZIKV infection in different in vivo and in vitro models [50,97,98].

CQ is a 9-aminoquinolone, possessing multiple biochemical properties with direct antiviral
effects. CQ is a weak base cable of reaching intracellular compartments, and is concentrated within
acidic organelles including lysosomes, Golgi vesicles and endosomes. CQ acts by increasing the
pH acidic organelles, therefore, disrupting the activity of several enzymes (e.g., acidic hydroxylases)
and inhibiting protein post-translational modifications. It is therefore clear that CQ can disrupt the
pH-dependent stages of viral replication for several members of the Flaviviridae, Retroviridae, and
Coronoviridae families [99-101].

In the case of ZIKV infection, the acidic pH of endosome compartments is crucial for triggering
conformational changes of viral glycoproteins thus allowing the fusion of the viral and endosomal
membranes with subsequent release of viral RNA into the cytoplasm, enabling replication and
translation processes [88]. In this context, CQ might act by inhibiting membrane fusion by raising the
pH in the lumen of endosomes [89].
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Altering the pH in the ER compartment and TGN vesicles is though to allow CQ to limit
post-translational modifications of viral glycoproteins occurring in these districts since residing
glycosyl-transferases and proteases require low pH [99,102]. In addition, pH increase caused by
CQ, impairs the normal proteolytic processing of prM to M thus impairing viral infectivity [103].

Endosomes, ER, and TGN are cellular organelles that exert fundamental roles of ensuring a
correct initiation, progression, and completion of autophagic flux. Therefore, altering the homeostasis
of these compartments will inhibit the autophagic response. CQ negatively interferes in the fusion
of autophagosomes with lysosomes, causing an accumulation of sequestered materials, including
viral particles, either in autophagosomes or autophagolysosomes [104]. We can hypothesize that a
possible mechanism through which ZIKV might exploit secretory autophagy and suppress degradative
autophagy to facilitate the release of mature viral particles might reside in the alkalizer properties of
CQ since acidic pH is necessary for the activation of lysosomal hydrolases.

Even though the activity of CQ seems promising in counteracting ZIKV infection, some
controversial findings have been also reported. In an interesting work conducted by Adcock et al.,
CQ failed to inhibit ZIKV replication in their in vitro model, and showed higher cytotoxicity when
compared to other CQ analogues [105]. Nevertheless, it is important to notice that CQ has been
reported to decrease the number of ZIKV-infected neural cells in diverse cell models [89]. These
different results highlight an important aspect to consider when testing potential anti-Flavivirus agents:
Flavivirus entry and replication mechanisms are cell-specific, which might also render the effects of
putative inhibitors cell-specific [105]; consequently, each compound should be tested on several host
cell models prior to its consideration as a potential drug for limiting ZIKV infection.

Apart from CQ, other autophagy inhibiting lysosomotropic agents might be tested to reveal
a possible anti-ZIKV activity and they include: Lys05, a bivalent aminoquinoline that causes a
significant augmentation in lysosomal pH [106]; ARN5187, autophagosome maturation blocker [107];
and Quinacrine, anti-malarial drug acting as inhibitor of endosome/lysosome acidification [108].

Catalytic inhibitors of ULK kinase including MRT68921, Compound 6, and SBI-0206965, even if at
the very early stages of drug discovery, seem promising in targeting the autophagic process [109,110].

Compounds that inhibit the later stages of autophagy, the degradation of autophagosome content
by lysosome enzymes, might also be considered as effective agents against ZIKV which include:
Pepstatin A and E64d, inhibitors of lysosomal proteases [111]; clomipramine, a FDA-approved
drug for psychiatric disorders, which possesses an active metabolite (desmethylclomipramine)
known to block autophagosome-lysosome fusion [112]; lucanthone, disrupts lysosomal membrane
permeabilization [113]; Bafilomycin A1, inhibitor of the V-ATPase, which leads to the disruption of
autolysosome acidification and to autophagosome-lysosome fusion [114]; Quinacrine, prevents the
fusion of autophagosomes and lysosomes [108]; Quinacrine, Mefloquine, and GSK369796, inhibit the
activity of the lysosomal cathepsin B presumably by direct binding to the enzyme [108].

