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RESUMO

Zika virus (ZIKV) é um virus da familia Flaviviridae, transmitido principalmente por
mosquitos do género Aedes. No inicio de 2015 foram confirmados os primeiros
casos de transmissao autoctone de virus Zika no Brasil e a partir dai, a infecgcéo pelo
ZIKV durante a gestacao foi associada a ocorréncia de um espectro malformacgdes
congénitas no feto, sendo o mais marcante a microcefalia, o que levou a um alerta
de saude global. Muitos aspectos da infecgdo pelo ZIKV ainda nao estéo claros,
dessa forma é crucial a execucao de estudos que visam esclarecer aspectos sobre a
transmissdo materno fetal e o acompanhamento, a longo prazo, das criangas
expostas ao ZIKV no periodo pré-natal. Sendo assim, o presente trabalho objetivou
compreender aspectos virolégicos e imunoloégicos da infecgdo pelo ZIKV na
gestacdo e seu impacto nos primeiros anos de vida das criangas nascidas, através
de uma coorte de 58 casos suspeitos de infecgao pelo Zika na gestacao, ocorridos
no Espirito Santo, Brasil, entre anos de 2015 a 2017. Os resultados aqui obtidos
demonstraram que apdés uma infecgdo por ZIKV ocorrida durante o segundo
trimestre de gestacgao, o virus pode, ainda, ser detectado no leite materno do pos
parto, porém sem sinal de transmissao para os recém-nascidos amamentados. Além
disso, demonstramos aqui que a infecgdo pelo ZIKV na gestagdo néo prejudica a
transferéncia materno-fetal de anticorpos, tanto os especificos para ZIKV e flavivirus,
quanto aqueles produzidos pela vacinacdo prévia da méae, e importantes para a
protecao do neonato. Mais ainda, pudemos observar que criangas expostas ao ZIKV
no periodo pré-natal, sem microcefalia ao nascimento, podem apresentar maior risco
de achados anormais no encéfalo observados em exame de imagem, no entanto,
apresentam desenvolvimento cognitivo normal nos primeiros 2 anos e meio de vida,
nao diferente das criancas nao-expostas ao ZIKV. Por fim, contribuimos para o
desenvolvimento de um antigeno viral com bom potencial para ser utilizado em
plataformas diagndsticas simples e capaz de sobrepor as limitagdes causadas por

reacgdes cruzadas apresentadas pelos dos atuais testes soroldgicos.



ABSTRACT

Zika virus (ZIKV) is Flaviviridae family member virus, transmitted mainly by Aedes
mosquitoes. In early 2015, the first cases of autochthonous transmission of Zika in
Brazil were confirmed and the infection, during pregnancy, has been associated with
a spectrum of congenital malformations, the most striking being microcephaly. Many
aspects of ZIKV infection are not clear yet, so it is crucial to conduct studies that
target aspects of mother-to-child transmission and the long-term monitoring of
children prenatally exposed to ZIKV. Thus, the present study aimed to understand
virological and immunological aspects of ZIKV infection during pregnancy and its
impact on the first years of life of congenitally ZIKV exposed infants, through a cohort
of 58 suspected cases of Zika infection during pregnancy, occurred in Espirito Santo,
Brazil, between 2015 and 2017. Our results show that after a ZIKV infection during
second trimester of pregnancy, virus can still be detected in postpartum breast milk,
however with no evidence of transmission to breastfed newborns. In addition, we
demonstrate here that ZIKV infection during pregnancy does not impair the efficiency
of maternal-fetal transference of antibodies — the specific for ZIKV and flavivirus, and
those vaccine-elicited — which plays an important role for the neonate protection.
Furthermore, we observed that children congenitally exposed to ZIKV, without
microcephaly at birth, present higher prevalence of cerebral anomalies on head
imaging at birth, which supports the performance of these exams, even when the
child does not present microcephaly. However, non-microcephalic congenitally
exposed ZIKV infants present normal cognitive development within the first 2.5 years
of life. Finally, we contributed to the development of a viral antigen that has much
potential to be used in simple diagnostic platforms and can overcome the cross

reactions limitations of current serological tests.
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1 INTRODUGAO

Zika virus (ZIKV) é um virus da familia Flaviviridae, transmitido principalmente por
mosquitos do género Aedes, e que pode provocar uma doenga leve, autolimitada,
caracterizada clinicamente por exantema, artralgia e conjuntivite. Da sua descoberta,
em 1947, até 2013, casos de infeccdo por esse virus foram restritos & Africa e Asia,
se expandindo para ilhas do Pacifico. No inicio de 2015 foram confirmados os
primeiros casos de transmissdo autoctone do ZIKV no Brasil, marcando sua a
introdugdo nas Américas. A partir dai a infecgdo pelo ZIKV durante a gestagao foi
associada a ocorréncia de um espectro de problemas congénitos no feto, sendo o

mais marcante a microcefalia, 0 que levou a um alerta de saude global.

Apesar do progresso ocorrido no conhecimento do ZIKV nos ultimos anos, ainda
nao existem vacinas ou terapias licenciadas e persistem falhas no seu conhecimento,
principalmente no que diz respeito a infecgdo na gestagcdo e na sua transmissao
materno-fetal. Além disso, ainda n&o esta claro o espectro das consequéncias, a longo
prazo, no desenvolvimento das criangas cujas maes apresentaram infecgao pelo ZIKV
durante a gestacgéo. Ainda é de fundamental importancia a compreensao da infec¢ao
natural na gestante e nos seus conceptos, de forma a contribuir para o
desenvolvimento de vacinas, terapias, ferramentas diagndsticas e para a manutengao
de medidas preventivas eficazes que reduzam o impacto dessa doenca. Dessa forma,
o presente estudo visa preencher algumas dessas lacunas — contribuindo
especificamente para o entendimento dos fatores envolvidos na transmissdo materno-
fetal do ZIKV, para o estabelecimento de medidas adequadas para sua prevengao e
no aprimoramento de protocolos de acompanhamento as criancas expostas — através
de um estudo observacional prospectivo de uma coorte de maes com ZIKV e suas

criangas, acompanhadas desde a gestagéo até os primeiros dois anos de vida.

Dado o carater abrangente deste trabalho e pretendendo uma melhor
compreensao pelo leitor, os resultados deste trabalho serdo apresentados em
capitulos. Antes, porém, serdo apresentados o referencial tedrico sobre o assunto, a
justificativa para realizagdo desse estudo, os objetivos, e os materiais e o método
utilizados. Na sessédo “materiais e método” sera descrito também todas as

informacdes sobre o arrolamento e as caracteristicas da coorte de participantes, base
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para a realizacao desse estudo. Os resultados serdo apresentados em capitulos, onde
cada um esta alinhado a um dos objetivos pretendidos. Cada um desses capitulos
traz uma introdugao especifica ao tema abordado, seguido pelo artigo ja publicado ou
0 manuscrito que se encontra em processo de publicagdo. Na parte final sera

apresentada uma conclusao geral, sumarizando todos os resultados aqui obtidos.
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2 REFERENCIAL TEORICO

2.1 O virus Zika

O virus Zika (ZIKV) é um arbovirus da familia Flaviviridae, género Flavivirus, que
engloba cerca de 70 virus, incluindo virus de importancia médica como o da Febre
Amarela (YFV), Dengue (DENV), Febre do Nilo Ocidental (WNV) e Encefalite
Japonesa (JEV). O ZIKV é transmitido, principalmente, através da picada de
mosquitos do género Aedes (GUTIERREZ-BUGALLO et al., 2019). O virus é
envelopado, possui genoma de RNA em fita simples positiva, de aproximadamente
11kb que codifica uma unica e longa poliproteina. Esta proteina é clivada por
proteases em 3 proteinas estruturais” envelope (E); membrana (M) formada a partir
de um precursor PrM, e capsideo (C) e 7 proteinas nao-estruturais (NS1, NS2A,
NS2B, NS3, NS4A, NS4B, e NS5) (FAYE et al., 2014). As proteinas estruturais, como
0 nome sugere, formam a estrutura da particula viral. As proteinas nao-estruturais
contribuem na replicagdo e empacotamento do genoma, assim como na subversao

dos mecanismos imunes do hospedeiro.

Proteina de Envelope (E) Memb linidi
. lembrana lipidica

Proteina de Membrana (M)
- Proteina de Capsideo (C)

RNA

----------- RNA genémico em fita
.. simples

P Proteinas estruturais Proteinas n3o-estruturais
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Figura 1 - Representagao da estrutura do ZIKV.

