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RESUMO

O ZIKV é um virus de RNA, ndo segmentado, de fita simples e sentido positivo
membro da familia Flaviviridae. O genoma viral possui uma arquitetura tipica
de flavivirus, com cerca de 11kb de comprimento, que codifica trés proteinas
estruturais (Capsideo, precursor-Membrana, Envelope) e sete proteinas nao-
estruturais (NS1, NS2A, NS2B, NS3, NS4A, NS4B, NS5). Nas Ameéricas,
emergiu rapidamente apds surto na ilha da Pascoa, Chile. No Brasil, 0 surto
iniciou em 2015, aumentando consideravelmente casos de microcefalia em
recém-nascidos. Aliada a esses casos, também foi observada a ocorréncia de
sindrome neurolégica de Guillain-Barré. Essas associacbes transformaram o
impacto da transmisséo e infeccbes por ZIKV em uma preocupacdo de saude
publica global. O virus é transmitido principalmente pelos mosquitos do género
Aedes, que possuem ampla distribuicdo e apresentam grandes adaptacdes a
ambientes urbanos. Além de transmissdo vetorial, pode ser transmitido via
sexual e materno-fetal. O objetivo deste trabalho foi comparar as infec¢des por
uma cepa contemporénea de ZIKV com DENV2 em modelo de explantes de
placenta humana a termo, bem como quantificar expressdao de citocinas,
interferons do tipo I, Il e Il e marcadores de apoptose induzida via infeccéo
viral. Os resultados demonstram que os explantes da placenta a termo sao
permissivos e apoiam a infeccéo por ZIKV. A quantificacdo da carga viral entre
infecgbes ZIKV e DENV2 foram similares. No entanto, DENV2 apresentou

decréscimo na liberagcédo de carga viral em 24 horas pos-infeccéo. A cinética da



replicacdo viral coincidiu com a expressao de citocinas pro-inflamatorias e o
aumento de apoptose no tecido infectado. Clivagem de caspase 3 foi
parcialmente dependente de TNF- a e o tratamento com Anti-TNF-a diminuiu
significativamente essa ativacdo mediada por infeccao viral. Cumulativamente,
este modelo demonstra que os tecidos placentarios humanos sao alvo de

infeccdo por ZIKV e que a infeccéo é patogénica para o tecido placentario.

Palavras-chave: placenta humana, Flavivirus, explantes, apoptose, interferon,

caspase 3.



ABSTRACT

ZIKV is a non-segmented, single-stranded, positive-sense RNA virus and a
member of the Flaviviridae family. Its genome has a typical 11 kB-long flavivirus
architecture that encodes three structural proteins (Capsid, Precursor-
Membrane, Envelop) and seven non-structural proteins (NS1, NS2A, NS2B,
NS3, NS4A, NS4B and NS5). In the Americas, the viruses emerged rapidly after
outbreak on Pascoa Island, Chile. The outbreak reached Brazil in 2015,
substantially increasing cases of microcephaly in newborns. In addition to
microcephaly, cases associated with neurological diseases such as Guillain-
Barré syndrome have made ZIKV a global public health concern. The virus is
mainly transmitted by mosquitoes of the genus Aedes, which are widely
distributed and which have adapted well great to urban environments. In
addition to vector transmission, ZIKV can be transmitted via sexual and
maternal-fetal routes, the virus has been isolated is from sperm, amniotic fluid
and central nervous systems of stillborn fetuses. The goal of this report was
compare ZIKV-infected to DENV2 in full-term human placenta explant model.
Quantify expression of cytokines, type I, Il and Il interferons and markers of
induced-apoptosis by viral infection. The results demonstrated that full-term
placenta explants are permissive and support ZIKV infection. Viral loads in ZIKV
and DENV?2 infections were similar. However, DENV2 presented a decrease in

viral load release at 24 hours post infection (h.p.i). The kinetics of viral



replication coincided with the expression of proinflammatory cytokines and the
increase of apoptosis in the infected tissue. Apoptosis was partially dependent
on TNF-a. Anti-TNF-a treatment significantly decreased the activated-caspase
3 mediated viral infection. Cumulatively, this model demonstrates that human
placental tissues are targets of ZIKV-infection and that the infection is

pathogenic to placental tissue.

Key words: human placenta, Flavivirus, explants, apoptosis, interferon,

activated-caspase 3
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1. INTRODUCAO

Ao longo dos ultimos vinte anos, a expansao de Flavivirus e Alphavirus
impactou fortemente a saude global. Inicialmente o virus Dengue (DENV),
depois, virus Nilo Ocidental (WNV), Chikungunya (CHKV) e recentemente o
virus Zika (ZIKV) (Musso et al., 2015; Weaver e Lecuit, 2015).

Em 2007, o virus Zika causou surtos na llha Yap, Micronésia, seguido de
surto na Polinésia Francesa, em 2013. O primeiro relato nas Américas ocorreu
na llha da Pascoa em 2014. Anteriormente a esses surtos, poucos casos foram
relatados desde seu primeiro isolamento viral em macacos rhesus, na Floresta
Zika, Uganda, em 1947 (Lanciotti et al., 2007; Duffy et al., 2009; Enfissi et al.,
2016).

No Brasil, a introducdo do virus foi detectada em 2015, na regido
nordeste, e em seguida em diversos estados e varios paises da América do
Sul, incluindo Colémbia, Equador, Suriname, Venezuela, Guiana Francesa e
Paraguai. Espalhando-se para América Central, Caribe e México (PAHO/WHO,
2016). Paises ndo endémicos como os Estados Unidos, Canada, Japdo e
Europa relataram casos de infec¢des por ZIKV de viajantes que retornaram ao
pais de origem apOs permanecerem em regifes que passavam por surto da
infeccdo (Musso et al., 2014; Hennessey et al., 2016).

O virus é transmitido principalmente pelos mosquitos do género Aedes.
Na Africa, ZIKV foi isolado em diferentes mosquitos, incluindo Ae. Furcifer, Ae.

Minutus, Ae. neoafricano, Ae. Albopictus, entre outros, e mosquitos
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pertencentes aos géneros Anopheles (An. Coustani, An. Gambiae) e Mansonia
(Ma. Uniformis) (Haddow et al., 2012; Marcondes e Ximenes, 2016; Slavov et
al., 2016). A manutencao viral no continente Africano é mantida por primatas
ndo humanos considerados o0s reservatorios naturais, ja 0os seres humanos
hospedeiros amplificadores (Vorou, 2016).

Além da transmisséo vetorial, o ZIKV é transmitido via sexual, materno-
fetal e transfusdo de sangue (Frank et al., 2016; Winkler et al., 2017). A
transmissao sexual do virus ZIKA foi sugerida em 2011, Senegal, em que um
homem ao retornar infectado ao seu pais de origem, transmitiu o virus a uma
mulher através de relacbes sexuais (Foy et al., 2011).A transmissdo sexual
pode estar relacionado a persisténcia em longo prazo de ZIKV nos testiculos e
sémen (Atkinson et al., 2016), conforme estudos em camundongos e humanos
(Govero et al., 2016; Kumar et al., 2018).

A transmissdo materno-fetal de flavivirus em humanos foi relatada pela
primeira vez em 2002, Nova York, na qual a infeccdo por WNV resultou em
coriorretinite bilateral e destruicdo neuronal no feto (Alpert et al., 2003). O virus
da encefalite japonesa (JEV) também foi isolado de natimortos sugestionando
que a infeccdo viral poderia ser a causa dos abortos espontaneos (Chaturvedi
et al., 1980).

Quanto aos casos clinicos, a infec¢do por ZIKV era apenas associada a
sintomas leves (dor de cabeca, erupcdo cutanea, conjuntivite). ApoOs surtos

nas Américas, outras patogéneses neuroldgicas como a sindrome de Guillain-
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Barré e a microcefalia em neonatos foram observadas (Calvet et al., 2016b;

Cao-Lormeau et al., 2016).

1.1. GENOMA VIRAL

ZIKV, membro da familia Flaviviridae, género Flavivirus € um virus de
RNA, ndo segmentado, de fita simples e polaridade positivo (Wikan e Smith,
2016). O genoma viral possui uma arquitetura tipica de flavivirus, com cerca de
11kb de comprimento. (Figura 1). O genoma consiste em um Unico quadro de
leitura aberta (ORF) que é flanqueado por regides nédo traduzidas de 5' UTRs e
3'UTRs. Essa ORF codifica uma poliproteina que é clivada por proteases virais
e do hospedeiro, resultando em trés proteinas estruturais: capsideo (C), pré-
membrana (prM) e envelope (E), e sete ndo estruturais (NS) proteinas: NS1,
NS2A, NS2B, NS3, NS4A, NS4B e NS5.

A regido 5'UTR possue aproximadamente 107 nucleotideos de tamanho
e contém uma estrutura cap (5'cap). Ja a regido e 3'UTR, com 428
nucleotideos, apresenta estrutura hairpin e auséncia de poly- (A) (Kim et al.,
2015; Yun e Lee, 2017). A metilacdo da regido 5'cap (M7GpppAmG) é
importante para iniciar a traducdo do genoma, bem como, proteger o genoma
viral da degradacédo (Klema et al., 2015). Além disso, duas regides internas do
genoma viral, 2'-O de adenosina e N-6 de adenosina (m6A) podem ser
metilados e consequentemente influenciar na replicagéo viral (Chung et al.,

2010; Klema et al., 2015; Goertz et al., 2017).
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Figura 1. Esquema geral de genoma do virus ZIKA. Na figura esta indicada a
poliproteina que codifica as proteinas estruturais (C, prM, E) e as proteinas nao
estruturais (NS1, NS2A, 2B, NS3, NS4A, 2B, NS5). O gRNA ZIKV pode ser
internamente metilado por MTases do hospedeiro e é flanqueado por regido 5'
e 3'UTR. Estas regides contém estruturas resistentes de RNA harpin. Terminal
3'UTR pode ser degradado por exoribonucleases, resultando na formacéo de
duas espécies de sfRNA.

Genoma ZIKV

YVv v ? 0 ' Y
| C wm E NS1 2A B NS3 4A 4B NS5

= 1 =

& Protease Viral
¥ Furina
Cap5' 5'UTR Regido de 3UTR 9 Dasitnisug
metila metilagio sfRNA  °
do interna

(adaptada, Yun and Lee, 2017).

Estudo recente verificou padrdoes de metilacdo (m6A) diferentes entre os
genomas de isolados de ZIKV de Porto Rico e Dakar, pertencentes a linhagem
Asidtica e a Africana, respectivamente, nas regiées de RNA que codificam as
proteinas E, NS1, NS3 e NS5 (Gokhale et al., 2016; Lichinchi et al., 2016).
(Lichinchi et al., 2016).