As already indicated, the PI3K/Akt/mTORC signaling pathway is the main intracellular route
involved in regulating the progression of autophagic flux in presence of various stress stimuli, including
viral infections. We therefore suggest that testing well-established compounds known to alter the
PI3K/Akt/mTORC axis should be executed to identify other potential drugs that could limit ZIKV
infection. To support our hypothesis there has been a recent report demonstrating that pharmacological
inhibition of autophagy using wortmannin—a microbial product and inhibitor of the early stages of
autophagy by blocking PI3K—is associated to a reduction in ZIKV production in an in vitro model
of human umbilical vein endothelial cells [50]. Other PI3K-blockers have been used as autophagy
inhibitors such as: 3-methyladenine, widely used to inhibit autophagy in vitro [115,116]; and LY294002,
the first synthetic inhibitor of PI3K (Figure 7) [115,117].
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Figure 7. Compound testing and drug design to limit autophagy: a possible approach to counteract
ZIKV infection. Different compounds possess the ability to modulate crucial steps for autophagy
progression. Considering the fundamental role of autophagy in promoting viral replication and
advancement of infection, the testing of molecules known to act on autophagy might be essential to
identify and select candidates to test for anti-ZIKV activity.

5. Conclusions

ZIKV infection still constitutes an ongoing challenge that requires strict surveillance and attention.
There is the necessity to unravel ZIKV biology and the mechanisms involved in virus-host cell
interactions in order to develop potential vaccines, therapies, and prophylactic regimes to counteract
viral infection since they are not yet available. Recent findings support the assumption that autophagy
might represent a potential target for therapeutic purposes. Therefore, understanding the specific
molecular details of how ZIKV is able to engage autophagy will certainly clarify the roles of autophagic
flux in viral replication and progression, and may help to assess effective therapeutics to potentially
treat disease and control virus infection.
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O desenho do estudo consiste em caso-controle e recrutard pacientes nas maternidades cadastradas no
Instituto Circulo do Coragdo com quadro clinico sugestivo de infeccdo por ZIKV e soropositividade ao virus
em qualquer periodo gestacional, cujos fetos apresentem ou néao alteragdes neurologicas. Os com
alteragdes seré@o considerados casos, e 0s que ndo apresentarem

Endereco: Av. da Engenharia s/n° - 1° andar, sala 4, Prédio do Centro de Ciéncias da Saude

Bairro: Cidade Universitaria CEP: 50.740-600
UF: PE Municipio: RECIFE
Telefone: (81)2126-8588 E-mail: cepccs@ufpe.br

Pagina 01 de 06



UFPE - UNIVERSIDADE
% CEP FEDERAL DE PERNAMBUCO - Wﬂl"‘
L) T CAMPUS RECIFE -

UFPE

Continuagao do Parecer: 3.135.383

constituirdo o grupo controle. Também serdo recrutados os pais e maes das criangas com desordens
neuroldgicas, assim como a crianga em acompanhamento médico, para andlise de fatores genéticos ligados
a infecgdo. Esta previsto o recrutamento de 300 voluntarios. Numa outra abordagem, serdo recrutados
voluntarios do estado de Pernambuco para analise do perfil sorologico de infecgdo e pés-infecgdo aos virus
ZIKV e DENV, sendo estimada a participagédo de 1.000 voluntarios. Ambos os grupos seréo testados para
infeccdes prévias aos quatro virus da Dengue.

Serdo aplicados questionarios e promovida revisdo dos prontuarios para analises subsequentes. Sera
coletado também de 5-10mL de sangue periférico em tubo com anticoagulante (EDTA), para analises
laboratoriais.

O estudo sera realizado em parceria com a Fundagédo de Apoio Circulo do Coracéo (CirCor), que é
cadastrada em mais de 20 Centros Materno-Infantis do estado da Paraiba, do Hospital da rede estadual
Mestre Vitalino, situado na cidade de Caruaru. O processamento biolégico (andlise sorolégica e genémica)
das amostras sera realizado no Setor de Biologia Molecular do Laboratério de Imunopatologia Keizo Asami
(LIKA), érgéo vinculado a Universidade Federal de Pernambuco (UFPE) .

Os pesquisadores elaboraram a hipotese de que, devido a semelhanca entre os DENV e o ZIKV, os
individuos previamente expostos aos subtipos do virus da Dengue e portadores de anticorpos especificos
para esses subtipos virais, possam apresentar o Fenémeno de Facilitagdo por Anticorpos (Antibody
Dependent Enhancement — ADE) na infec¢é@o por ZIKV, facilitando a entrada viral e o exacerbamento da
resposta imunolégica, podendo provocar dano tecidual neurologico, caracteristico das formas graves da
doenca. Adicionalmente, a variabilidade genética do hospedeiro pode estar envolvida na susceptibilidade a
infeccéo pelo ZIKV e DENV, bem como no desenvolvimento de desordens neurologicas e microcefalia.

Objetivo da Pesquisa:

Objetivo geral:

Investigar fatores genéticos e moleculares envolvidos na patogénese da infecgéo por virus Zika.