Fonte: adaptado de https://www.promega.com/-

/media/images/inspiration/zika/ZikaVirusStructurelllustration.pngRepresentagéo da estrutura do ZIKV.
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Andlises filogenéticas recentes revelam que nos ultimos 100 anos o ZIKV
evoluiubasicamente em duas linhagens principais: a Africana e a Asiatica. Os virus
recentemente isolados na emergéncia do ZIKV nas Américas possuem alta homologia
com a linhagem Asiatica (FAYE et al., 2014; WANG et al., 2016). A grande
disseminacao do mosquito vetor, o aumento populacional mundial em paralelo ao
aumento da mobilidade intercontinental de pessoas e cargas, contribuiram para a

expansao geografica da doengca (WEAVER et al., 2016).

2.2 Histérico e Emergéncia

O nome Zika, é alusivo a floresta Zika, localizada em Uganda, Africa, local onde
o virus foi isolado pela primeira vez, em 1947. Na ocasiao, o isolamento do virus foi
realizado a partir de amostras de sangue de um macaco Rhesus, mantido como
sentinela na floresta Zika, em um estudo sobre a Febre Amarela (DICK; KITCHEN;
HADDOW, 1952). Somente em 1964 o virus foi relacionado a infeccdo em humanos
(SIMPSON, 1964; WIKAN; SMITH, 2017). Nas décadas subsequentes, pouca
importancia clinica foi-lhe atribuida, devido principalmente ao pequeno numero de
casos notificados, restritos ao continente africano e Sudeste Asiatico, onde a grande
maioria dos pacientes apresentava sintomatologia leve com evolugdo benigna e

autolimitada.

A situacdo mudou a partir de 2007, quando novos casos da doenca foram
notificados na llha Yap, Micronésia, com apresentagao clinica semelhante ao Dengue,
com exantema e artralgia, porém acrescida de conjuntivite (DUFFY et al., 2009).
Testes rapidos (imunocromatograficos) positivos para DENV sugeriam ser este o
agente etioldgico, entretanto, amostras enviadas ao Centro de Controle e Prevengao
de Doengas dos Estados Unidos (CDC), para confirmagdo e sequenciamento do
genoma viral mostraram que o agente etiolégico, na verdade, possuia mais de 90%
de homologia com o ZIKV de linhagem Asiatica (LANCIOTT]I et al., 2008). Em 2013
a mesma linhagem do virus atingiu as ilhas da Polinésia Francesa causando uma
grande epidemia, concomitante a casos de DENV, endémico na regido. Na ocasiao,
observou-se pela primeira vez casos da Sindrome neuroldgica de Guillain-Barré
(SGB) em adultos, relacionados a infecgao pelo ZIKV (CAO-LORMEAU et al., 2016,
2014; OEHLER et al., 2014). Em 2014, as epidemias de ZIKV atingiram outras ilhas
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do Pacifico como Nova Caledbnia, Ilhas Cook e Illha de Pascoa (MUSSO; NILLES;
CAO-LORMEAU, 2014).

No Brasil a primeira confirmacgao oficial de casos autdctones da doenca,
ocorreu no inicio de 2015 no estado de Pernambuco, regido Nordeste do pais. Os
casos notificados a época, eram de uma doenga febril, de evolugdo benigna, com
sintomas semelhantes a da infeccéo pelo DENV, porém com resultados laboratoriais
negativos para essa infecgdo (ZANLUCA et al., 2015). Paralelamente a expanséao da
epidemia de ZIKV, nos ultimos meses de 2015, o Ministério da Saude recebeu uma
notificagdo expressiva de casos de microcefalia congénita observada nos municipios
daquela regido. Devido a esse aumento alarmante no numero de casos de
microcefalia, nas primeiras semanas de novembro de 2015, o Ministério da Saude
declarou estado de emergéncia, convocando inclusive autoridades internacionais em
saude para auxiliar nas investigagdes (BRASIL, 2015a). Ao final de 2015 e inicio de
2016, a associagdo entre a infecgdo pelo ZIKV na gestagdo e a ocorréncia de
anormalidades neurolégicas nos fetos foi confirmada por diversos estudos (BRASIL,
2015b; DE ARAUJO et al., 2017; MLAKAR et al., 2016; OLIVEIRA MELO et al., 2016).
Tal fato, ndo havia sido observado em outras epidemias de ZIKV fora do Brasil, o que
levou a um alerta de saude global. Posteriormente, uma analise retrospectiva dos
casos ocorridos na epidemia da Polinésia Francesa em 2013 confirmou a existéncia
de casos de microcefalia congénita, em uma frequéncia acima da esperada,
associada a infecg¢ao pelo ZIKV na gestacdo (CAUCHEMEZ et al., 2016).

Apds a confirmacgao da transmissao autéctone no Brasil, a origem da introdugao
do ZIKV no pais foi objeto de controvérsia. Inicialmente especulou-se que o ZIKV
haveria entrado no pais durante a Copa do Mundo de Futebol, em 2014, devido ao
fluxo de equipes e turistas do mundo todo. Posteriormente, foi cogitado que a provavel
introducéo do ZIKV no Brasil poderia ter ocorrido em agosto de 2014, quando ocorreu,
no Rio de Janeiro, um campeonato de canoagem no qual participaram diversas

equipes de paises do Pacifico, locais nos quais o ZIKV ja circulava. (MUSSO, 2015)

Em junho de 2017, um estudo utilizando modelagem matematica, estimou que
o ZIKV havia sido introduzido e estabelecido no Brasil provavelmente entre outubro

de 2013 e margo de 2014, época anterior aos eventos esportivos citados (MASSAD
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et al., 2017). Nos meses seguintes a essa publicagao, foram publicados dois estudos
que reforcam que o fato ocorreu ainda antes. Esses estudos relatam a deteccéo de
ZIKV em amostras humanas e de mosquitos coletadas no Rio de Janeiro entre os
meses de mar¢co a novembro de 2013. Os resultados mostraram que o ZIKV ja
circulava no Rio de Janeiro desde abril de 2013, e suportam a ideia de que o virus
tenha sido introduzido no pais através de multiplas entradas, entre outubro de 2012 a
maio de 2013 (AYLLON et al., 2017; PASSOS et al., 2017)

No Espirito Santo (ES) as primeiras notificagbes de casos de ZIKV ocorreram
em maio de 2015 (ESPIRITO SANTO, 2016), entretanto, a confirmagéo laboratorial
dos casos autéctones no estado s6 ocorreu em novembro do mesmo ano (BRASIL,
2015c). Entre janeiro de 2015 a dezembro de 2019, 6.135 casos da doenga foram
notificados, sendo os anos de 2015 e 2016 responsaveis por mais de 60% do total de
notificagdes (DOS SANTOS, 2018; ESPIRITO SANTO, 2019, 2020) .

2.3 Aspectos clinicos

Estima-se que entre 29% a 82% dos infectados pelo ZIKV nao apresente
manifestagdes clinicas da infecgdo (HABY et al., 2018). Os sinais e sintomas, quando
presentes, sdo leves e incluem: exantema, artralgia, conjuntivite, febre, mialgia e
cefaleia. Agravamento do quadro clinico, com necessidade de hospitalizagdo é
incomum (CDC, 2019a; DUFFY et al., 2009). Manifestagdes neurolégicas mais
graves, como a Sindrome de Guillain-Barré (SGB), foram inicialmente observadas na
epidemia de 2013 na Polinésia Francesa (OEHLER et al., 2014). Sua frequéncia
estimada é baixa, ocorrendo em aproximadamente 1,23% dos individuos adultos
infectados (BARBI et al., 2018).

Além da SGB, a manifestagao clinica mais temida da infecgao pelo ZIKV ¢é a
sua capacidade de produzir malformacdes fetais congénitas, com destaque para a
microcefalia (BRADY et al., 2019; MLAKAR et al., 2016; PLATT; MINER, 2017), além
de abortos no inicio da gestagdo (DUDLEY et al., 2018; VAN DER EIJK et al., 2016).
A auséncia de sintomas na infeccao ndo implica necessariamente protecdo contra
suas possiveis complicagdes na gestagdo, como no estudo realizado por Honein e

colaboradores em 2017, onde ndo houve diferenga na frequéncia de microcefalia em
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recém-nascidos de gestantes infectadas, que apresentaram, ou ndo, sintomas clinicos
da doenca (HONEIN et al., 2017).