A regido 3'UTR contém trés estruturas de hairpin secundarias
conhecidas como 3'-stem (I, Il, II'-SLs). Essa regidao ainda possui quatro SLs
curtos, dos quais a funcdo permanece desconhecida e uma sequéncia

complementar de ciclizacado (CS) (Goertz et al., 2017). Algumas mutacdes e
21



delecdes dentro da CS ou nas regibes hairpin secundarias geram virus
inviaveis, sugerindo que essas regides podem ser essenciais para a replicacédo
e traducao viral (Akiyama et al., 2016; Zhu et al., 2016; Gdoertz et al., 2017).
Outra regido importante localizada na 3'UTR é a sequéncia que gera RNA
subgendémico néo codificante (sfRNA) por meio da degradacdo de
exoribonucleases do hospedeiro. Essa degradacdo produz RNAs funcionais
gue contribuem para o estabelecimento de uma infeccéo produtiva e evasao de
respostas antivirais da célula hospedeira (Pijlman, 2014; Charley e Wilusz,
2016; Ng et al., 2017).

As funcbes de sfRNA sdo amplamente estudadas e em células de
mamiferos atua como um antagonista da resposta imune inata dependente de
interferon e do gene induzido pelo acido retindico (RIG-l)(Manokaran et al.,
2015). Podem também servir como local de ligacdo para proteinas celulares,
como G3BP1, G3BP2 e CAPRIN, que sdo necessarias para a traducao de
MRNASs induzidos por interferon (Bidet et al., 2014).

A proteina do capsidio (C) € altamente basica, com massa molecular de
aproximadamente 11 KDa, sendo responsavel pela formacdo do
nucleocapsidio junto com o RNA viral. A proteina precursora da glicoproteina M
(PrM) com 26 KDa é translocada para dentro do RE. A principal funcdo dessa
proteina é prevenir que a proteina E sofra rearranjo por catélise acida durante o
transito através da via secretéria. A conversdo da particula viral imatura para o

virus maduro ocorre na via secretoria e coincide com a clivagem de PrM nos
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fragmentos Pr e M pela protease furina encontrada no CG ou por enzimas
relacionadas (Roby et al. 2011).

A proteina E, 53 KDa, € a maior proteina de superficie dos flavivirus e
estd relacionada com a ligacdo viral ao receptor celular e fuséo
intermembranas. Ela é composta de duas subunidades, cada uma constituida
por trés dominios: dominios I, IlI, Ill. O dominio | € formado por estrutura B-
pregueada com o eixo orientado paralelamente ao eixo viral. Esse dominio N-
terminal contém duas ligacfes dissulfetos e exige na superficie uma Unica
cadeia de carboidrato. O dominio Il é projetado ao longo da superficie viral por
entre as regifes transmembranas da subunidade homodimero. O peptideo de
fusdo, que media a insercdo dentro da membrana da célula-alvo € localizado
na ponta distal do dominio Il com relacdo a regido transmembrana. O dominio
[l contém a porcao C-terminal da proteina e uma estrutura em prega similar a
observada nas imunoglobulinas (Lindenbach et al. 2007).

As proteinas ndo estruturais s8o essenciais para a replicacao,
montagem dos virions e a evasao da resposta imune do hospedeiro. A proteina
NS1 tem um peso molecular de 46-55 KDa, dependendo do seu estado de
glicosilacdo. Ela estd presente em multiplas formas oligoméricas, e é
encontrada em diferentes locais celulares. Além de sua func¢édo na replicacédo
do virus, tem papel imunogénico bem conhecido (Muller e Young, 2013; Apte-
Sengupta et al., 2014). A proteina NS2A, ndo tem funcdo enzimatica, mas é
necesséria para replicacdo e montagem dos virus. Pesquisa com cepa DENV

utilizando genética reversa revelou pontos de interacfes intramoleculares e
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intermoleculares, as quais NS2A e NS2B regulam a replicagcdo do virus,
montagem, secrecdo e efeito citopatico induzido por virus (Wu et al., 2017).
Além disso, a proteina NS2B atua como um cofator essencial para a proteina
NS3. A proteina NS3, 69 KDa, contém um dominio de protease na regido N-
terminal e um dominio de helicase / NTPase no C-terminal. Apesar de nao
serem conhecidas todas as funcbes de NS3, admite-se que a principal é o
relaxamento da fita de RNA viral (Chiang e Wu, 2016; Tian et al., 2018).

A proteina NS4B, 27 KDa, € uma proteina de membrana integral, e tem
como funcéo estabelecida modular a resposta imune do hospedeiro suprimindo
a sinalizacao de interferom a/B. Ja a proteina NS4A induz a reordenacéo da
membrana bem como a autofagia para melhorar a replicacao viral (Xie et al.,
2015). A proteina NS5, 100 KDa, é conhecida por ndo possuir muitas variacées
em sua estrutura de &cidos nucléicos, sendo, portanto, a mais conservada
proteina entre as NSs. Ela € de grande importancia para a replicagéo viral, uma
vez que realiza duas atividades enzimaticas independentes. Na regido N-
terminal exerce atividade de metiltransferase e na regido C-terminal € uma
RNA polimerase dependente de RNA (RdRp) (Bhattacharya et al., 2008;

Sampath e Padmanabhan, 2009).

1.3. REPLICACAO VIRAL

A replicagdo dos Flavivirus inicia-se com a adsorc¢ao do virus ao receptor
da célula-alvo e posterior penetracdo via endocitose. Apos a internalizacdo do

virus, a vesicula endocitica sofre acidificagéo e fusdo entre o envelope viral e a
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membrana do endossoma. A proteina E sofrera mudancas conformacionais
que culminardo na liberacdo do capsideo no citoplasma e em seguida o RNA
viral é liberado no citoplasma para iniciar a replicacao viral (Ng et al., 2017). Em
seguida, este RNA servirh como molde para a sintese de um RNA fita negativa
e posteriormente 0 mRNA (fita positiva), que sera traduzido em proteinas virais
ou direcionado para compor 0s novos virus (Figura 2).

Os novos nucleocapsideos virais (constituidos pela proteina C e 0 RNA
fita positivo) sdo formados e entram no lumen do reticulo endoplasmatico de
forma que ficam envoltos pela membrana do mesmo associada a proteinas E e
prM, conhecido como virion imaturo, no qual sera transferido ao sistema de
Golgi por meio de vesiculas, onde recebe as glicosilacbes necessarias
(Fernandez-Garcia et al., 2009)

No sistema de Golgi essas particulas imaturas sofrem processamento e
clivagem de prM para M, por uma enzima conhecida como furina. Essa etapa
corresponde a maturacao da particula viral (Kaufmann e Rossmann, 2011).

Apos evento de maturacao da particula viral, a proteina C interage com
o RNA viral formando a nucleocapsideo, uma regido funcional necesséria para
a dimerizacdo na montagem viral. A proteina do capsideo contém uma
sequéncia hidrofébica interna que medeia a associagdo da membrana
plasmatica liberando novas particulas virais ao meio extracelular por exocitose

(Fernandez-Garcia et al., 2009).
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Figura 2. Replicacdo de Flavivirus. Esquema dos eventos ocorridos na
replicacdo e amadurecimento de ZIKV dentro da célula hospedeira seguido de
sua liberacdo para o ambiente extracelular. O ciclo de replicacdo € composto
por quatro estagios principais: replicacdo de RNA viral, traducdo de RNA em

proteinas virais, montagem de particula viral e liberacéo dos virus.

1) Endocitose.

2) Alteracdo de pH e liberacdo de RNA viral
no citoplasma.

3) Formacdo de complexo de replicacdo e
montagem da particula viral em vesiculas
no Reticulo Endoplasmatico.

4)Transporte para Golgi.

5) Maturacéo da particula viral por acdo de
proteases.

6) Virion interage com membrana celular.

7) Exocitose: liberacéo de virus.

(adaptada, Goertz et al., 2017).
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1.4. TRANSMISSAO VERTICAL

Apoés surto em 2015, no Brasil, a infeccdo por ZIKV em gestantes foi
fortemente associada a transmissdo congénita devido ao aumento de niameros
de casos de microcefalia em recém-nascidos (Beckham et al., 2016; Malkki,
2016; Panchaud et al., 2016). Posteriormente, foram observadas outras
malformacdes fetais, oftalmoldgicas, auditivas, incluindo varias manifestacdes
neuroldgicas, que atualmente sdo descritas como Sindrome Congénita do
ZIKV, (Miranda-Filho et al.,, 2016; Lucey et al., 2017). Essa associacdo foi
confirmada pela deteccdo do virus em liqguido amnidtico e em cérebro de
recém-nascidos com microcefalia demonstrando que o ZIKV atravessa a
barreira placentaria por um mecanismo ainda desconhecido (Calvet et al.,
2016b).

Estudos recentes utilizando modelos experimentais de ratos também
indicaram que o virus pode atravessar a barreira placentaria levando a
transmissao congénita de ZIKV. A infeccdo sistémica em camundongos fémea
gravidas resultou em desenvolvimento anormal do cérebro e microcefalia na
prole, que foi atribuida ao neurotropismo viral (Cugola et al., 2016; Miner et al.,
2016a; Wu et al., 2016).

Adicionalmente, a infeccdo de trofoblastos e células endoteliais de
placenta de rato infectados com ZIKV e primatas ndo humanos também foram
relatadas (Adams Waldorf et al., 2016; Miner et al., 2016a). No  entanto, a
maioria dos modelos animais utilizados para estudar a infeccéo por ZIKV tem a

expressao dos receptores de interferon tipo | (A129) e tipo | e tipo Il (AG129)
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ausentes (Aliota et al., 2016; Rossi et al., 2016). Os ratos que ndo possuem
componentes de respostas imunes inatas, incluindo Mavs - /- Irf3 -/ - Irf5 - [ - Irf7
- | -, também mostraram susceptibilidade a infeccdo pelo ZIKV (Lazear et al.,
2016).

Embora esses modelos sejam Uteis para avaliar a eficacia das vacinas,
podem nao representar os efeitos reais associados a transmisséo placentéaria
do virus em individuos imunocompetentes, bem como, as condicbes na
placenta que favorecem a multiplicacdo viral, incluindo uma eventual
inflamacé&o local. Além do modelo animal, cultura de explantes de placenta
humana de amostras de gravidas do primeiro trimestre confirmaram que ZIKV
se replica diferencialmente em uma ampla gama de células maternas e fetais,
incluindo fibroblastos, trofoblastos, células Hofbauer e células mesenquimais
do corddo umbilical (El Costa et al., 2016).

Tabata et al. (2016), infectaram diversas células primarias da placenta e
explantes de média e tardia gestacao e propuseram duas rotas de transmisséo
vertical, a placental e paraplacental (Figura 3). Na transmissao placental, os
citotrofoblastos extravilosos (CTBV) séo infectados ao invadirem a decidua
basal e a parede uterina. CTBV ancoram as vilosidades e estabelecem
conexdes fisicas entre mae e feto. Desse modo o virus presente no sangue
materno disseminaria para células placentarias e CTBV (Tabata et al., 2016).
J& a na rota paraplacental, o ZIKV disseminado na decidua parietal, infectaria
células trofoblasticas progenitoras (TBPCs) e depois células epiteliais

amniéticas (AmEpCs) na membrana amniotica. Os virus liberados no liquido
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amnioético poderiam infectar diversas células fetais susceptiveis (Tabata et al.,

2016).