Objetivos especificos

Estimar a prevaléncia de pré-exposicao aos diferentes sorotipos do DENV (DENV-1, DENV-2, DENV-3,
DENV-4) em mulheres gravidas expostas ao ZIKV, cujos neonatos desenvolveram ou né&o
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quadros de desordens neurologicas e microcefalia, através de testes sorologicos e RT-qPCR;

Determinar a associagéo entre pré-exposicdo a DENV e o agravamento do quadro de infecgdo por ZIKV,
comparando aspectos sorologicos de pré-exposicdo da méde com o fen6tipo apresentado pela crianga
portadora de neurodesordem decorrente da infecgédo pelo virus;

Determinar a exposicao (IgM) e pos-exposicéo (IgG) a DENV (1-4) e ZIKV em individuos pernambucanos;
Avaliar o envolvimento da morte celular e da autofagia na patogénese da infecgédo por ZIKV em linhagens de
células neuronais e placentarias;

Investigar in vitro e in silico as vias de entrada do ZIKV em células gliais e o papel da maturacéo da particula
viral nestes mecanismos;

Avaliar a contribui¢do da variabilidade genética do hospedeiro na susceptibilidade a infeccéo pelo ZIKV e ao
dano neuronal, através de Estudos de Associagdo Ampla do Genoma (GWAS) e Estudos de Associagcdo do
Genoma Completo (WGAS).

Avaliacao dos Riscos e Beneficios:

Riscos: Dor no local da pungéo venosa para coleta da amostra, hematoma e tromboflebite.

Beneficios: Os voluntarios serdo informados quanto a resultado de exame gerado pelo estudo que possa
auxiliar o diagnéstico e tratamento.

O conhecimento de como o perfil imunol6gico e molecular dos individuos influencia na patogénese da
infeccéo pelo ZIKV pode auxiliar na condugéo clinica, na identificagdo precoce de pacientes pré-dispostos a
forma grave da doenga, bem como no desenvolvimento de medidas de saude publica adequadas e
possiveis formas de tratamento.

Comentarios e Consideracoes sobre a Pesquisa:

Trata-se de um estudo muito bem delineado, com objetivos claros e critérios de inclusdo/exclusdo bem
definidos. Os documentos anexados estdo redigidos de forma adequada. De acordo com os resultados
obtidos o estudo podera acrescentar conhecimento quanto aos fatores genéticos e moleculares envolvidos
na patogénese da infecg¢éo por virus Zika.

Consideracoes sobre os Termos de apresentacao obrigatoria:

Cronograma: Coleta de amostras com inicio previsto para o primeiro trimestre de 2019 e encerramento no
ultimo trimestre 2019;

Orcamento: R$ 1.255.012,00 referente a equipamentos, KITs laboratoriais, passagens, bolsas e
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diarias, adequadamente explicitados. O projeto recebe financiamentos provenientes do CNPq (440371/2016
-3) e da Capes (88881.130808/2016-01), totalizando R$ 1.232.800,00 (um milhao duzentos e trinta e dois
mil e oitocentos reais).

TCLE redigido de forma adequada

Folha de Rosto preenchida de forma adequada;

Curriculum vitae dos pesquisadores anexados;

Cartas de anuéncia do Hospital Mestre Vitalino , LIKA e Circulo do Coragao de Pernambuco CirCor
anexadas;

Termo de confidencialidade anexado.

Recomendacobes:
Sem recomendagdes

Conclusdes ou Pendéncias e Lista de Inadequacoées:
Sem pendéncias

Consideracoes Finais a critério do CEP:

O Protocolo foi avaliado na reunido do CEP e esta APROVADO para iniciar a coleta de dados. Informamos
que a APROVACAO DEFINITIVA do projeto s6 sera dada ap6s o envio da Notificagdo com o Relatério Final
da pesquisa. O pesquisador deveréa fazer o download do modelo de Relatério Final para envia-lo via
“Notificacdo”, pela Plataforma Brasil. Siga as instru¢des do link “Para enviar Relatério Final”, disponivel no
site do CEP/UFPE. Apds apreciacdo desse relatorio, o CEP emitird novo Parecer Consubstanciado definitivo
pelo sistema Plataforma Brasil.

Informamos, ainda, que o (a) pesquisador (a) deve desenvolver a pesquisa conforme delineada neste
protocolo aprovado, exceto quando perceber risco ou dano néo previsto ao voluntario participante (item V.3.,
da Resolugdo CNS/MS N° 466/12).

Eventuais modificagcdes nesta pesquisa devem ser solicitadas através de EMENDA ao projeto, identificando
a parte do protocolo a ser modificada e suas justificativas.