Até o momento nao ha tratamento antiviral especifico ou vacinas licenciadas
para o ZIKV. O tratamento visa tdo somente o controle dos sintomas, incluindo

repouso, reposi¢cao hidrica e o uso de analgésicos e antipiréticos (CDC, 2019b).

2.4 A transmissao

O ZIKV, assim como outros arbovirus como DENV e o CHIKV, apresenta um
ciclo bem estabelecido de transmissao urbana em regides tropicais. Para esses virus,
existe também, em algumas regides, a ocorréncia de um ciclo silvestre de
transmissao, envolvendo primatas e mosquitos de florestas (Figura 2). Apesar da
possibilidade de um ciclo silvestre de transmissao, o ZIKV se tornou completamente
adaptado ao ambiente urbano, o suficiente para sua manutencao. Independentemente
desse fato, & importante mencionar que a existéncia de um ciclo silvestre pode
apresentar implicacbes importantes para a saude da populagdo humana e
reemergéncia dos casos (VALENTINE; MURDOCK; KELLY, 2019).

A transmissao do ZIKV ocorre primariamente através da picada de mosquitos fémeas
infectados, do género Aedes (GUTIERREZ-BUGALLO et al., 2019), porém a
documentacdo da presenca e da persisténcia do virus em diferentes fluidos e
compartimentos biolégicos, como p. ex, urina, secre¢ao vaginal, sémen, saliva, leite
materno, lagrima (DE M. CAMPOS et al., 2016; GOURINAT et al., 2015; MUSSO et
al., 2015) e orgéos sdélidos (NOGUEIRA et al., 2017), e o relato de casos da infecao
na auséncia do mosquito, levantaram preocupac¢des acerca das vias ndo dependentes
de vetor na transmissao e prevencao do ZIKV. Até o momento, entre os estudos
realizados sobre o potencial de vias nao dependentes do vetor, apenas as
transmissdes por via sexual e a transmissao vertical mae-concepto intrautero,
apresentam bom grau de evidéncia cientifica. Outras rotas de transmissao do ZIKV ja
relatadas, como amamentagao, intrapartum, por transfusbes de sangue e por
exposicao laboratorial, apesar de possiveis, seu real impacto ainda permanece
inconclusivo, com grau limitado de evidéncia, ja que se baseiam em relatos de casos
isolados (RUNGE-RANZINGER et al., 2019).
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Figura 2 - Ciclo de transmissao do virus Zika.
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As recomendacdes para a prevencao da infeccdo consistem em evitar a picada

do mosquito transmissor, incluindo a utilizacdo de repelentes e de utilizacao de

barreiras, como roupas e telas protetoras. Como o ZIKV também pode ser transmitido

sexualmente, é recomendada a utilizacdo de preservativos, principalmente no caso

de parceiras gestantes ou em idade fértil, pelo risco da infegdo ao feto e suas

consequéncias (CDC, 2019c). Nao ha contraindicagéo para a amamentagao em caso

de infecgao pelo ZIKV. A Organizagao Mundial da Saude (OMS) orienta a manutengao

do aleitamento, ja4 que de acordo com as evidéncias cientificas publicadas até o

momento, os beneficios do aleitamento materno ainda se sobrepdem ao risco de

transmissao através desse fluido (WHO, 2016).
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2.5 Patogénese e tropismo viral

Apds inoculagao através da pele, pela picada do vetor contaminado, o ZIKV pode
infectar diferentes populagdes celulares, incluindo queratindcitos, fibroblastos
dérmicos e células dendriticas. O virus é internalizado através da ligagdo das
proteinas de envelope (E) a receptores da superficie celular, principalmente moléculas
DC-SIGN, AXL e Tyro3 (HAMEL et al., 2015). A infecgdo dos fibroblastos e células
dendriticas, seguida da antagonizagao da resposta de Interferon tipo | do hospedeiro,
leva a viremia, que pode se apresentar subjacente aos sintomas (KUMAR et al., 2016).
A resposta da imunidade inata € entdo seguida por eventos imunes adaptativos, nos
quais as células dendriticas infectadas migram para os linfonodos regionais
estimulando a proliferacdo e a diferenciacao de células T e B, com a produgao de

citocinas e de anticorpos especificos, que irdo atuar no controle e cura da infeccéao.

Inicialmente acreditava-se que o tempo de viremia era curto, aproximadamente
4 a 5 dias (BEARCROFT, 1956; FONTAINE et al., 2018; LANCIOTTI et al., 2008).
Posteriormente, dados obtidos em estudos com primatas ndo-humanos e em coorte
de humanos demonstraram que o tempo de persisténcia da viremia é variavel, e que
gestantes podem apresentar viremia prolongada, com detec¢do do virus no sangue
em até 53 dias pds inicio dos sintomas (DUDLEY et al., 2016; MEANEY-DELMAN et
al., 2016). Estudos sobre a patogenia do ZIKV, in vivo e in vitro, revelaram também
seu amplo tropismo por diversas células como neurdnios, astrécitos, células da cérnea
e da retina, células de Sertoli, Células de Leydig, espermatogbnias, células do epitélio
vaginal, fibroblastos uterinos, células de Hoffbauer da placenta, (MINER; DIAMOND,
2017), células do epitélio intestinal, do epitélio respiratério (CAGNO et al., 2019) e
células do epitélio mamario (HUBERT et al.,, 2019). O tropismo, a duragdo da
persisténcia, e a replicacao do virus em determinados compartimentos e fluidos do
corpo humano, ainda nido foram totalmente esclarecidos e seu entendimento é
importante para a adogao de medidas preventivas efetivas em epidemias futuras.
Além do sangue, o ZIKV pode ser detectado em diversos fluidos corporais. A
primeira deteccao e isolamento do ZIKV em amostra de urina foi descrito em 2014,
em amostra de uma turista canadense que havia retornado da Tailandia (FONSECA
et al.,, 2014). Em 2015 Gourinat e colaboradores publicaram um estudo, realizado

durante a epidemia de ZIKV em 2013 na Nova Caleddnia, sugerindo que a urina de
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pacientes poderia ser usada como espécime clinico na deteccdo de ZIKV por RT-
PCR. A sensibilidade do diagndstico, adicionando a pesquisa do RNA viral nesse
espécime, era superior a somente sua pesquisa no soro, e ainda apresentava como
vantagem uma janela de detecgédo do virus mais longa (GOURINAT et al., 2015).
Estudos posteriores confirmaram estes achados (DE M. CAMPOS et al., 2016; ROZE
et al., 2016) e a urina tem sido frequentemente utilizada na pratica para o diagndéstico
do ZIKV. Em 2015, o Ministério da Saude ja havia incluido a urina, como espécime
clinico alternativo para o diagndstico laboratorial da infecgdo pelo ZIKV (BRASIL,
2015d).

Musso e colaboradores, durante o surto de ZIKV na Polinésia Francesa em
2013, utilizaram amostra de saliva como espécime clinico alternativo para o
diagndstico de pacientes durante a fase aguda da infecgdo. Naquela ocasido, em
comparagao ao sangue, a capacidade de detectar particulas de ZIKV na saliva por
RT-PCR foi maior (MUSSO et al., 2015). Diferentemente, um estudo prospectivo e
maior, iniciado em 2016 em Porto Rico, que avaliou 1.528 pacientes com infec¢ao
sintomatica pelo ZIKV confirmada, observou apenas 5% de positividade na saliva de
pacientes infectados, demonstrando uma baixa sensibilidade da deteccédo de ZIKV
nesse espécime (PAZ-BAILEY et al., 2017) .

O ZIKV também pode atingir os olhos, transpassando a barreira
hematoretiniana, através da via hematogénica ou mesmo axonal, causando
conjuntivite e uveite em adultos (FURTADO et al., 2016; PETERSEN et al., 2016) e
dano ocular congénito em criangas infectadas intrautero (DE PAULA FREITAS et al.,
2017). Sun e colaboradores reportaram a detecgao de RNA viral em amostras de
swab conjuntival de seis pacientes infectados com ZIKV (SUN et al.,, 2016) e,
posteriormente, outro estudo realizado em Singapura também detectou virus em
amostras conjuntivais de pacientes ja na fase tardia de convalescéncia, apés 30 dias
pos inicio dos sintomas (TAN et al., 2017). Nesses estudos néo foi avaliado se os
virus se encontravam infectantes ou se somente se tratava de RNA viral, entretanto,
esses achados sugerem o potencial da participagdo de outros fluidos como via de

transmissao do virus.