Figura 3. Rotas de infeccdo ZIKV placental e paraplacental. A esquerda corte
transversal do Utero com citotofoblastos invasivos mediando a ancoragem das
vilosidades coridnicas. A direita a membrana amniocoribnica envolve o
compartimento fetal com células amnidticas em contato direto com o liquido
amniético. Entre 15-20 semanas de gestacdo as membranas amniocorionicas
fundem-se e entram em contato com a decidua parietal e um subgrupo de

CTB, derivado de TBPC, invade a decidua parietal que reveste a parede

uterina.
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Curiosamente, TBPCs foram pouco permissivos ao virus Zika em cultura
de explantes a termo, devido a liberacéo de interferon do tipo Ill, que além de
atuar de forma autdcrina, também apresentou funcéo paracrina, protegendo
outras células placentarias (Bayer et al., 2016). Esses dados sugestionam que
as diferencas de suscetibilidade de células placentarias podem estar
relacionadas com a idade gestacional. De acordo com o estudo realizado por
Jagger et al. (2017), modelo em camundongo gravida revelou diferencas de
patogénese conforme a idade gestacional. Infeccdo por ZIKV no inicio da
gravidez ocasionou a morte do feto e insuficiéncia da placenta, ja na média
gestacao foi observada diminuicao intracraniana, enquanto que, infeccao tardia
nao apresentou danos fetais (Jagger et al., 2017).

Além da idade gestacional, o estudo também demonstrou influéncia de
interferon do tipo Il modulando resposta imune na interface materno-fetal
(Jagger et al., 2017). Os mecanismos de evasao imunolégica em que flavivirus
bloqueiam respostas de interferon (a/f) para estabelecer infecgao primaria sao
bem estabelecidos (Mufioz-Jordan e Fredericksen, 2010). Interferons séo
moduladores-chave da imunidade inata, uma desregulagdo ou inativacao de
vias relacionadas a genes incentivadores de interferon (ISGs) podem ser
fundamentais para uma infec¢cdo produtiva e a persisténcia viral nos tecidos
placentarios (Miorin et al., 2017).

Os interferons desempenham um papel importante na primeira linha de

defesa contra infec¢des virais. Eles fazem parte do sistema imunolégico ndo
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especifico e sdo induzidos em um estagio inicial da infeccdo viral e séo
classificados em trés tipos, intererons do tipo I, Il e Ill. IFN-a e IFN-(,
conhecidos coletivamente como IFNSs tipo I, sdo as principais citocinas efetoras
da resposta imune do hospedeiro contra infeccdes virais, entretanto, também
sdo induzidos em resposta a ligantes bacterianos e outros lipolissacarideos
indicando um papel fisiolégico amplo para a defesa e homeostase do
hospedeiro. IFNs do tipo | sdo produzidos por quase todas as células do corpo,
enquanto o tipo Il, IFN-y é produzido apenas por células especializadas no
sistema imunolégico conhecidas como linfocitos T e células natural killer e tem
como funcdes ativar células fagocitarias, a diferenciacéo de células T auxiliares
e o controle inato de patdégenos nédo-virais. IFN tipo Ill é composto por trés
genes: IFN-A1, IFN-A2, IFN-A3 e IFN-AM. Apesar de compartilhar semelhancas
com IFNs de tipo I, como o receptor IFNAR, IFNs de tipo Il revelaram-se com
propriedades Unicas, sendo portanto, os principais reguladores da imunidade
antiviral em células epiteliais (Levy et al., 2011; Odendall e Kagan, 2015).

Zang et al. (2017) demonstraram que a proteina NS1 de WNV
antagoniza a producéo de IFN- através da supresséo da ativacdo do receptor
do gene | induzivel pelo é&cido retindico (RIG-I) e do gene associado a
diferenciacdo do melanoma 5 (MDA5), que sdo sensores virais cruciais no
sistema imunoldgico inato do hospedeiro (Zhang et al., 2017). A proteina NS5
de JEV utiliza diversas estratégias para suprimir a resposta imunolégica do

hospedeiro, podendo inibir a expressdo de IFN-B induzida por RNA de fita
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dupla (dsRNA), bem como, interagir com proteinas de transporte nuclear do
hospedeiro e inibir a translocacédo de IRF3 e NF-kB (Ye et al., 2017).

Por outro lado, estudos sobre o impacto do aumento de interferons
séricos em gravidas e na interface materno fetal ainda séo raros. Comba et al.
(2015) relataram que o aumento dos niveis de IFN-y no sangue e no
endométrio de mulheres gravidas foram significativamente maiores em
pacientes que apresentaram aborto do que em pacientes com niveis normais
(Comba et al.,, 2015). O efeito de IFN-y celular antiproliferativo pode ser
prejudicial a uma gravidez (Yui et al., 1994; Sun et al., 2005; Kieckbusch et al.,
2015). Estudo com infeccdo por Toxoplasma gondii demonstrou que IFN-y
secretado por células NK da decidua na interface materno-fetal modulou
apoptose de trofoblastos (Zhang et al., 2015).

Em estudo realizado in vitro, células embrionarias de ratos foram
tratadas com IFN-B e IFN-a, apesar de ndo terem sido observados efeitos
teratogénicos, o tratamento causou retardo no crescimento de embrides (Ucar
et al., 2016). Outro estudo recente tratou com IFN tipo | explantes de
vilosidades coribnicos humanos de média gestacéo, infectados com ZIKV. O
tratamento sugeriu que as complicacbes na gravidez, incluindo abortos
espontaneos e restricdo de crescimento poderiam ser associados a esse

interferon (Yockey et al., 2018).
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1.5. RECPTORES E ENTRADA VIRAL

A suscetibilidade de células-alvo a flavivirus € intimamente dependente
da quantidade e distribuicdo dos receptores celulares (Rey et al., 2017). Dessa
forma, o reconhecimento do virus pelas células € mediado por interacdo entre
as proteinas da superficie do virus e os componentes da membrana plasmatica
celular (Grove e Marsh, 2011).

Apesar de uma intensa investigacdo, receptores especificos para
flavivirus ainda ndo foram identificados, mas um grande nimero de moléculas
foi descrito mediando endocitose viral (Cruz-Oliveira et al., 2015). Entre elas,
glicosaminoglicanos, tais como sulfato de heparano e lectinas, a molécula de
adesdo de células dendriticas (DC-SIGN), o receptor de manose (MR), o
receptor de lipopolissacarideo (LPS) e proteinas induzidas por estresse, como
as proteinas de choque térmico 70 e 90 e a chaperoninas (Hidari e Suzuki,
2011; Moller-Tank e Maury, 2014).

O tropismo por células placentarias e neuronais em infeccdo ZIKV
levantou questbes sobre a possibilidade de existirem receptores celulares
especificos nesses tecidos (Nayak et al., 2016). Diversos estudos apontaram
receptores da familia de tirosinas quinases TAM (Tyro3, Axl e Mertk), e um
membro da familia de proteinas da imunoglobulina de células T (TIM1), como
um fator importante na transmissao materno-fetal de ZIKV (Nowakowski et al.,
2016; Savidis et al., 2016) .

Meertens et al. (2017) demonstraram que a infecgéao por ZIKV promoveu

a atividade da Axl quinase melhorando a infeccdo em células da glia (Meertens
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et al.,, 2012; Meertens et al., 2017). Em células primarias de astrocitos, a
auséncia de genética de Axl protegeu as células contra infeccdo pelo ZIKV,
mas nao blogueou a entrada viral (Chen et al., 2018). Em células trofoblasticas
primarias a inibicdo de Axl levou a uma reducédo da infeccéo por ZIKV. De um
modo geral, células na interface materno-fetal apresentam receptores TAM e
TIM1 amplamente expressos, dos quais o receptor TIM1 apresentou um papel
mais significativo na infec¢cdo congénita por ZIKV (Tabata et al., 2016).

Mecanismo de entrada via exossomos também é discutido como
possivel mecanismo de entrada de ZIKV associado a via de autofagia secretora
(ndo convencional), pela qual células trofoblasticas transferem virus entre si
(Ponpuak et al., 2015). Outro mecanismo de transferéncia viral entre células
mediado por vesiculas € a transcitose. Pesquisa em modelo in vivo de barreira
hematoencefalica demonstrou que apesar da manutencdo da integridade
endotelial, particulas virais infecciosas cruzaram a monocamada pela via
dependente de endocitose ou por transcitose (Papa et al., 2017).

Diversos modelos animais tais como, camundongos, porcos neonatais,
embrides de galinha e primatas ndo humanos foram desenvolvidos para
estudar a patogénese e a infecgédo por ZIKV (Dudley et al., 2016; Goodfellow et
al., 2016; Lazear et al., 2016; Darbellay et al., 2017). Esses modelos fornecem
uma gama de possibilidades para pesquisar complicacbes neuroldgicas,
desenvolvimento inicial da vacina, avaliacdo terapéutica, entre outras. No
entanto, podem nao traduzir ou limitar estudos de fisiopatologias de sindrome

congénita de virus Zika, uma vez que possuem diferengas significativas de
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placentacdo como hormoénios, remodelamento de artérias espiraladas e
invasividade de trofoblasto (Bradley e Nagamine, 2017; Newman et al., 2017).

Neste contexto, o cultivo de explantes é uma técnica ainda em
aprimoramento, mas eficaz em pesquisas em laboratério. Também
denominado método ex vivo, caracteriza-se pelo cultivo de fragmentos de
orgaos colhidos com punch de bidpsia ou bisturi, incubados em placas com
meio de cultura em temperatura semelhante a corporea, mimetizando as
condicbes do organismo vivo (Randall et al., 2011). A técnica de cultivo de
explantes mostra-se vantajosa por permitir a reducdo no niumero de animais
utilizados em experimentacdo laboratorial, uma vez que sédo produzidos
inimeros explantes a partir de um uUnico doador, permitindo ainda maior
controle ambiental para experimentacdo in vitro, quando comparado com 0
modelo in vivo. A aplicacdo de doses definidas das substancias de interesse
diretamente no 6rgdo alvo, comparando amostras tratadas e controles
provenientes de um unico doador, permite a obtencdo de resultados solidos
(Randall et al., 2011). Este método possibilita a avaliacdo da morfologia dos
orgaos analisados, bem como a dosagem de horménios e mensuracdo da
producdo de proteinas e muco (LLOYD; KENNEDY; MENDICINO, 1984).
Essas caracteristicas tornam o0 método propicio para pesquisas com
substéancias toxicas ou xenobidticos e com patdgenos (Van Poucke et al., 2010;
Pinton et al., 2012)

Associada a essas vantagens, ha que se considerar a questao bioética.

A sociedade atual exige cada vez mais o controle no uso de animais em
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experimentacdo. Nesse sentido, 0 modelo de cultivo de explantes atende, além
dos requisitos éticos, também aos legais. A normatizacdo (decreto 93.933
aprovado em 1987) do Conselho Nacional de Saude determina que todo
estudo deve ser planejado de maneira a obter o0 maximo de informacdes
utilizando-se o menor nimero de animais (SCHNAIDER e SOUZA, 2003).
Portanto, os impactos da epidemiologia, o0 conhecimento das
patogéneses e a acédo teratogénica, e novos modelos de estudos demonstram
a relevancia do desenvolvimento de pesquisas que possam ampliar os
conhecimentos e elucidar os aspectos biolégicos, moleculares, bioquimicos e
epidemioldgicos do virus Zika. Este trabalho tem como objetivo avaliar se o
modelo de explantes de tecido placentario a termo pode ser utilizado como um

modelo adequado para estudo ex vivo em infeccdes por Flavivirus.