Para projetos com mais de um ano de execuc¢éo, é obrigatério que o pesquisador responsavel pelo
Protocolo de Pesquisa apresente a este Comité de Etica, relatorios parciais das atividades desenvolvidas no
periodo de 12 meses a contar da data de sua aprovagéao (item X.1.3.b., da Resolugdo CNS/MS N° 466/12).
O CEP/UFPE deve ser informado de todos os efeitos adversos ou fatos relevantes que alterem o
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curso normal do estudo (item V.5., da Resolugdo CNS/MS N° 466/12). E papel do/a pesquisador/a
assegurar todas as medidas imediatas e adequadas frente a evento adverso grave ocorrido (mesmo que
tenha sido em outro centro) e ainda, enviar notificagdo a ANVISA — Agéncia Nacional de Vigilancia Sanitaria,
junto com seu posicionamento.

Este parecer foi elaborado baseado nos documentos abaixo relacionados:

Tipo Documento Arquivo Postagem Autor Situagao
Informagbes Basicas| PB_INFORMACOES_BASICAS_DO_P 20/11/2018 Aceito
do Projeto ROJETO _1253788.pdf 12:30:59
Projeto Detalhado / | ProjetoZIKVSubmissaoCEP7nov2018.do| 20/11/2018 |Almerinda Agrelli Aceito
Brochura cX 12:15:15
Investigador
TCLE / Termos de | TLCEMaiores.docx 20/11/2018 |Almerinda Agrelli Aceito
Assentimento / 12:12:51
Justificativa de
Auséncia
TCLE / Termos de | TLCEMenor.docx 20/11/2018 |Almerinda Agrelli Aceito
Assentimento / 12:12:43
Justificativa de
Auséncia
TCLE / Termos de | TLCEResponsavel.docx 20/11/2018 |Almerinda Agrelli Aceito
Assentimento / 12:12:28
Justificativa de
Auséncia
Cronograma Cronograma.pdf 07/11/2018 [Almerinda Agrelli Aceito

23:22:13
Orcamento Orcamento.pdf 07/11/2018 [Almerinda Agrelli Aceito
23:21:11
Declaragéo de TermoConfidencialidadeAssinado.pdf 07/11/2018 [Almerinda Agrelli Aceito
Pesquisadores 23:19:40
Declaragéo de AutorizacaoDeUsoDeDadosAssinadaCa| 07/11/2018 |Almerinda Agrelli Aceito
Instituicéo e rimbada.pdf 23:17:22
Infraestrutura
Declaragéo de CartaAnuenciaMestreVitalino.pdf 07/11/2018 | Almerinda Agrelli Aceito
Instituicéo e 23:15:53
Infraestrutura
Declaragéo de Anuencia_SandraMattos1.pdf 07/11/2018 [Almerinda Agrelli Aceito
Instituicéo e 23:15:29
Infraestrutura
Declaracéo do ComprovanteFinanciamentoCNPqCAPIT| 07/11/2018 [Almerinda Agrelli Aceito
Patrocinador ALeCUSTEIO.pdf 23:12:31
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Declaragéo do ComprovanteFinanciamentoCapesCUST| 07/11/2018 |Almerinda Agrelli Aceito

Patrocinador EIO.pdf 23:12:22

Declaragéo do ComprovanteFinanciamentoCapesBOLS| 07/11/2018 |Almerinda Agrelli Aceito

Patrocinador AS.pdf 23:12:12

Declaragéo de CurriculoNatalia.pdf 07/11/2018 | Almerinda Agrelli Aceito

Pesquisadores 23:10:59

Declaragéo de CV_HEITOR.pdf 07/11/2018 [Almerinda Agrelli Aceito

Pesquisadores 23:10:44

Declaragéo de CurriculoHeverton.pdf 07/11/2018 | Almerinda Agrelli Aceito

Pesquisadores 23:10:01

Declaragéo de CVRonald.pdf 07/11/2018 | Almerinda Agrelli Aceito

Pesquisadores 23:09:44

Declaragéo de Brandao_Lattes.pdf 07/11/2018 | Almerinda Agrelli Aceito

Pesquisadores 23:09:30

Declaragéo de Crovella_Lattes.pdf 07/11/2018 | Almerinda Agrelli Aceito

Pesquisadores 23:08:57

Declaragéo de CV_Agrelli_Almerinda.pdf 07/11/2018 | Almerinda Agrelli Aceito

Pesquisadores 23:07:51

Declaragéo de CartaAnuencialLikaAssinadaCarimbada. | 07/11/2018 |Almerinda Agrelli Aceito

Instituicéo e pdf 23:01:18

Infraestrutura

Folha de Rosto FolhaDeRostoAssinadaCarimbada.pdf 07/11/2018 | Almerinda Agrelli Aceito
22:59:27

Situacao do Parecer:

Aprovado

Necessita Apreciacdao da CONEP:

Nao

RECIFE, 07 de Fevereiro de 2019

Assinado por:

Gisele Cristina Sena da Silva Pinho

(Coordenador(a))
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