Estudos em modelos animais e em humanos tem demonstrado que o ZIKV

possui grande tropismo pelo trato genital masculino (STASSEN et al., 2018). O virus
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pode infectar espermatogdnias, espermatdcitos primarios, células de Sertoli, Células
de Leydig e células epiteliais (GOVERO et al., 2016), sendo detectado no sémem de
homens sintomaticos (JOGUET et al., 2017; MEAD et al., 2018) quanto assintomaticos
(MUSSO et al., 2017). Alguns homens podem excretar virus até 9 meses depois do
inicio dos sintomas, entretanto isso parece ser mais frequente nas primeiras semanas
apos o inicio dos sintomas (MEAD et al., 2018; PAZ-BAILEY et al., 2017). Estudos
que avaliaram a presenga do ZIKV no trato genital feminino relatam que o virus
também pode ser detectado no muco cervical, mesmo na auséncia de virus no sangue
e na urina, (PRISANT et al., 2017) e que pode persistir por mais de 11 semanas apés
o inicio dos sintomas (Murray et al., 2017). Essa caracteristica de persisténcia e
eliminagao do ZIKV nas secreg¢des do trato genital feminino e masculino é de especial

relevancia no impacto da transmissao sexual, ndo dependente do vetor.

No caso de gestantes, o virus pode alcangar a placenta e infectar as células de
Hoffbauer representando um papel importante na manutengao da viremia materna e
na disseminagdo do virus para o feto (TABATA et al., 2016). Através do cordao
umbilical, o virus pode chegar ao feto, infectando as células progenitoras neuronais e
induzindo sua apoptose. Assim, prejudica o desenvolvimento cerebral produzindo
sequelas neuroldgicas na crianga (GARCEZ et al., 2016; TANG et al., 2016).

No leite materno de mulheres infectadas pelo ZIKV, também ja foram
detectados RNA e particulas virais infectantes (BLOHM et al., 2017; DUPONT-
ROUZEYROL et al., 2016; GIOVANETTI et al., 2018; SOTELO et al., 2017). Estudos
recentes, utilizando camundongos e células epiteliais humanas, relatam que o ZIKV
pode se disseminar do sangue para as glandulas mamarias, infectar células desse
tecido resultando em replicagéo do virus (HUBERT et al., 2019). Esses resultados,
juntamente com os relatos de detecgdo do ZIKV em leite materno humano, geram
questionamentos sobre seu tropismo pela mama e sobre o potencial da amamentacéao
como via de transmissao do ZIKV. Apesar disso, até o0 momento a recomendacgao da
OMS para as areas de transmissdo do ZIKV é que a amamentagao seja mantida,

independente do status de infecgao pelo ZIKV da mae.

Apesar de muito avanco na area do conhecimento da infecgao pelo ZIKV, muitas

duvidas ainda persistem em relagcdo ao tropismo, dinamica e persisténcia viral no
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hospedeiro. Os fatores relacionados a persisténcia viral, e a transmissdo nao
dependente do vetor ainda n&o estao totalmente claros, e nem sobre como se da a

participagao de certos tecidos e 6rgaos como sitios de reservatorios de virus.

2.6 A resposta imunoldégica na infecgao pelo ZIKV

Os anticorpos para o ZIKV comecam a ser produzidos na primeira semana da
infegdo. Inicialmente, ocorre a produgdo de anticorpos do tipo IgM, seguidos da
producdo de anticorpos IgG neutralizantes (PAZ-BAILEY et al.,, 2017). O
desenvolvimento de anticorpos neutralizantes é considerado crucial para a imunidade
as infeccodes virais. No caso dos flavivirus, as proteinas E, prM e NS1 sao os principais
alvos da resposta de anticorpos (REY et al., 2018). O perfil da resposta imunoldgica
em uma infec¢cado sequencial por flavivirus relacionado (infecgao secundaria), como
ZIKV e DENV, ou mesmo entre os sorotipos DENV, é diferente do perfil de uma
primeira infecgdo por um flavivirus (infeccdo primaria). Na infecgdo secundaria a
resposta imune € marcada por uma rapida ativacao de células de memoria, que foram
geradas na primeira exposicao, e intensa produgao de anticorpos com reatividade
cruzada, porém subneutralizantes ao patégeno da presente infeccdo (SLON
CAMPOS; MONGKOLSAPAYA; SCREATON, 2018). Nesse contexto, um fendmeno
conhecido para certos flavivirus é a exacerbacao da infecgao por anticorpos reativos,
cruzados, provenientes de infecgbes anteriores por flavivirus heterdlogos,
denominado Exacerbacédo Dependente de Anticorpos, em inglés, Antibody Dependent
Enhancement (ADE). No caso do DENV, do qual sdo conhecidos quatro sorotipos, ha
evidéncias epidemiolégicas de que uma infecgao primaria protege da reinfecgédo com
0 mesmo sorotipo, mas representa um fator de risco para doenga grave apods a

reinfeccdo com um sorotipo diferente (HALSTEAD, 2014).

Devido ao alto grau de similaridade genética e estrutural entre o ZIKV e 0 DENV,
os anticorpos produzidos para esses dois flavivirus podem reagir de maneira cruzada.
Ainda ndo se sabe ao certo se individuos com anticorpos induzidos por infeccoes
anteriores por DENV podem desenvolver uma infecgdo por ZIKV mais grave ou, na
gestacdo, poderiam apresentar maior risco de transmissdo materno-fetal e maiores
prejuizos ao feto. De fato, em cultura de células, os anticorpos para DENV podem
intensificar a infecgdo pelo ZIKV (CHARLES; CHRISTOFFERSON, 2016;
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DEJNIRATTISAI et al., 2016; PRIYAMVADA et al., 2016). Estudos in vitro e in vivo
ainda parecem divergir quanto ao papel de anticorpos preexistentes para DENV no
fendmeno de ADE na infecg¢ao pelo ZIKV. Na maioria dos estudos realizados in vivo
até o momento, ndo foi observada uma patologia aumentada na infec¢ao pelo ZIKV
devido a anticorpos DENV preexistentes (LANGERAK et al., 2019), entretanto,
Bardina e colaboradores (2017) e relataram uma intensificagao in vivo da infecgéo por
ZIKV em camundongos, com aumento da morbimortalidade na presenga de plasma
humano contendo anticorpos para DENV e WNV (Virus do Nilo Ocidental, do inglés
West Nile Virus) (BARDINA et al., 2017).

Embora o ADE entre esse flavivirus seja demonstravel na cultura de células,
ainda sao necessarios estudos mais detalhados em animais (principalmente primatas)
e evidéncias epidemiolégicas robustas para confirmar se esse fenbmeno ocorre in
vivo na infecgdo pelo ZIKV. Isso poderia representar um risco aumentado para
populacdes onde ha cocirculagao desses flavivirus, ou mesmo em populacdes onde
circula o ZIKV e é praticada a vacinagao para DENV. Apesar da maioria dos estudos
atuais focarem na investigagdo de ADE na infecgao pelo ZIKV, a possibilidade de ADE
na infeccao pelo DENV devido a anticorpos prévios para ZIKV é também de especial
importancia. Isso porque a Dengue pode apresentar complicagdes clinicas graves,
como manifestagées hemorragicas, a Sindrome do Choque da Dengue (SCD) e
também complicagbes na gestacgao e perinatais (KATZELNICK et al., 2017; KLIKS et
al.,, 1988; MACHADO et al.,, 2013). Dessa forma, os aspectos imunoldgicos e
epidemiologicos desses flavivirus também devem ser levados em consideragéo na

avaliacao de uma futura vacina contra o ZIKV.

2.7 Diagnoéstico laboratorial

Devido a sintomatologia da infecgéo pelo ZIKV ser, muitas vezes, branda e se
apresentar similar a outras infecgdes virais, o diagnostico baseado apenas na clinica
é dificil. Dessa forma, e principalmente, em regides onde ha circulagdo de outros
flavivirus, o diagnédstico laboratorial torna-se extremamente importante para a
confirmagao da doenga. Na pratica clinica atual, o diagndstico da infecgao pelo ZIKV
utiliza-se de métodos moleculares — para identificagdo do RNA viral — ou sorolégicos

— para a identificagao de anticorpos especificos (CDC, 2019d).
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A RT-PCR é uma técnica de biologia molecular que amplifica e detecta o
genoma viral. Pode ser aplicada em diversas amostras clinicas, apresenta alta
sensibilidade (em amostras coletadas em fase aguda da doenca) e alta especificidade
(CDC, 2019d). Se positivos, fornecem a confirmacéo de infec¢do, entretanto, devido
ao curso natural da infecgdo e o decaimento da viremia, um resultado negativo nao
exclui definitivamente infeccéo recente. Além disso, existe a possibilidade imprecisédo
no relato do inicio dos sintomas pelo paciente, uma vez que 0os mesmos sao
geralmente brandos. Tal fato pode levar a aplicagado do teste numa fase mais tardia
da infecgéo, e na qual € menos provavel a detecg¢ao do virus (LANCIOTT]I et al., 2008;
PAZ-BAILEY et al., 2017).