36



2. OBJETIVO GERAL

Estudar as infeccbes por ZIKV e DENV2 em modelo de explantes de
placenta humana a termo, bem como, quantificar a expressao de citocinas pro-
inflamatorias e interferons do tipo I, Il e lll. E verificar a apoptose induzida no

tecido via infeccoes.

2.1 Objetivos especificos

e Avaliar a replicacdo de ZIKV e DENV2 em culturas de explantes de

placenta humana,

e Comparar curva de replicagéo viral em explantes infectados;

e Avaliar os danos tecidual em decorréncia de apoptose induzida por ZIKV

e DENV2;

e Avaliar viabilidade dos explantes de placenta humana submetidos a

infeccéo;

e Caracterizar explantes de placenta humana infectados por ZIKV e

DENVZ2,
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3. MATERIAL E METODOS

3.1. CULTURA DE CELULAS E VIRUS

Células Vero E6 foram adquiridas do American Type Culture Collection
(ATCC, Manassas, VA, EUA) e cultivadas em frascos de cultura de 75 cm?
(Cultilab) em meio Eagle’s Minimum Essential Medium (MEM, Thermo Fisher)
suplementado com 10% de soro bovino fetal (SFB) (Cultilab), 100 U/mL de
penicilina (Sigma) e 100 ug/mL de estreptomicina (Sigma) em estufa
umidificada a 37°C e 5% de CO? Células Vero foram utilizadas para
multiplicacdo de estoques virais e ensaio de quantificacdo viral por método
TCDso. A estirpe ZIKV-BR (GenBank, niumero KU497555) foi gentilmente
cedida por Pedro Vasconcelos, Instituto Evandro Chagas, FIOCRUZ, PA. Esta
estirpe foi isolada de um caso de infeccdo por ZIKV, no estado da Paraiba,
Brasil, e foi distribuido como parte de ZIKA FAPESP NETWORK ap06s quatro
passagens em células C6/36 (Faria et al., 2016). Para infeccbes com virus
DENV foi utilizado a estirpe DENV-2 New Guinea C (NGC) (GenBank

AF038403).

3.1.1. Amostras de placenta humana

Placentas humanas foram coletadas de pacientes gestantes apds o
parto cesariano eletivo (38 a 40 semanas de gestacao, placenta a termo). As
placentas selecionadas para o estudo eram de pacientes saudaveis que nao

apresentaram pré-eclampsia, diabetes, hipertensdo, doencas infecciosas e
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outras manifestacdes clinicas que pudessem interferir nos resultados. A coleta
das placentas foi autorizada pelo Comité de Etica da Faculdade de Medicina de
Sao José do Rio Preto, SP, Brasil (CAAE 55472216.7.0000.5415).

A placenta foi armazenada em saco estéril, adicionada soro fisiologico,
acondicionada em caixa térmica e levada imediatamente para Laboratério de

Pesquisa em Virologia para processamento (Figura 4).

Figura 4. Armazenamento de placenta humana. Placenta a termo coletada
apoOs parto cesariano sem ruptura, acondicionada em saco estéril com soro

fisiol6égico dentro de caixa térmica.

3.1.2. Cultura de explantes de vilos coriénicos

O tecido placentario foi dissecado e lavado em solucdo salina
tamponada com fosfato (PBS) estérii em até 15 minutos apds a coleta.
Inicialmente com a porgcédo fetal voltada para cima foi realizado um corte
triangular. Essa porcao foi transferida para placa de petri e lavada com PBS 1X

por aproximadamente 3 vezes. Em seguida, vilos coribnicos placentarios
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terminais foram coletados em 5 mm?3 e posteriormente colocados em placas de
12 pocos (um por poco), lavados novamente com PBS 1X, e cultivados em
meio Meio de Eagle's modificado de Dulbecco (DMEM,Cultilab)/Mistura
Nutriente F-12 (HAMF-12 , Thermo Fisher) proporc¢éo 1:1, suplementados com

10% de SBF, e adicionado antibidticos penicilina (100 U/mL) e estreptomicina

(100 pg/mL) (Sigma) durante 24h a 37 °C, 5% de CO? (Figura 5).

Figura 5. Placenta a termo.(A) Face placentaria fetal. (B) Face placentéaria
maternal. (C) Dissecacado da placenta para retirada vilos corionicos. (D) Cultura

de explantes de placenta humana.
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3.2. INFECCAO VIRAL

Explantes placentarios humanos cultivados apds 24h, em placa de 12
pogos, foram infectados com ZIKV-BR e DENV2 a um titulo de 1 x 10* TCDso.
Para infeccdo dos explantes foram utilizados DMEM/HAMF-12 (1:1)
suplementado, penicilina (100 U/mL) e estreptomicina (100 pg/mL) com
auséncia de SFB. A cultura infectada foi incubada durante 4 horas para permitir
a adsorcao viral, em seguida, os explantes foram lavados no minimo trés vezes
com PBS (1X) para a remocao total do in6culo. Os explantes foram entéo
mantidos em DMEM/HAMF-12 com 2% de SFB. Os sobrenadantes de cultura
infectados e seus controles n&o infectados foram coletados as: 0, 3, 6, 12, 24,
72 e 120 horas ap6és a infeccdo sem adicionar meios novos ou lavagens para
extracdo de RNA total. Aproximadamente 50uL de sobrenadantes da cultura de
24, 48 e 72h foram utilizados para quantificacdo de B-hCG por
eletroquimioluminecéncia, Roche Hitachi, modelo Cobas e411.

Os sobrenadantes de 24h e 72h também foram armazenados -80°C e
utilizados para ensaio de placa. Ja os tecidos cultivados, infectados e nao
infectados foram utilizados para extracdo de RNA, e fixados em

paraformaldeido a 4% para histologia e imuno-histoquimica.

3.2.1. Tratamento anti-TNF- a

Explantes placentarios dos vilos coridnicos cultivados foram tratados
com concentragdo de 100 ng/mL de anticorpo neutralizante anti-TNF RII/

TNFRSF1B (R & D Systems, Minneapolis, MN) por 24h. Apos tratamento,
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explantes foram infectados com ZIKV-BR e DENV2 a um titulo de 1 x 104
TCDso, descrito acima (item 3.2). Subsequente a infeccdo os explantes foram
lavados trés vezes com PBS (1X) para a remocao total do indculo, e adicionada
meio DMEM/HAMF-12 com 2% de SFB. Os tecidos tratados com anti-TNF- o
infectados e sem infeccdo foram coletados em 72h e 120h, fixados em

paraformaldeido a 4% para imuno-histoquimica de marcacéo de caspase 3.

3.2.2. Tratamento polyinosic: polycytidylic acid (Poly (I:C)

Apos 24h de cultivo de explantes placentarios humanos, em placa de 12
pocos, o meio de cultura foi removido e novo meio adicionado, DMEM/HAMF-
12 (1:1) suplementado com 10% SFB, penicilina (100 U/mL) e estreptomicina
(100 pug/mL) e 50 ug/mL de poly (I:C) (Sigma-Aldrich). Explantes tratados e
nao tratados com poly (I:C) foram coletados 24h e 72h apds tratamento e
congelados a -80°C para extracdo de RNA total e andlise de interferon e

citocinas.

3.3. QUANTIFICACAO VIRAL

3.3.1 Ensaio RT-gPCR

O RNA do sobrenadante de explantes infectados com ZIKV e DENV2,
bem como o controle ndo infectado, foi submetido a extracdo pelo método do
Trizol LS Reagent (Life Tchnologies), de acordo com as especificacées do
fabricante. As amostras de RNA foram diluidas em agua livre de nucleases, e

armazenadas a -80°C. Os niveis de ZIKV nessas amostras foram quantificados
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por método de curva padrdo, RT-qPCR, baseado em ensaio TagMan, (GoTaq
® Probe 1-Step RT-qPCR System, REF AG120), condicBes de ciclagem de
acordo com instrucbes do fabricante. Para analise do RNA de DENV2 foi
utilizando o kit Super-Script 11l Platinum Syber Green One Step RT-gPCR (REF
1136-059) descrito por (Chutinimitkul et al.,, 2005). Os iniciadores e sondas
estdo descritos no quadro 1. Para elaboracédo da curva padrdo, os RNAs das
amostras quantificadas foram diluidos em série 1:10 para obtencdo das
concentracGes 102, 103,104, 10° e 10°. A eficiéncia da curva apresentou valor

de 98%.

Quadro 1. Sequéncia de acidos nucléicos iniciadores utilizados para

guantificacao viral.

Alvo Forward primer Reverse primer

ZIKV 5-CCG CTG CCC AACACAAG-3'" 5- CCA CTA ACG TTC TTT TGC
AGA CAT-3

ZIKV- 5- AGC CTA CCT TGA CAA GCA

Probe GTC AGACACTCAA-3

DENV2 5-TTAGAGGAGACCCCTCCC-3 5'-GAGACAGCAGGATCTCTGG-3'

3.3.2. Ensaio de Placa

O RNA de ZIKV e DENV2 dos sobrenadantes de explantes infectados
também foi quantificado por ensaio de placa. As células Vero foram plaqueadas
na densidade de 5x10° células por pogo numa placa de 6 pocos e cultivadas

durante 24h a 37 °C sob 5% de CO?. As diluicdes em série do sobrenadante da

43



cultura de explantes (24 e 72 h.p.i) foram adicionadas a cada poco para
incubacédo de 1h. Apos a remoc¢ao do meio, as monocamadas infectadas foram
cobertas com 1,5% de carboximetilcelulose/MEM com 2% de SFB, proporcéo
de 1:1. Os focos de placas foram detectados em 5 dias apos a fixacdo com

10% de solucéo de formalina e coloragdo com 2% de violeta de cristal.

3.5. ANALISE HISTOLOGICA

Os explantes infectados e seus controles nédo infectados foram fixados
em 4% de formalina tamponada durante 24h, desidratadas em etanol graduado
e incorporadas em parafina para analise histopatologica. Posteriormente,
cortes com 3um foram realizados em micrétomo e colocados em laminas de
vidro para a analise morfologica através da coloracdo por hematoxilina e eosina
(HE). A seguir o material foi analisado e fotografado usando objetiva (40x) em
microscopio Axioskop 2-Mot Plus Zeiss (Carl Zeiss, Jena, Alemanha). Para
quantificar a fragmentacao nuclear, foram fotografados dez campos aleatorios
de experimento em triplicata e o nimero de nucleos picnaéticos foi contado para
cada foto. Nos vilos placentarios, foram analisados os aspectos morfoldgicos,

compreendendo, sinciciotrofoblasto, citotrofoblasto e mesénquima.