Para individuos com suspeita de infeccao pelo ZIKV, um resultado positivo da
RT-PCR confirma o diagndstico e nenhum teste de anticorpos adicional é necessario.
No entanto, pelos motivos mencionados anteriormente, um resultado negativo da RT-
PCR para ZIKV nao exclui a infecgdo. Nestes casos, um teste sorologico para
deteccdo de anticorpos IgM para ZIKV pode ser utilizado entre uma e 12 semanas
apos o inicio dos sintomas. Os testes soroldgicos, tem como alvo a detecgdo de
anticorpos IgM ou IgG, e podem ser realizados utilizando diferentes metodologias,
como a imunocromatografia (testes rapidos) e ensaios imunoenzimaticos (ELISA). A
deteccdo de anticorpos IgM é util para o diagnéstico da infecgao recente, mas pode
apresentar falsos positivos devido a reacdo cruzada com outros flavivirus,
principalmente com o DENV (PRIYAMVADA et al., 2016; RABE et al., 2016). Além
disso, resultados negativos na sorologia para IgM também ndo excluem infec¢ao
recente, caso o teste seja realizado precocemente, antes do aumento dos niveis

desses anticorpos.

O grande problema dos testes sorolégicos para deteccao de IgM e IgG, seja
por ELISA ou imunocromatografia, desenvolvidos para o diagnéstico da infecgao pelo
ZIKV esta na falta sua especificidade, devido a reatividade cruzada com anticorpos
para o DENV ocasionada pela estreita similaridade estrutural entre esses virus
(CHANG et al.,, 2017; HARRISON, 2016). Em paralelo, os testes que detectam
anticorpos para o diagnostico da Dengue também podem apresentar resultados falso

positivos em caso de infec¢ao pelo ZIKV (FELIX et al., 2017).
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Outros testes sorolégicos, chamados de Testes de Neutralizagdo, como o
Teste de Redugao de Placas por Neutralizagdo (PRNT, do inglés Plaque Reduction
Neutralization Test) e suas variagbes, como o Teste de Redugdo de Focos por
Neutralizacdo (FRNT, do inglés, Focus Reduction Neutralization Test), mensuram 0s
titulos de anticorpos neutralizantes especificos a partir da combinagcdo do soro ou
plasma do paciente com virus em cultura de células. Esses ensaios podem ser uteis
para confirmar testes de RT-PCR e IgM inconclusivos, ou para avaliar infecgoes
passadas pelo Zika e outros flavivirus (RABE et al., 2016). Em infecgbes primarias por
flavivirus os testes de neutralizagdo permitem a identificagcdo do virus responsavel
pela infecgdo (CALISHER et al., 1989). Ja em individuos previamente infectados ou
vacinados contra outros flavivirus, geralmente néao € possivel fazer essa diferenciagéo
devido as reagdes cruzadas (HALSTEAD; ROHANASUPHOT; SANGKAWIBHA,
1983; JOHNSON et al., 2005). Apesar de fornecerem informag¢des importantes em
relagao a exposicao prévia a virus, os testes de neutralizacio sao de dificil execugao,
pois dependem de um laboratoério equipado com estrutura para cultivo e manutencao

de células e virus, e pessoal capacitado para execuc¢ao e interpretacao dos resultados.

Devido a possibilidade de reacbes cruzadas e limitagcdes na execucdo e na
interpretacao dos resultados dos testes que detectam anticorpos (CALISHER et al.,
1989; RABE et al., 2016), atualmente a obtencédo de um teste soroldgico que seja de
execucao simples, sensivel e especifico para a deteccao de infecgdes pelo ZIKV ainda

€ uma grande busca da area diagnostica laboratorial.

2.8 A infecgcao na gestacao e a Sindrome Congénita do Zika (SCZ)

A caracteristica mais alarmante da infecgao pelo ZIKV, e notada apds a epidemia
ocorrida no Brasil, foi a sua capacidade de causar defeitos neurolégicos congénitos
aos fetos. Apds a observacdo do aumento do numero de casos de microcefalia
relatados nos estados do Nordeste do Brasil em 2015 e 2016, foram conduzidos
diversos estudos nessa area, e a infecgao pelo ZIKV na gestacgéao foi definitivamente
relacionada com a ocorréncia de malformagdes neuroldgicas, incluindo a microcefalia,
malformacgdes osteoarticulares (artrogripose) e abortos (BRASIL et al., 2016; DUDLEY
et al., 2018; MARTINES et al., 2016).



32

A microcefalia é definida como uma condi¢cdo na qual a circunferéncia cefalica
occipito-frontal esta abaixo de 2 desvios padrdes para a idade, sexo. (PASSEMARD;
KAINDL; VERLOES, 2013; VILLAR et al.,, 2014). Inicialmente, foi considerada a
caracteristica principal relacionada infecgdo congénita pelo ZIKV, entretanto, com o
desenvolvimento dos estudos na area e a observacao dos casos ocorridos no mundo
inteiro, notou-se a ocorréncia de um padrao de defeitos congénitos caracteristicos
associada a infecgao intrautero, que chamamos hoje de Sindrome Congénita do Zika
(SCZ). As similaridade entre as desordens neurolégicas congénitas induzidas pelo
ZIKV e outros patégenos conhecidos como “TORCHS” ou “STORCH” (Toxoplasma,
Rubeola, Citomegalovirus, Herpes e Sifilis) sdo notaveis e sugerem que o ZIKV seja
considerado um novo membro desse grupo (“STORCHZ”) (COYNE; LAZEAR, 2016).

A SCZ é atualmente definida por microcefalia com colapso parcial do cranio;
diminuicao do tecido cerebral, com padrdes de lesdo que podem incluir calcificagoes;
lesdes em fundo de olho, incluindo lesdes cicatriciais maculares e lesdes pigmentares
na retina; problemas articulares, como artrogripose; e hipertonia ao nascimento (CDC,
2020; MOORE et al., 2017). Noinicio da epidemia de ZIKV nas Américas, a incidéncia
de malformagdes congénitas devido a infecgdo materna pelo virus havia sido estimada
em mais de 40%, em um estudo observacional prospectivo envolvendo gestantes
sintomaticas do Rio de Janeiro, no Brasil (BRASIL et al., 2016). Em outro estudo
realizado nos Estados Unidos, a estimativa foi de 6% no geral, e de 11% quando a
exposicado ao ZIKV ocorria no primeiro trimestre de gestacao (HONEIN et al., 2017).
Em um estudo mais recente, realizado em gestantes sintomaticas com infecgao
confirmada por ZIKV, defeitos congénitos possivelmente associados a infecgao pelo
ZIKV estiveram presentes em 7% das criangas nascidas (HOEN et al., 2018). Hoje
sabe-se que ocorréncia dos desfechos desfavoraveis relacionados a exposi¢ao pré-
natal ao ZIKV ¢ influenciada pela idade gestacional em que a infecgéo ocorre, e que
0 maior risco esta associado a infeccdo no primeiro trimestre (CAUCHEMEZ et al.,
2016; HOEN et al., 2018). Estima-se que a incidéncia de SCZ quando a infec¢ao
ocorre no primeiro trimestre é de 0,88% a 13,2%, enquanto € bastante baixa a partir
do segundo trimestre (de 0,003% a 0,063%) (JOHANSSON et al., 2016).

Os fatores de risco envolvidos na ocorréncia da SCZ e todo seu possivel

espectro ainda n&o estdao completamente esclarecidos e sdo motivos de estudo, tanto



33

no que diz respeito ao entendimento do mecanismo causador basico, quanto no
desfecho a longo prazo. Alguns fatores de risco foram implicados como relacionados
ao fendbmeno da SCZ: aspectos imunoldgicos maternos, como por exemplo a
facilitacdo da infecgao pela presencga de anticorpos para flavivirus provenientes de
infegcdes passadas (ADE); mecanismos moleculares especificos do virus (FAIZAN et
al., 2017); potencializagcédo da infecgédo por toxinas produzida por algas, ma nutricao
materna, entre outras causas (BARBEITO-ANDRES et al., 2020).

Mais recentemente um outro aspecto da consequéncia da infecgéo pelo ZIKV na
gestacao tem sido levantado: a possibilidade de a crianga apresentar determinados
problemas neuroldgicos, anos apds o nascimento, como epilepsia, perda de visao e
audicdo e atrasos no desenvolvimento cognitivo e motor (RICE et al.,, 2018;
SATTERFIELD-NASH et al.,, 2017). Um estudo americano recente acompanhou
criangas nascidas de méaes infectadas por ZIKV na gestacgéao, até seu segundo ano de
vida, e observou prejuizos no desenvolvimento da linguagem em 35% das criangas
(NIELSEN-SAINES et al., 2019). Dessa forma, apesar de alguns aspectos mais
evidentes da SCZ terem sido parcialmente elucidados, ainda existem lacunas no
conhecimento do seu espectro clinico, principalmente a longo prazo e naquelas

criangas que nao possuem anormalidades evidentes ao nascimento.
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3 JUSTIFICATIVA

Devido ao potencial de acometimento neurolégico congénito e as lacunas
existentes em relagao a persisténcia viral e transmissao materno-fetal do ZIKV, uma
atencgao especial deve ser dada a compreensao dessa infec¢gao na gestagao. Assim,
a fim de reduzir o impacto dessa doenca, através da manutencéo e desenvolvimento
de medidas de prevencgéo e de manejo da doenca eficazes, é de extrema relevancia
que sejam realizados estudos que contribuam para o conhecimento dessa infec¢ao

em gestantes e em seus conceptos.

Para tal faz-se necessario a execugao de protocolos de pesquisa que abordem e
esclarecam diferentes aspectos da infec¢ao, incluindo: o tropismo, a persisténcia viral
e a transmissdo materno-fetal; a resposta imune materna e seu impacto protetor ao
feto; o aprimoramento do diagndstico laboratorial para confirmagao dos casos; e o
entendimento do espectro clinico da infecgdo congénita pelo ZIKV a longo prazo,
avaliando principalmente, aquelas criangas que nao apresentaram sinais de

microcefalia ao nascimento.
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4 OBJETIVOS

4.1 Objetivo geral

Contribuir para o conhecimento da persisténcia viral e da transferéncia de
anticorpos maternos na infecgao pelo ZIKV na gestagéo, assim como seu o impacto
no desenvolvimento neuroldgico das criangas nascidas, através do estudo de uma
coorte de mulheres que apresentaram infec¢gao pelo ZIKV na gestagdo, e seus

conceptos, do Espirito Santo, Brasil.

4.2 Objetivos especificos

1) Avaliar a transferéncia materno-fetal de anticorpos protetores ao ZIKV apés

infeccao pelo ZIKV durante a gestagéo;

2) Caracterizar a presenga do ZIKV em diferentes amostras biolégicas no
momento do parto e periparto (sangue, urina, placenta, liquido amnidtico e

leite materno) das maes infectadas pelo ZIKV durante a gestagao;

3) Avaliar o desenvolvimento neurolégico, nos primeiros 2 anos e meio de

vida, de criangas nascidas de maes infectadas pelo ZIKV na gestagao;

4) Testar potenciais ferramentas para aprimorar o diagndstico laboratorial da

infeccao pelo ZIKV;
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5 MATERIAIS E METODO

Para responder aos objetivos propostos neste estudo foi estabelecida em Vitdria,
ES, Brasil, uma coorte de mulheres com suspeita de infecgao pelo ZIKV durante a
gestacéo, e seus conceptos. Essa coorte de participantes foi acompanhada desde a

gestacéao até dois anos e meio (30 meses) apds 0 nascimento da crianga.

O estado do Espirito Santo esta localizado na regido sudeste do pais, e possui
uma populagdo, em 2020, estimada em 4.064.052 milhdes de habitantes, com
aproximadamente 2 milhdes vivendo na Regidao Metropolitana da capital Vitoria.
(IBGE - INSTITUTO BRASILEIRO DE GEOGRAFIA E ESTATISTICA, 2020). O estado
apresenta circulagdo endémica de DENV nas ultimas trés décadas e os primeiros
casos suspeitos da infecgao por ZIKV comegaram a ser notificados em maio de 2015
(ESPIRITO SANTO, 2016). Somente em novembro de 2015, 6 meses depois das
primeiras notificacbes suspeitas, € que casos autéctones foram laboratorialmente
confirmados (ESPIRITO SANTO, 2015). Nos 7 meses seguintes a confirmacéo
laboratorial de casos de ZIKV no ES, e que antecederam o inicio do estudo, foram
notificados 3.100 casos suspeitos de ZIKV. Nesse periodo, 113 casos suspeitos de
SCZ foram notificados a Secretaria Estadual de Saude, que incluia casos de
microcefalia, defeitos do sistema nervoso central e ou natimortos (ESPIRITO SANTO,
2016). Dessa forma, o cenario local refletia caracteristicas de transmissao ativa de
ZIKV e era considerado apropriado para o estabelecimento de uma coorte para o

estudo da infecgdo na gestagao, objetivo desse trabalho.

5.1 Critérios de inclusao de participantes e procedimentos do estudo

A inclusdo de participantes do estudo foi realizada em dois momentos do
estudo. O primeiro momento de inclusao de participantes, ocorreu entre 2016 a 2018,
a partir da suspeita clinica da infec¢ao pelo ZIKV ainda na gestagao, conforme consta
no projeto inicial. O segundo momento de incluséo, foi realizado em 2019 e arrolou no
estudo méaes que apresentaram suspeita clinica de ZIKV na gestagdo com diagndéstico
virolégico confirmado de infecgdo, entre 2015 e 2017, e seus conceptos, agora ja
nascidos. Essa segunda etapa de inclusdo (nomeada forma retrospectiva) foi

implementada como emenda ao protocolo, e teve por objetivo aumentar o numero de
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criangas nascidas de maes ZIKV positivas, para avaliagdo neuroldgica do

desenvolvimento nos primeiros anos de vida.

O primeiro momento de inclusdo das participantes no estudo ocorreu a partir
de um fluxo de encaminhamento das notificagbes de gestantes com suspeita de
infeccao pelo ZIKV, da Secretaria de Saude do Estado do Espirito Santo (SESA) para
o Nucleo de Doengas Infecciosas (NDI), da Universidade Federal do Espirito Santo
(UFES) (Figura 2). Um membro da equipe do estudo, através de contato telefénico,
avaliava se as mesmas preenchiam os critérios inclusdo do estudo (Quadro 1). Se
sim, as potenciais participantes eram convidadas a participar do estudo, sendo
agendada de imediato uma visita inicial (V01) no NDI, situado no campus Centro de
Ciéncias da Saude da UFES localizado em Maruipe, Vitéria, ES. Nesta visita, e apos
a obtencgao do consentimento para a participacao no estudo através da assinatura do
TCLE, era realizada uma avaliagao clinica geral da gestante para checagem de sinais
e sintomas. Na mesma visita era realizada a coleta de amostras e as participantes
eram encaminhadas para uma consulta de pré-natal com a ginecologista obstetra da
equipe de pesquisa, no ambulatério do Hospital Cassiano Anténio de Moraes
(HUCAM), localizado no mesmo campus. A consulta com a ginecologista obstetra
geralmente ocorria no mesmo dia ou em até em 3 dias apos a visita VO1. O
acompanhamento pré-natal do estudo, incluia além da coleta de amostras regulares
no NDI, a realizagdo de ultrassonografia gestacional por médico membro da equipe
do estudo, no HUCAM ou no Hospital Estadual Infantil e Maternidade Alzir Bernardino
Alves (HEIMABA), em Vila Velha, ES.