3.6. IMUNO-HISTOQUIMICA

Explantes placentarios infectadas com ZIKV-BR e DENV2, 72 e 120
h.p.i, e ndo infectados foram marcados com anticorpos descritos no quadro 3.
Amostras tratadas com anticorpos neutralizantes anti-TNF-o coletadas 72h

apos a infecgdo foram marcadas com anti-caspase 3 (17 kDa). As secc¢les de
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tecido em série de 3um de espessura foram desparafinizadas e reidratadas
antes da recuperacdo do antigeno em tampéao citrato pH 6,0. A atividade
endogena de peroxido foi bloqueada com 3% de perdxido de hidrogénio
durante 30 minutos, seguido por bloqueio com 10% de soro bovino de albumina
(BSA, Sigma-Aldrich, EUA) em solucéo salina tampé&o Tris (TBS) durante 2h.
As laminas foram incubadas com anticorpo priméario, descritos no quadro 2, em
10% de TBS-BSA durante 1 hora a 37 ° C, em ensaios independentes. Apos o
passo de lavagem, as seccdes foram incubadas com um anticorpo secundario,
1: 500 (anticorpo conjugado com HRP anti-rato ou anti-coelho, Abcan). A
coloracdo positiva foi detectada utilizando 3,3'-diaminobenzidina (substrato
DAB, Invitrogen, EUA). Finalmente, as sec¢des foram contra coradas com
hematoxilina (InlabConfianca). Os controles negativos foram realizados na
auséncia de anticorpos primarios. A andlise foi realizada em microscopio
Axioskop 2-Mot Plus (Carl Zeiss, Jena, GR), utilizando o software AxioVision
para analises quantitativas. A analise densitométrica foi utilizada para
determinar a intensidade da caspase 3 e 4G2 em secfes de tecido placentario
em uma escala arbitraria de 0 a 255. Os dados foram expressos como média +

S.D.

Quadro 2. Anticorpos utilizados para imuno-histoquimica.

Anticorpo Producéo Tipo Laboratério Diluicdo
4G2 Rato Policlonal UFMG 1: 100
Caspase 3 Coelho Monoclonal ab2302 1: 200
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Citoqueratina7  Rato Monoclonal Dako 1: 250

Vimentina Coelho Monoclonal Dako 1: 150

3.7. EXPRESSAO GENICA

A extracdo de RNA total foi realizada em 200 pL de TRizol LS
(ThermoFisher Scientific) de acordo com recomendac¢des do fabricante. As
amostras foram quantificadas para os seus niveis de &cidos nucleicos, via
NanoDrop 2000 UV - Vis spectrophotometer (ThermoFisher Scientific). Os
RNAs extraidos foram diluidos para 50 ng/uL em &gua livre de nuclease,
tratados com DNase (Sigma-Aldrich) e armazenadas a -80°C. Oito genes foram
analisados para todas as amostras, descritas no quadro 3. A especificidade e
eficiéncia de cada par de iniciadores foram testadas através da curva de
dissociacao e diluicdo seriada (90-100% de eficiéncia obtida na concentracéo
de cDNA utilizada nos experimentos), respectivamente. Todos os genes foram
analisados em duplicata para, no minimo, 4 placentas de pacientes diferentes.
O método CT comparativo foi utilizado para quantificar os niveis de expressao
génica usando valores de referéncia do gene GAPDH para normalizagéo.
Sequéncias dos iniciadores utilizados estdo descritas no quadro 3. As andlises
de expressao de genes de citocinas foram realizadas utilizando um kit de PCR
gRT-PCR de Super-Script Il Platinum Syber Green OneStep (Invitrogen, REF
1136-059). As condic¢des de ciclagem foram as seguintes: uma etapa inicial de

desnaturacao a 42°C por 3 min, 95°C por 5 min, seguida por amplificacéo de 35

46


http://www.sigmaaldrich.com/catalog/product/roche/04716728001

ciclos a 95°C por 15 seg e 60°C por 30 segq, finalizando com 40°C por um min.
O volume total de reacéo foi de 15 pL, composta por 5 uL de SYBR Green PCR
Master Mix (ThermoFisher Scientific), 0,5 yL (10 pM) de cada par dos
iniciadores, 0,5 pL de enzimas, 3,6 pL de agua livre de nucleases e 5 yL de

amostra.

3.8. ENSAIO TUNEL

A deteccdo da fragmentacdo do DNA nuclear como marcador
morfolégico do processo de apoptose em secdes histologicas foi realizada
utilizando o ensaio TUNEL. O ensaio foi realizado utilizando o kit de deteccao
de morte celular in situ (Kit de deteccdo de morte de células in situ, TMR
vermelho). Resumidamente, laminas de tecido de 3 mm, n&o infectados e apés
3 dias de infeccdo foram desparafinadas, hidratadas e enxaguadas com
tampéo de fosfato 0,1 M (pH 7,4), seguido de blogueio com 3% de albumina de
soro bovino (BSA) e 20% de SFB. Foi adicionada a mistura de reacdo TUNEL
(mistura de nucleotideos marcada com fluorescéncia de TdT) e as laminas
foram incubadas durante 60 minutos a 37°C.

Para o controle negativo foram incubadas apenas com solucdo de
etigueta TdT sem a mistura de enzima TdT. Para o controle positivo, as
amostras foram tratadas com DNase | 3u/mL por 10 minutos a temperatura
ambiente. As analises quantitativas foram realizadas utilizando o software de
analise de imagem Image-Pro®Plus e as imagens fluorescentes de células

TUNEL positivas foram capturadas no microscopio BX53 System, Olympus, a
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40x, na deteccdo de canais vermelhos na faixa de 570-620 nm. Os testes
foram realizados em duplicata e as imagens de trés campos aleatorios foram

adquiridas de cada slide para calcular a média +/- SD.
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Quadro 3. Lista de primers utilizados para expressao génica.

Gene Forward primer Reverse primer
IL-6 5 TGT GAA AGC AGC AAA GAG GCA CTG -3 5 ACA GCT CTG GCT TGT TCC TCA CTA -3
IL-10 5 AAT AAG GTT TCT CAA GGG GCT -3' 5 AGA ACC AAG ACC CAG ACA TCA A -3'
IL-18 5. GTC ATT CGC TCC CAC ATT CT -3 5. ACT TCT TGC CCC CTT TGA AT -3
TNF-0 5 cAG AGG GAA GAG TTC CCC AGG GAC C -3' 5 CCT TGG TCT GGT AGG AGA CGG -3'
INF-B 5 TAG CAC TGG CTG GAA TGA GA -3 5 TCC TTG GCC TTC AGG TAA TG -3'
INF-y

5'CCA ACG CAA AGC AAT ACA TGA -3' 5. CCT TTT TCG CTT CCC TGT TTT A -3
IFN-M 5 GGG AAG CAG TTG CGA TTT AG -3' 5. GAT TTG AAC CTG CCA ATG TG -3'
INEM 5- AGG GTC CTT AAC CGA CTG TG -3' 5'- AAA CAA CCA ATG CGA TCA AA -3'
GAPDH 5-GTG GAC CTG ACC TGC CGT CT-3/ 5'-GGA GGA GTG GGT GTC GCT GT-3'
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3.9. ANALISE DE DADOS

Os dados foram analisados utilizando o software GraphPad Prism
(Versao 6; GraphPad, CA). Os resultados sdo expressos como meédia +/- SD.
Para analises estatisticas foram utilizados teste ANOVA unidirecional ou
guando necessario bidirecional, seguido de teste ndo paramétrico de Kruskal-
Wallis ou teste de Bonferroni. As andlises experimentais apresentadas foram
de no minimo de 3 experimentos independentes. A significancia foi tomada

como P <0,05.
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ABSTRACT

Zika virus (ZIKV) is a flavivirus that has been highly correlated with the
development of neurological issues and other malformations in newborns and
stillborn fetuses after congenital infection. This association is supported by the
presence of ZIKV in the fetal brain and amniotic fluid, suggesting that infection
of the placental barrier is a critical step for infection of the fetus with ZIKV in
utero. Therefore, relevant models to investigate the interaction between ZIKV
and placental tissues are essential for understanding the pathogenesis of Zika
syndrome. In this report, we demonstrate that explant tissue from full-term
human placentas sustains a productive ZIKV infection, though the results
depend on the strain. Viral infection was associated with the expression of pro-
inflammatory cytokines and apoptosis of the infected tissue, findings which
confirm that placental explants are targets of ZIKV replication. In conclusion, we
propose that human placental explants are as a useful model for studying ZIKV
infection ex vivo.

Keywords
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INTRODUCTION

Zika Virus (ZIKV), a member of the Flaviviridae family, is an enveloped,
single-strand RNA virus that has been the causative agent of major outbreaks in
the Americas (2015) (Wikan e Smith, 2016; Rabaan et al., 2017). The viral
genome has a typical flavivirus architecture, with approximately 11 kb in length.
The virus was first isolated from a Rhesus Macaque in 1947 in the Zika forest in
Uganda; however, the infection was poorly investigated until recently, when
numerous infections were reported in more than 60 countries and territories
around the world. Major outbreaks have been recorded on the Yap Islands
(2007), in French Polynesia (2013), and in Brazil (2015).

The virus is primarily transmitted by Aedes aegypti mosquitoes, and
humans are considered to be amplification hosts, whereas nonhuman primates
may be involved in maintenance of the virus in Africa (Vorou, 2016). In addition,
the virus is unique in relation to other flaviviruses such as Dengue Virus
(DENV): it may be transmitted non-traditionally, including sexual and maternal-
to-fetal routes (Frank et al., 2016; Fréour et al.,, 2016; Turmel et al., 2016;
Winkler et al., 2017).

Most of the cases associated with ZIKV infection are either asymptomatic
or present mild symptoms such as fever, rash, joint pain, and conjunctivitis.
Myalgia and headaches have also been reported. However, in the recent

outbreaks, ZIKV infection was highly correlated with neurological
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manifestations, particularly in developing fetuses upon congenital infection
(Beckham et al., 2016; Carteaux et al., 2016; Melo et al., 2016). In fact, infection
of pregnant woman has been associated with miscarriage, fetal abnormalities,
microcephaly, and other neurological diseases in newborns (Malkki, 2016;
Panchaud et al., 2016). The virus has been isolated from multiple bodily fluids
from infected individuals, including serum, urine, saliva, and semen (Musso e
Gubler, 2016). Importantly, the virus has also been detected in amniotic fluid
and in the brains of microcephalic newborns and fetuses in cases of stillbirth
(Calvet et al., 2016a; Mlakar et al., 2016), demonstrating that ZIKV crosses the
placenta through an unknown mechanism of action.

Recent studies using experimental mouse models have also indicated
that the virus might cross the placental barrier, leading to congenital ZIKV
transmission. Systemic infection of pregnant mice resulted in abnormal brain
development and microcephaly in the offspring, which were attributed to viral
neurotropism (Cugola et al., 2016; Miner et al., 2016b; Wu et al., 2016).
Infection of trophoblasts and endothelial cells in the placentas of ZIKV-infected
mice and nonhuman primates have also been reported (Adams Waldorf et al.,
2016; Miner et al., 2016b; Pantoja et al., 2017).

However, most animal models used to study ZIKV infection are deficient
in the expression of type | or type | and type Il interferon receptors (A129 and
AG129, respectively) (Aliota et al., 2016; Miner et al., 2016b; Rossi et al., 2016).
Mice that lack components of innate immune responses, including Mavs™",

Irf3~=, Irf3~~1Irf5~Irf77/~, have also shown susceptibility to ZIKV infection (Lazear
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et al., 2016). Although these models are useful for evaluating the efficacy of
vaccine candidates and therapeutics, they may not represent the actual effects
associated with trans-placental transmission of the virus in immunocompetent
individuals, or the conditions in the placenta that favor viral multiplication,
including possible local inflammation.

A critical unmet need is a model that can be used to quickly,
quantitatively, and effectively screen for functionally relevant countermeasures
that may protect the fetus from intrauterine transmission of ZIKV. In this report,
we demonstrate that placental explants, obtained from full-term placental tissue,
both support and are affected by ZIKV infection. This tissue may be useful
model for such experimentation and for the development of treatments against

ZIKV infections.

MATERIALS AND METHODS

Cell Lines and Viruses

Vero cells were cultivated in Eagle’s minimum essential medium (MEM)
supplemented with 10% fetal bovine serum, 100 units/mL of penicillin, and 100
pg/mL of streptomycin at 37°C in a humidified atmosphere containing 5% CO..
ZIKV-BR (Genebank accession number KU497555; kindly provided by Pedro
Vasconcelos, Evandro Chagas Institute, FIOCRUZ, Para, Brazil) was isolated
from a mild case of ZIKV in the state of Paraiba, Brazil, and it was distributed as
part of the Zika FAPESP Network after four passages in C6/36 cells (Faria et
al.,, 2016). The DENV-2 strain used was New Guinea C (NGC) (GenBank

accession number AF038403). The viruses were propagated and titrated using
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the Vero cells. Viral stock was aliquoted from 100 uL and stored at -80°C. Titers

were determined and titrated using standard TCIDso assay.

Infections in Human Placental Explant Cultures

Normal human placenta tissues were obtained from full-term elective cesarean
deliveries in cases of non-labor after 38 to 40 weeks of gestation, (n=10) from
the Children’s and Maternity Hospital of S&o José do Rio Preto, Sdo Paulo,
Brazil after approval from local research ethics committee. Placentas were
processed within 15 min of delivery. Chorionic villi were dissected into 5 mm
sections, and tissues were washed extensively with PBS (1x). Explants were
cultured on traditional tissue culture plates in Dulbecco’s modified Eagle’s
medium (DMEM; Cultilab) combined with Ham’s F-12 Nutrient Mixture (HAMF-
12; Thermo Fisher) and supplemented with 10% FBS, GIBCO, 1% penicillin-
streptomycin, and 100 mg/mL gentamycin. Cultures were maintained at 37°C in
a humidified atmosphere containing 5% CO2. Twenty-four hours after plating,
samples were infected with 1 x 104 TCDso with ZIKV-BR and DENV2. The
culture was incubated for 4 hours to allow for virus adsorption. The explants
were then washed three times with PBS (1X) for complete removal of the
inoculum. The explants were then maintained in DMEM/HAMF-12 with 2% FBS.
Culture supernatants from infected and non-infected explants were collected at
0, 3,6, 12, 24, 72 and 120 hours post infection (hpi) without the addition of fresh
media or washings. Explants were then collected to determine total RNA and

were fixed in 4% paraformaldehyde for histology and immunohistochemistry.
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The culture media were collected to perform plaque assays and to quantify -
hCG through the use of electrochemiluminescence (Roche Hitachi, Cobas ® e
411). Some sample tissues that had been cultured for 24 hours also were
treated with neutralizing anti-TNF RII/TNFRSF1B antibody (100 ng/mL, R&D
Systems, Minneapolis, MN, USA) or TLR-3 ligand polyinosinic:polycytidylic acid

(poly (I:C)) (50 ug/mL; Sigma-Aldrich) for 24 hours.

Viral Quantification

ZIKV RNA quantification from culture supernatants was performed using a
TagMan-based gRT-PCR assay (GoTag ® Probe 1-Step RT-gPCR System,
REF AG120), as described previously (Lanciotti et al., 2008). Analysis of
DENV2 RNA was performed using a Super Script Il Platinum Syber Green One
Step RT-qPCR Kit (REF 1136-059) and the primers described by Chutinimitkul
and colleagues (Chutinimitkul et al., 2005). The primer and probe sequences

are described in supplementary Table Al.

Plague Assay

Vero cells were plated at a density of 5x10° cells per well in a 6-well plate and
cultured for 24 hours at 37°C under 5% CO2. Serial dilutions of supernatant
from explant cultures (24 and 72 hpi) were added to each well for 1 hour of
incubation. After the medium was removed, infected monolayers were covered

with 1.5% carboxymethylcellulose (CMC)/MEM with 2% FSB using a 1:1 ratio.
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Plaque foci were detected on five days after fixation with 10% formalin solution

and staining with 2% crystal violet.

Histological Analyses

Infected placental tissue sections and their uninfected controls were fixed in 4%
buffered formalin for 24 hours, dehydrated in graded ethanol, and embedded in
paraffin for histopathological analysis. The samples were stained with
hematoxylin and eosin (H&E) and analyzed using a high-power objective (20x)
on an Axioskop 2-Mot Plus Zeiss microscope (Carl Zeiss, Jena, Germany). To
quantify the nuclear fragmentation, ten random photos were taken of
experiments performed in triplicate, and the amount of karyorrhexis was

counted for each photo. Mean +/- standard deviation per field is shown.

Immunohistochemistry

ZIKV infection and caspase3 activation were analyzed in the placental explants
using immunohistochemistry. Sections of infected placental tissue and the
uninfected controls were collected 72 and 120 hpi. Some samples were also
treated with neutralizing anti- TNF RII/TNFRSF1B antibody (R&D Systems,
Minneapolis, MN) and harvested at 72 hpi. Serial 3 pm-thick tissue sections
were deparaffinized and rehydrated prior to antigen retrieval in citrate buffer at a
pH of 6.0. Endogenous peroxide activity was blocked with 3% hydrogen
peroxide for 30 minutes, followed by blocking with 10% bovine serum albumin

(BSA; Sigma-Aldrich, Missouri, USA) in tris buffer saline (TBS) for 2 hours. The
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slides were incubated with primary mouse antibody against flavivirus E-protein
(4G2) at 1:100 or anti-caspase 3 (Abcam, cat number ab2302) at 1:200 or anti-
cytokeratin 7 (Dako) at 1:250 or anti-vimentin (Dako) at 1:150 in 10% TBS-BSA
for 1 hour at 37°C, which were applied in independent trials. After the washing
step, sections were incubated with a secondary antibody (HRP-conjugated anti-
mouse or anti-rabbit antibody; Abcan). Positive staining was detected using
3,3'-diaminobenzidine (DAB substrate; Invitrogen, USA). Finally, sections were
counterstained with H&E (hematoxylin from InlabConfianca and eosin from
AnalytiCals). A negative reaction control was run in the absence of primary
antibodies. Analysis was performed using an Axioskop 2-Mot Plus Microscope
(Carl Zeiss, Jena, Germany), using AxioVision software for densitometric and
guantitative analysis. The experiments were performed with samples from tree
individual donors, each in triplicate, and ten fields were quantified in each
section. Densitometric analysis was used to determine caspase 3 and 4G2
intensity in sections of placental tissue (40x) on an arbitrary scale from 0 to 255,

and the data were expressed as mean + standard deviation (Brey et al., 2003).

Cytokine Gene Expression Analysis

RNA from virus-infected explants and uninfected controls was extracted using
Trizol according to the manufacturer's instructions (Life Technologies).
Likewise, RNA from explanted samples were treated in the absence or
presence of 50 pg/m of viral dsSRNA analog known as poly (I:C), for 24 hours.

Cytokine gene expression analyses were performed using a Super Script Il
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Platinum Syber Green One Step gRT-PCR Kit (Invitrogen) (REF 1136-059).
The primer sequences for the IL-6, IL-10, IL-1B, TNF-a, INF-B, INF- vy, INF- A1
and INF- M4 cytokines are listed in the supplementary Table A2. A comparative
CT method was used to quantify gene expression levels based on GAPDH Ct

values for normalization.

TUNEL Assay

Detection of nuclear DNA fragmentation as a morphological marker of the
apoptosis process in histological sections was performed using the TUNEL
assay. The assay was performed using the In Situ Cell Death Detection Kit,
TMR red. After 3 days of infection, 3 mm infected tissue sections and uninfected
controls were deparaffinized, hydrated, and rinsed with 0.1 M phosphate buffer
(pH 7.4), followed by blocking with 3% BSA and 20% FBS. TUNEL reaction
mixture (TdT enzyme fluorescein-labeled nucleotide mix) was added, and the
sections were incubated for 60 minutes at 37° C. For the positive reaction
control, the sections were treated with 3u/mL DNase | for 10 minutes at room
temperature. Quantitative analyses were performed using the Image-Pro® Plus
image analysis software, and fluorescent images of TUNEL-positive cells were
captured using an Olympus BX53 microscope system at 40x in red channel
detection in the range of 570 to 620 nm. Tests were performed in duplicate, and
images of three random fields were acquired from each slide to calculate mean

+/- standard deviation.
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Data Analysis

Data were analyzed using the GraphPad Prism software (Version 6; GraphPad,
CA). Results are expressed as mean +/- standard deviation. Data were
analyzed using one-way ANOVA followed by the non-parametric Kruskal-Wallis
test (unpaired data) or the Bonferroni correction. Data from a minimum of three
independent experiments are presented. Significance was established as

p<0,05.

RESULTS AND DISCUSSION

Placental explants support ZIKV infection

Our goal was to investigate whether explants of human placental tissue are a
valuable model for studying ZIKV infection ex vivo. To that end, normal full-term
placental tissues were obtained following cesarean section. Chorionic villi were
dissected, and the explants (5 mm) were infected with ZIKV-BR or Dengue
Virus 2 (DENVZ2) for comparison. Immunostaining of the tissues 72 hpi with the
anti-flavivirus antibody 4G2 demonstrated that the tissues were infected by both
viruses (Figures la-d). To further confirm that placental explants would support
a progressive ZIKV infection, culture supernatants from these infected explants
were obtained at 0, 3, 6, 12, 24, 72 and 120 hpi, and virus RNA levels were
analyzed by RT-gPCR (Figure le). We observed a progressive increase in
ZIKV RNA load as early as 12 hpi, with a peak at 72 hpi. DENV 2 RNA was also
detected in placental supernatants until 24 hpi, but RNA levels did not increase

at the subsequent time points. Culture supernatants from infected tissues
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collected at 0 hpi exhibited viral load <10* and this value was subtracted from
subsequent times. While uninfected tissues exhibited no viral loads when
measured by RT-gPCR.

The release of infectious virus particles at different time points after
infection was also evaluated by plaque assay. Accordingly, we observed
increased levels of ZIKV plaque-forming units (PFU) in the supernatants of
explanted tissues, whereas DENV2 PFU levels decreased at later time points
(Figure 1f).

H&E staining and histological analysis demonstrated that placental
tissues infected with ZIKV-BR present signs of cellular injury, in contrast to
uninfected ones (Figure 2a-c; additional images in supplementary information
and figure A3). The presence of trophoblasts in these sections was confirmed
by the high expression of the cytokeratin-7 epithelial cell marker (Figure 2d-f),
as well as by the absence of vimentin expression (mesenchymal cell marker)
(Figures g-i). In addition, the quantification of nuclear fragmentation revealed a
higher amount of karyorrhexis in ZIKV-BR infection than in uninfected and
DENV-infected tissues, a finding which suggests that viral replication may,

indeed, be associated with tissue damage (Figure 2j).