Critério de Inclusao:
e Gestante que apresentou suspeita clinica da infecgéo pelo Zika:
+ Exantema e/ou febre, acompanhada ou nao de outros sintomas caracteristicos
da infecgao pelo ZIKV: hiperemia conjuntival, artralgia, mialgia, dor de cabega.

e |dade igual ou superior a 18 anos.
e Possibilidade de adeséao as visitas programadas do estudo.

e Anuéncia em participar do estudo

Quadro 1 - Critério de inclusao de participantes no estudo.
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Os partos, sempre que possivel, eram direcionados para o Servico de
Ginecologia e Obstetricia do HUCAM, onde uma equipe designada do estudo
acompanhava a evolugdo do caso, a fim de garantir a obtengdo das informagdes
clinicas e coleta de amostras previstas para esse momento (Quadro 3). Quando o
parto ocorria fora do HUCAM, a equipe do estudo entrava previamente em contato o
obstetra responsavel, para obter autorizacdo para a coleta das amostras da
participante. Apds o parto, eram previstas consultas trimestrais (VPP) da crianga e da
mae com a equipe do estudo. Nessas visitas, as criangas eram avaliadas por
neuropediatra do estudo quanto a seu desenvolvimento fisico (peso, altura, perimetro
cefalico) e neuroldgico através da Escala Infantil Motora de Alberta (Alberta Infant
Motor Scale - AIMS) (PIPER et al., 1992) e das Escalas Capute (CAPUTE;
ACCARDO, 1996). As maes eram entrevistadas em relagcdo ao seu estado geral de

saude e tinham amostras coletadas (Quadro 2).

Um segundo momento de arrolamento de participantes, ocorreu em 2019,
visando aumentar o numero de criancas nascidas de maes com confirmagcao da
infeccdo por ZIKV acompanhadas no estudo, e assim melhorar a analise do
desenvolvimento neuroldgico das criangas. O processo de referenciamento das
potenciais participantes foi realizado novamente em colaboragdo com a SESA do ES.
Maes que apresentaram sintomas da infecgao pelo ZIKV durante a gestagdo, com
confirmagéao por RT-PCR, entre 2016 e 2017, e que ndo haviam sido referenciadas ou
contatadas pela equipe no anteriormente, foram agora convidadas a participar do
estudo juntamente com seus filhos. Esses participantes iniciaram o acompanhamento
do estudo a partir das visitas de acompanhamento (VPP).

Os fluxogramas dos processos de inclusdo e acompanhamento no estudo podem ser

visualizados nas Figuras 2 e 3.
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Disponibilizagdo das notificacdes de gestantes com suspeita
de Zika pela SESA-ES para a equipe do estudo

A equipe do estudo recebe os dados e
entra em contato com a gestante
potencial participante

Em contato com a gestante é feito o
esclarecimento sobre o estudo.

A gestante preenche os critérios de inclusdo?

I — 1
Sim Ndo
A gestante tem interesse em | N3o inclusdo
participar do estudo? no estudo
Sim Nao

[ N&o inclusdo no estudo

Agendamento para visita
da gestante ao NDI

Atendimento da gestante no NDI, assinatura de TCLE, coleta de
dados demograficos, clinicos e laboratoriais, coleta de amostras e
encaminhamento para consulta pré-natal do protocolo do estudo.

(vo1)

1
1 1

Visitas do estudo semanais até um Comunicagdo a SESA da inclusdo da gestante
més pos inicio dos sintomas e disponibilizacdo dos resultados
depois mensais ate o parto laboratoriais realizados no estudo.

(V02, V03, V04 ...)
|

Parto (VP)
Acompanhamento do parto por membro da equipe

Coleta de amostras e de dados clinicos maternos e da crianga ao nascimento.

Visitas de acompanhamento (VPP):

— Acompanhamento clinico neurologico das criangas;

Coleta de amostras (maternas e das criangas) para avaliagdo da resposta imune

Figura 3 - Fluxograma de procedimentos do primeiro momento de inclusao de participantes, gestantes,

no estudo.
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Disponibilizagao pela SESA-ES das notificagdes das maes com confirmagdo de
Zika na gestagao

A equipe do estudo recebe os dados e entra
em contato com a mae potencial participante

Em contato com a potencial participante é feito o
esclarecimento sobre o estudo.

A mae preenche os critérios de inclusdo retrospectiva?

Sim N3o

A mae tem interesse em participar do estudo N&o inclusdo no estudo

com seu (sua) filho(a)?

Sim Nao

e

Agendamento para visita da mde e da Nao inclusdo no estudo
crianca ao NDI

Atendimento de mae e crianca no NDI, assinatura de TCLE, coleta
de dados demograficos, historico clinico e laboratorial.

Inicio do acompanhamento no estudo

Visitas de acompanhamento (VPP):

— Acompanhamento clinico neuroldgico das criangas;

Figura 4 - Fluxograma de procedimentos do segundo momento de inclusdo de participantes no estudo,
implementado em 2019 e objetivando aumentar o nimero de criangas nascidas de maes ZIKV positivas

acompanhadas quanto ao desenvolvimento neurolégico.
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5.1.1 Determinacgao da idade gestacional no momento da infec¢ao e do parto

Para todas as participantes, a idade gestacional (IG) na data dos sintomas da
provavel, ou confirmada, infeccdo pelo ZIKV assim como a |G do parto, foram
calculadas baseando-se na data da ultima menstruacdo (DUM), relatada pela
participante, e pelo exame ultrassonografico realizado entre a 92 e 222 semana de
gestacéao (idealmente o mais proximo da 142 semana), que confere melhor precisao
da estimativa da idade gestacional (HADLOCK, 1994).

5.1.2 avaliagdo do desenvolvimento motor e cognitivo e das criangas.

Nas consultas de acompanhamento apds o nascimento (VPP), além dos aspectos
antropométricos, como peso, comprimento e perimetro cefalico, as criancas eram
avaliadas quanto ao seu desenvolvimento motor e cognitivo, através da Escala Infantil
Motora de Alberta (Alberta Infant Motor Scale - AIMS) (Piper et al., 1992), e Escalas

Capute (Capute and Accardo, 1996) respectivamente.

A Escala Aberta (AIMS) é utilizada na avaliagdo do desenvolvimento motor de
criancas de 0 a 18 meses de idade. A AIMS é um instrumento observacional da
motricidade ampla, que avalia a sequéncia do desenvolvimento motor e o controle da
musculatura antigravitacional nas posturas prono, supino, sentado e de pé, de
criancas a termo e pré-termo (Piper et al., 1992). E uma ferramenta dinamica,
observacional, de baixo custo e usada por pesquisadores de diferentes paises no
rastreamento de atrasos ou dificuldades motoras devido a diferentes causas (Soares-
Marangoni et al., 2018). As pontuagdes obtidas nos testes podem ser utilizadas por
profissionais da saude e familiares para a avalicdo de aquisi¢des de habilidades e do
desempenho do bebé ao longo do tempo, além de detectar mudancgas sutis e avaliar

a eficacia de intervengdes em criangcas com disfun¢des (Piper et al., 1992).

As escalas Capute foram desenvolvidas pelo neuropediatra Dr. Arnold J.
Capute e sao utilizadas na avaliacao da presenca de disfuncbes em duas areas do
desenvolvimento cognitivo: o do funcionamento visual-motor e da linguagem
expressiva e receptiva. A bateria de Testes de Marcos de Linguagem e Recepg¢ao -

CLAMS (Clinical Linguistic & Auditory Milestone Scale) - foi originalmente



42

desenvolvida para fornecer aos pediatras uma escala de parametros linguisticos e
auditivos que podem ser utilizados facilmente na rotina médica. A bateria de resolucéo
de problemas visual-motora - CAT (Cognitive Adaptive Test) - requer observagao
direta de uma crianca realizando testes especificos durante a avaliacdo. O CAT
proporciona um meio de distinguir atrasos de linguagem isolados ou disturbios de
comunicacéo de deficiéncias cognitivas mais globais (CAPUTE; ACCARDO, 1996). O
kit para aplicacao das Escalas Capute € composto de instrumentos simples e um

formulario para registro.

Atraso suspeito no desenvolvimento motor foi definido como pontuagao obtida nos
testes da AIMS menor que 1 DP para idade e género. Desenvolvimento motor anormal
foi definido como pontuacéo obtida menor que 2 desvios padrdes (DP) para idade e
género. Atraso no desenvolvimento cognitivo foi definido como pontuagdo menor que
70 nas escalas CAT e CLAMS de Capute.

5.1.3 Espécimes clinicos
5.1.4 Amostras maternas

Os seguintes espécimes clinicos foram coletados das méaes: sangue, urina,
saliva e secrec¢ao vaginal — durante a gestagdo — e sangue, urina, placenta, liquido
amniodtico e leite materno, na ocasiao do parto (VP). Nas visitas apds o parto (VPP)
eram coletadas amostras de sangue e leite materno, caso a participante ainda

estivesse amamentando (Quadro 3).