74



106+
1054
104
102+

d
3. I *okk I
L
>
-
g ;
o 1004
=
0
=
(]
©
N
]
<
100" T

n
b

Genome equivalent
of TC|D50/mL

(=]

1024
107
) I U 1 1
ZIKV BR DENV2 0 3 6 12 24 72 120
Hours post infection

El ZKV BR
[ DENvV2

Virus titer
Logq (PFU/mL)
w
1

- ZIKV BR
% DENV2

Fig.1 ZIKV productively infects human placental tissue explants. Placental

explants were left uninfected (control), panel (a) or infected with ZIKV (b) or

DENV (c) at 1 x 10* TCIDso. After 72 hpi, immunohistochemistry staining was
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performed using the anti-flavivirus 4G2 antibody. Black insets show the details
of immunohistochemistry staining. Quantification of 4G2 staining using
densitometry in arbitrary units (a.u) was performed using an Axioskop 2-Mot
Plus Microscope (Carl Zeiss, Jena, Germany). The AxioVision software was
used for qualitative analysis. Densitometry analysis of the reaction negative
control and of the uninfected samples consistently showed undetectable values.
The data were analyzed using one-way ANOVA followed by the Kruskal-Wallis
test; ***p<0.001, panel (d). Full-term placental explants were left uninfected
(controls) or were infected with ZIKV-BR or DENV2 viruses (1 x 10* TCIDso),
and the supernatants were harvested at the time points indicated. RNA
extraction and gRT-PCR were performed using specific ZIKV and DENV
primers, as described in the Materials and Methods section (e). The titers of
infectious particles in the supernatants were evaluated by plaque assay in Vero
cells (f). All of the data were obtained from experiments performed in triplicate

and are represented as mean +/- standard deviation. Scale bar: 10 um

Other studies have demonstrated that placental explant cultures secrete
hCG during the process of explant re-epithelization (Kurman et al., 1984;
Vicovac et al., 1995; Helige et al., 2008; Moser et al.,, 2010). We evaluated
whether ZIKV infection would affect the secretion of b-hCG, a marker of
syncytiotrophoblast (SCT) renewal and viability (Figure 2d-i,k) (Itinteang et al.,
2011). ZIKV-infected tissues exhibited lower b-hCG secretion in the culture than

the uninfected control (Figure 2k), a result which suggests lower SCT recovery
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upon ZIKV infection. Meanwhile, DENV-infected tissues exhibited lower b-hCG
secretion after 48 h, thus reducing SCT viability. However, SCTs were found to
increase secretion of b-hCG 72h after infection, suggesting improved SCT
recovery. These findings are in accordance with previous studies on
experimental mouse models, the results of which have demonstrated the
infection of fetal and maternal placental tissues (Miner et al., 2016b). These and
other experimental models have also demonstrated that ZIKV infects various
primary human placental cell types and chorionic villus explants, suggesting
placental and paraplacental virus transmission routes (Quicke et al., 2016;
Tabata et al., 2016). Previous studies have suggested that both
cytotrophoblasts (CTBs) and SCTs from chorionic villi exhibited E-protein
expression upon ZIKV infection; however, only CTBs expressed nonstructural
proteins (NS3) (Tabata et al., 2016).

In addition, trophoblasts’ resistance to ZIKV replication has been
proposed in a study showing that different trophoblast-derived cell lines were
permissive to ZIKV, but human primary trophoblasts exhibited low viral RNA
levels when compared to other cell types (Bayer et al., 2016). On the other
hand, both macrophages and CTBs obtained from the same tissues were found
to be susceptible to ZIKV (Quicke et al., 2016).

An experimental model involving pregnant rhesus monkeys revealed
prolonged viremia compared to non-pregnant animals, results which provide

important data on ZIKV infection in the first and third trimesters.
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Fig.2 Histological analysis of infected placental explants. Human placental
explants were left uninfected (control) or were infected with ZIKV or DENV.
After 72 hpi, immunohistochemistry analyses were performed. The tissues were
stained with hematoxylin and eosin (H&E). Black arrows indicate karyorrhexis,
and red arrows point to stromal injury. SCT: syncytiotrophoblasts; panel (a-c).
Immunohistochemistry analysis of the placental tissues stained with anti-
cytokeratin (CK7), black arrows indicate stained with anti-cytokeratin (CK7);
panel (d-f). Immunohistochemistry analysis of the placental tissues stained with
anti-vimentin (mesenchymal cells), black arrows indicate stained with anti-
vimentin; panel (g-i). Thegraph represents the mean +/- standard deviation of
the number of cells/field with karyorrhexis detected in ten random photos taken
from experiments performed in triplicate in the H&E analysis (j). The data were
analyzed using one-way ANOVA followed by the Bonferroni correction;
***p<0.001. B-hCG was quantified to determine SCT viability, the results of

which are shown in panel (k). Scale bar: 10 ym

These data show that placentas from late-stage pregnancies are still
vulnerable to ZIKV. Therefore, models of infection in full-term explants can be
used to recapitulate the second half of pregnancy. Furthermore, full-term
explants have the advantage of being easy to obtain after delivery (Coyne e
Lazear, 2016; Pantoja et al., 2017).

Our data clearly demonstrate that full-term human placenta explants are

permissive to ZIKV and DENV2 infections, which are associated with cell injury.
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The reported divergences among different studies may be attributed to the time
of explant obtainment and to the ZIKV strain used. It is important to note that
immunohistochemistry staining and progressive RNA release from cultures
indicate that this model can be used to study the dynamics of infection and of

host-virus interaction.

ZIKV infection induces cytokine expression in the placental explants

Placental damage and dysfunction caused by viral infection may be a
consequence of viral cytopathic effect or host-mediated pathology (Hamilton et
al., 2012). Such conditions alter placental development, restrict fetal growth
(Mcewan et al., 2009), and may result in neuroinflammation (Vermillion et al.,
2017). To determine whether antiviral or inflammatory responses to infection
are related to placental dysfunction, we evaluated the expression of interferons
(IFNs) and pro-inflammatory cytokines in ZIKV-infected placenta explants.

ZIKV infections in other experimental models have been associated with
increased expression of innate immune sensors and interferon-stimulated
genes (Hamel et al., 2015). Also, studies have found purified primary human
trophoblasts and trophoblast-derived cell lines to be resistant to ZIKV infection
due to the production of type Ill IFNs (IFN-A1 and A2) (Bayer et al., 2016). Our
experimental model supports ZIKV replication, so we investigated whether and
how the expression of type | (IFN-B), type Il (IFN-y), and type Il (IFN-A1 and
A4) IFNs would take place in infected placental explants. As a positive control of

IFN expression, we cultured explants with poly (I:C) and observed an increase
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in IFN-B, IFN-A1, IFN-A4 and IFN-y expression at 24 hpi relative to untreated
cultures (Figure 3a). Notably, IFN-A4 and IFN-y reached higher levels of
expression than IFN-B and IFN-A1. Placental explants were also infected with
ZIKV or DENV or left uninfected (Ul), and IFN expression was evaluated after
24 and 72 hpi. ZIKV and DENV infections induced a mild increase in IFN-A1
and IFN-A4 expression at 24 hpi; the exception was IFN-A4 in the case of DENV
infection, which did not increase (Figure 3b). At 72 hpi, IFN-A1 and IFN-A4
expression in infected explants increased as much as 10-fold in the cases of
both viral infections. Type Il IFNs include IFN-A1, A2/A3, and A4, which seem to
induce a similar antiviral response pattern mediated by IFNLR1/IL-10R2
engagement and activation of JAK-STAT signaling pathway, leading to ISG
expression (Kotenko et al., 2003; Meager et al., 2005; Hamming et al., 2013).
Several studies with different infectious models have demonstrated that IFN-A1
and IFN-A2/A3 are similarly regulated by IRF-3 and IRF-7 activation and usually
IFN-A2 closely follow IFN-A1 secretion (Onoguchi et al., 2007; Lee et al., 2014).
This was also demonstrated after infection of trophoblast cell lines and primary
human trophoblasts with ZIKV (Bayer et al., 2016; Corry et al., 2017), although
the secretion of IFN-A1 showed to be more prominent in the latter case (Bayer,
et al., 2016).

IFN-A4 was discovered more recently, and evidences demonstrated that
its expression is regulated by a similar transduction signaling pathway as the

others (Pacanowski et al., 2012; Lee et al., 2014).
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Fig.3 IFN expression in infected placental tissue explants. Explants were
cultured with poly (I:C) for 24 hours. RNA was extracted, and the IFN mRNA
levels indicated were analyzed by quantitative RT-PCR and normalized by the
housekeeping gene (GAPDH) (a). Explants were cultured with ZIKV or DENV
for 24 or 72 hpi. Net, RNA was extracted and mRNA levels of IFN- A1 and INF-
M (b), IFN- B (c), and IFN-y (d) were analyzed by quantitative RT-qPCR and
normalized by GAPDH. Results are shown as fold change relative to controls
(uninfected tissues and unstimulated poly (I:C)). The data shown are
representative of at least three independent experiments and are presented as

mean +/- standard deviation.
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Our data demonstrated that type Il IFNs are produced in the placental
explant model and increase over the time points evaluated, corroborating with
the previous data obtained with other placental culture models (Bayer et al.,
2016; Corry et al., 2017). The activation of type Ill IFN inducing pathway was
further demonstrated by the increased levels of IFN-A4 mRNA, which
expression had never been evaluated during ZIKV infection before. Any
discrepancies between our results and those in the literature could be attributed
to factors such as the use of different ZIKV strains and the use of a placental
explant instead of a single epithelial cell type from the placenta.

ZIKV and DENV2 also induced mild increases in IFN-3 expression at 24
hpi, followed by a significant increase in IFNB expression at 72 hpi only in the
ZIKV-infected explants (Figure 3c). Interestingly, our results on IFN-y
expression showed a similar pattern, in which only ZIKV infection caused an
increase in IFN expression at 72hpi (Figure 3d). IFN-y may induce apoptosis of
human primary trophoblast, mediate proliferation and migration of extravillous
cytotrophoblasts (EVCT) and, in excess, be harmful to pregnancy and to fetal
growth (Wilczynski et al., 2003; Lash et al., 2006; Vargas-Rojas et al., 2016).
ZIKV NS5 has been found to destabilize STAT2 and suppresses the signaling
mediated by type | and type Il IFN (Quicke et al., 2016; Bowen et al., 2017;
Chaudhary et al., 2017). Therefore, increased levels of IFNs produced to restrict
ZIKV infection may be counteracted by the virus while inducing inflammation

and other host responses that could lead to deleterious effects on pregnancy.
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To investigate other aspects of the immune response to ZIKV in
placental explants, we assessed the expression of IL-1(3, IL-6, IL-10, and TNF-a
in ZIKV-infected tissues (Figure 4). Tissues were either stimulated with poly
(I:C) or infected with ZIKV or DENV. All groups exhibited increased expression
of all the cytokines evaluated (IL-1B8, IL-10, IL-6, and TNF-a) upon
infection/stimulation relative to uninfected controls. One day post infection (dpi),
ZIKV-infected explants presented a significant increase in the expression of IL-
18, IL-6, and TNF-a in comparison to DENV2-infected explants (Figure 4a, b,
and d). The expression of pro-inflammatory cytokines such as IL-18, IL-6, and
TNF-a alters the intra-amniotic milieu and is a marker of fetal inflammatory
response syndromes. Increased Thl cytokines have been associated with
spontaneous preterm labor and with disruption of fetal tolerance (Elovitz et al.,
2006; Raghupathy e Kalinka, 2008; Garcia-Ruiz et al., 2015). IL-1B has also
been associated with the expression of metalloproteinases and CTB invasion

during pregnancy (Librach et al., 1994; Pontillo et al., 2013).
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Fig.4 Cytokine expression profiles in placental tissue explants. ZIKV-BR-
and DENV2-infected explants were analyzed for cytokine gene expression
using RT-gPCR. Uninfected explants (Ul) and poly (I:C) -stimulated tissues
were analyzed as negative and positive controls, respectively. Unstimulated
poly (I:C) and uninfected tissues were used to compared fold increase. Total
RNA was extracted from the explants on Days 1 and 3 posts infection. The RNA
levels for IL-1B (a), IL-6 (b), IL-10 (c), and TNF-a (d) were quantified using
gene-specific primers. The analysis was performed using samples obtained in

triplicate. Data are represented as mean +/- standard deviation; one-way
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ANOVA was performed, followed by the Bonferroni correction; *p<0.05,

**p<0.01, and ***p<0.001 were considered significant

In vitro treatment with IL-1RA impaired trophoblast fusion, viability, and
hCG secretion, results which indicate that IL-1B plays an important role in
placental dysfunction and adverse pregnancy outcomes (Girard et al., 2014;
Derricott et al., 2017).

TNF-a may act directly upon early term placentas and cause placental
pathology, fetal hypoxia, and neurodevelopmental defects in the fetal brain
(Carpentier et al., 2011). Also, TNF-a disturbs trophoblast function, leading to
decreased cell fusion and reduced expression of hCG (Leisser et al., 2006;
Otun et al., 2011). TNF-a may also be associated with cell death, as described
in other models (Ghouzzi et al., 2016). IL-10, on the other hand, is typically anti-
inflammatory, which often results in tissue protection and is involved in fetal
tolerance (Roth et al., 1996; Roth e Fisher, 1999; Fettke et al., 2016). Given the
fact that ZIKV infection induced expression significant levels of pro-inflammatory
cytokines but not of IL-10, this combination could result in pathology and may
account for some of the deleterious effects of ZIKV infection during pregnancy.

DENV2 could not induce the expression of pro-inflammatory cytokines to
the same levels as ZIKV, a difference which may be associated with lower

replication efficiency and consequent lower stimulation of the immune system.
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ZIKV-infected placental explants undergo apoptosis

To investigate whether ZIKV-induced replication, inflammation, and injury
would result in cell death, we performed TUNEL assays 3 days after ZIKV
infection to determine whether the explanted tissue underwent apoptosis
(Figure 5). DNase treatment was used as a positive control (Figure 5a), while
untreated, uninfected explants were used as negative control (Figure 5b). ZIKV-
BR-infected samples demonstrated prominent TUNEL staining, which appeared
to be quantitatively comparable to the positive control sample (Figures 5c).
DENV infection resulted in lower TUNEL staining (Figure 5d), which
corroborates previous H&E data indicating that DENV2 causes less placental
damage in this model.

Apoptosis was further confirmed by immunohistochemistry with cleaved-
caspase 3 antibodies. ZIKV-BR and DENV2 exhibited increased caspase 3
staining relative to the uninfected control, which is indicative of apoptotic cell
death (Figure 6a-f). Caspase 3 expression was higher in ZIKV-infected cultures

than in DENV-infected cultures. (Figure 6h).
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uninfected sample (control). TUNEL staining of placenta villi sections of ZIKV-
BR (c) and DENV2-infected (d) tissue are represented. The images of TUNEL-
positive cells were obtained at a magnification of 40x using an Olympus BX53
microscope system. Quantification was performed by measuring image intensity
in the Image-Pro® Plus software, version 7.0. One-way ANOVA and the
Bonferroni correction were performed to determine statistical significance

(*p<0.05; confidence interval — 95%)

Immunostaining was observed covering chorionic villi, a result which
suggests that SCTs from the placenta full-term may be susceptible to apoptosis
via caspase 3 in ZIKV infections. SCTs cover chorionic villi and play a key role
in the innate immune response and recruitment of NK cells (Giugliano et al.,
2015). Accordingly, previous studies that have investigated ZIKV tropism in
several placental cell types have found ZIKV replication to be associated with
abnormal tissue architecture, which might lead to the rupture of the placental
barrier (El Costa et al., 2016).

Caspase-mediated apoptosis may result from enhanced inflammatory
response, such as the TNF-a-TNFR signaling pathway. Since we detected an
increased expression of TNF-a in placental explants infected with ZIKV, we
decided to investigate whether the observed apoptosis could be mediated by
this cytokine. ZIKV-infected explants were treated with anti-TNF RI/TNFRSF1B
neutralizing antibody, and caspase 3 activation was evaluated by IHC. Indeed,

the anti-TNFR treatment significantly reduced caspase 3 staining, indicating that
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TNF-a-mediated apoptosis plays a significant role in tissue damage (Figure 6d-
f). TNFR neutralization also diminished caspase 3 staining in DENV-infected
cultures, suggesting that both viruses are able to induce apoptosis, although
lesion extension was found to be more severe when the tissues were infected
with ZIKV. Some levels of cell death were still observed after anti-TNFR
treatment, suggesting that other mechanisms may also be involved in ZIKV-
induced tissue damage. Previous studies have demonstrated that ZIKV
infection in human neural progenitors (h(NPCs) promotes increased caspase 3
expression, even in the presence of low levels of viral antigens (Ghouzzi et al.,
2016). These findings suggest that this pathway may be induced by ZIKV in
different cell types and may be a relevant mechanism associated with

congenital abnormalities.
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Fig.6 ZIKV and DENV2 induces caspase 3 activation. Sections were stained
with anti-caspase 3, panel (a-f), indicated by black arrows. Sections of
uninfected samples (control), panel (a), ZIKV-infected tissues (b) and of
DENV2-infected (c). Panel (d-f) represents sections of uninfected samples (d)
and ZIKV or DENV2-infecteds explants treated with the anti-TNF-a antibody,
panel (e) and (f) respectively; (g) represents negative reaction controls with the
absence of primary antibodies. Panel (k) shows the quantification densitometry
analysis of caspase 3, which was performed using an Axioskop 2-Mot Plus
Microscope (Carl Zeiss, Jena, Germany). The AxioVision software was used for
the qualitative analysis. One-Way ANOVA was performed to compare untreated
groups (controls) to infected groups (*p<0,05, ***p<0.001). Two-way ANOVA
was performed to compare treated groups to untreated groups with anti-TNF-a

antibody (### p<0.001). Scale bar: 10 ym

We conclude that our placental tissue explant model is a valuable tool for
the study of ZIKV interaction with the human placenta. We observed that
placental explants are permissive to and support ZIKV and DENV2 infections
for up to 120 hours. Infected placental explants are amenable to different types
of analysis, which confirms that ZIKV is pathogenic to the human placenta.
Importantly, this model recapitulates some critical observations made regarding
ZIKV infection in other model systems and in patients (Miner et al., 2016b;
Noronha et al., 2016). Due to the use of human placentas, this model should

provide crucial information to be applied to the clinical management of ZIKV
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infection, as well as to the development of preventive or therapeutic strategies

against the deleterious effects of ZIKV on human embryos.
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CONSIDERACOES FINAIS

v' Os explantes de placenta humana a termo sao permissivos a infec¢éo por
ZIKV, com cargas virais similares, embora Denv2 apresentou pico de carga
viral em 24 h.p.i, mas decresceu nos pontos de tempo subsequentes.

v" A cinética da replicacdo viral coincide com a expressao de citocinas pro-
inflamatoérias e 0o aumento de apoptose no tecido infectado. Infeccdo por
Denv2 apresentou menor dano tecidual;

v' Apoptose em tecidos infectados é parcialmente dependente de TNF- a, e o
tratamento com anti-TNF- a diminuiu significativamente a ativacdo de
caspase 3 mediada por infeccao viral,

v' Tecidos de explantes de placenta humana permaneceram viaveis em cultura
durante infeccéao viral;

v' Cumulativamente, este modelo demonstra que os tecidos placentarios
humanos séo alvo de infec¢do por ZIKV e que essa infeccdo é patogénica
para o tecido placentario.

v Neste relatério, demonstramos que o tecido de explante de placenta humana

a termo pode ser um modelo util para estudar a infeccdo por ZIKV ex vivo.
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Supplementary Fig.A3 Histological analysis of the placenta
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Fig.A3. Histological analysis of the placenta. Human placental explants were
uninfected (Control) and infected with ZIKV or DENV after 72hpi. The tissues
were stained with hematoxylin and eosin. Black arrows indicate karyorrhexis.

Images captured at 100x magnification. Scale bar: 10 pm

Supplementary Table A2. List of primers used in this study for RT-gPCR

TABLE A2 Primers used for differential gene expression

Gene Forward Primer Reverse Primer

IL6  5-TGT GAA AGC AGC AAA GAG GCA CTG -3' g ACA GCT CTG GCT TGT TCC TCA CTA -

IL-10 5'- AAT AAG GTT TCT CAA GGG GCT -3' 5'- AGA ACC AAG ACCCAGACATCAA-3

IL-11 5-GTC ATT CGC TCC CAC ATT CT -3 5-ACT TCT TGC CCC CTT TGA AT -3
5'- CAG AGG GAA GAG TTC CCC AGG GAC C -

TNF-o 3 5'- CCT TGG TCT GGT AGG AGA CGG -3'
INFB  5-TAG CAC TGG CTG GAA TGA GA -3' 5- TCC TTG GCC TTC AGG TAA TG -3
INFy ~ 5-CCA ACG CAA AGC AAT ACA TGA -3' 5 CCT TTT TCG CTT CCC TGT TTT A -3
IFN-L1 5~ GGG AAG CAG TTG CGA TTT AG -3 5- GAT TTG AAC CTG CCA ATG TG -3
INF-A4  5- AGG GTC CTT AAC CGA CTG TG -3 5'- AAA CAA CCA ATG CGA TCA AA -3'
GAPDH_5-GTG GAC CTG ACC TGC CGT CT-3' 5'-GGA GGA GTG GGT GTC GCT GT-3'

Supplementary Table Al. List of primers used in this study for RT-qgPCR viral
replication

TABLE Al. Primers used for viral replication

Gene Forward Primer Reverse Primer

ZIKV(BR)  5-CCG CTG CCC AAC ACA AG -3' 5- CCACTAACG TTC TTT TGC AGA

CAT-3
ZIKV-FAM 5- AGC CTA CCT TGA CAA GCA GTC AGA CAC
(probe) TCAA-3
DENV2 5-TTAGAGGAGACCCCTCCC-3' 5'-GAGACAGCAGGATCTCTGG-3'
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