5.1.4.1 Sangue

As amostras de sangue, para obtengao de soro e plasma, foram coletadas
utilizando dispositivo de coleta a vacuo e tubos especificos para cada tipo de amostra
(BD-Vacutainer). Para obtencdo de soro foram utilizados tubos secos ou com gel
separador e para o plasma forma utilizados tubos com anticoagulante EDTA. Os
respectivos tubos foram centrifugados a 1300 G por 10 minutos e a amostra obtida foi

aliquotada em criotubos e armazenada a -80°C.
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5.1.4.2 Urina

As amostras de urina foram coletadas em frasco estéril, por miccéo
espontanea, pela propria paciente apés orientacdo da equipe. A urina era aliquotada,
por um membro da equipe de laboratdrio, em criotubos estéreis, imediatamente apos
a coleta ou em até 1 hora apds o procedimento. A amostra obtida foi aliquotada em

criotubos e armazenada a -80°C.

5.1.4.3 Saliva

As amostras de saliva foram coletadas por método de “cuspe espontaneo”, em
frasco estéril de boca larga e eram aliquotadas imediatamente apds a coleta, em
criotubos sem e com meio Eagle Modificado por Dulbecco (DMEM) (Gibco) na

proporgao 1:1 (v/v) e armazenadas em -80°C.

5.1.4.4 Secrecgéo vaginal

A secrecgao vaginal foi coletada pela ginecologista ou enfermeira da equipe ou
através de auto coleta pela participante, apds orientagdao. A coleta era realizada com
swab estéril no tergo distal da vagina, realizando movimentos suaves, rotacionais, em
contato com a parede vaginal. O swab era entdo imerso em criotubo contendo 500uL
de DMEM (Gibco), homogeneizando e pressionado contra as paredes do tubo para
transferéncia do material para o meio de conservagdo. Foram realizadas duas

aliquotas e armazenadas em -80°C.

5.1.4.5 Leite materno

Amostras de leite materno foram coletadas em frasco estéril de boca larga,
através de ordenha manual da mama pela propria participante. Em até uma hora apos

a coleta a amostra foi aliquotada em criotubos e armazenada em -80°C.

5.1.4.6 Liquido amnidtico

A coleta de liquido amniético era realizada no momento do parto, pela equipe

de enfermagem, em um frasco estéril, proprio para coleta de amostras clinicas, como
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urina. Em até uma hora apds a coleta, a amostra era aliquotada em criotubos e

armazenada em -80°C.

5.1.4.7 Placenta

Apds o parto as placentas foram mantidas refrigeradas (2°C a 8°C) e enviadas
inteiras ao patologista do estudo para processamento, em até 24 horas. O
processamento incluia a retirada de 4 amostras verticais, cilindricas, completas do
parénquima da placenta para detecg¢ao do ZIKV e para as analises histologicas. Duas
amostras eram armazenadas em criotubos e congeladas a -80°C para a detecc¢ao do
virus por RT-PCR. As outras amostras eram fixadas em solucdo tamponada de
formaldeido a 4% e incluidas em blocos de parafina, para realizagdo de analises

histopatolégicas em consonéncia com rotina do servigo de patologia do HUCAM.

5.1.5 Amostras dos recém-nascidos

As seguintes amostras foram coletadas dos recém-nascidos das participantes:
sangue do cordao umbilical — no momento do parto — e amostras de urina e saliva nos

dias seguintes ao nascimento.

5.1.5.1 Sangue do Corddo Umbilical

As amostras de sangue de corddo umbilical foram coletadas conforme o
protocolo do HUCAM. O cordao umbilical era clampeado e seccionado, € o sangue
contido no cordao era entdo drenado para os tubos de coleta. As amostras foram
processadas e armazenadas em até 8 horas apds a coleta, obtendo-se plasma e soro

da mesma forma descrita para as amostras de sangue materno.

5.1.5.2 Urina

A urina dos recém-nascidos foi coletada através de método n&o invasivo,
utilizando saco coletor pediatrico. Apds a coleta, o saco coletor era selado e
acondicionado em frasco estéril. A amostra era transportada para o laboratério,

aliquotada e armazenada em -80°C em até uma hora apos a coleta.
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5.1.5.3 Saliva

A coleta de saliva de recém-nascido foi realizada através de um swab estéril,
passado no interior da boca da crianga, gengiva e assoalho da lingua, até que o
mesmo ficasse completamente embebido de saliva. O swab era entdo imerso em
criotubo contendo 500uL de meio DMEM (Sigma), homogeneizado e pressionado
contra a parede do tubo, até que seu conteudo fosse transferido para o meio. O

volume foi aliquotado em dois criotubos e armazenados em -80°C.
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visitas semanais até
aproximadamente 1
més apos o inicio dos
sintomas*

. 1 x 8mL tubo para soro (para
obtengao de soro)

e 1 x4mL tubos EDTA K2 (para
obtengao de plasma)

Visita Amostras Método de coleta

Sangue:

. 1 x 8mL tubo para soro (para
obtengao de soro) Puncgao venosa a vacuo
. 1 x 4mL tubos EDTA K2 (para
Vo1 obtengao de plasma)
(Visita Inicial) Urina: Lo A -
Micgdo espontanea em frasco estéril

. 10 mL

Saliva: “cuspe espontaneo” em frasco estéril
. 5mL P P

Secregao vaginal:
¢ 9 Swab vaginal em meio de transporte (DMEM)
. swab

Sangue:

Pungéo venosa a vacuo

visitas mensais até o

. 1 x 8mL tubo para soro (para

V02, V03, V04, V05 Urina: L . .
Micgdo espontanea em frasco estéril
. 10 mL
Saliva: “cuspe espontaneo” em frasco estéril
. 5mL P P
Sangue:

(Visita parto)

. 1 x 8mL tubo para soro

parto obtengao de soro) Puncgao venosa a vacuo
V06, V07, V08... . 1 x 4mL tubos EDTA Kz (para
obtengao de plasma)
Placenta: Fragmentos cilindricos verticais do
. (4 fragmentos) parénquima da placenta
Sangue corddo umbilical:
Clampeamento e drenagem do sangue para
. 1 x 9mL tubo
os tubos de coleta
. 1 x 4mL tubo para soro
Liquido amniético:
q Coleta no parto em frasco estéril
. 3mL
VP Sangue materno:

Pungéo venosa a vacuo

Leite materno/colostro:
. 3mL

Ordenha manual em frasco estéril

Urina materna:
. 10 mL

Micgdo espontanea em frasco estéril

Urina da crianga
. 3ml

Miccao espontanea em saco coletor
pediatrico

Saliva da crianga:

Swab estéril em meio de transporte (DMEM)

parto/nascimento)

. 1 x 8mL tubo para soro (para
obtengdo de soro)

. Swab
VPP Leite materno: L
(Visitas de . (3mL) Ordenha manual em frasco estéril
acompanhamento ]
apés o Sangue materno:

Pungéo venosa a vacuo

*As visitas (V02, V03, V04, V05) ocorriam semanalmente se V01 ocorresse em até 14 dias apds os sintomas. Se V01 ocorresse

em mais de 14 dias apds os sintomas, entdo as proximas visitas (V02, V03, V04...) eram mensais.

Quadro 2 - Amostras biolégicas e método utilizado para coleta.
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5.1.6 Definicdo do diagndstico de Zika

5.1.6.1 RT-PCR em tempo real

Para realizar a deteccéo do ZIKV nas diferentes amostras clinicas foi utilizada
a técnica de RT-PCR em tempo real, de acordo com o protocolo descrito por Lanciotti
(LANCIOTTI et al., 2008), o mesmo recomendado pelo Ministério da Saude para os
Laboratério Centrais (LACEN) e pelo Centro de Controle de Doengas dos Estados
Unidos (CDC).

O RNA foi extraido de 140 pyL das amostras biolégicas usando o QIAmp Viral
RNA Mini Kit (QIAGEN), de acordo com as instru¢des do fabricante, e a RT-PCR em
tempo real foi realizada utilizando um conjunto de primers e sonda ZIKV1086, ZIKV
1162c e ZIKV1107-FAM, conforme previamente descrito (LANCIOTTI et al., 2008).
5uL do RNA extraido foram combinados com 500nM de primers, 250nM sonda e
nucleotideos em um volume total de 20uL, incluindo SuperScriptlll RT e DNA
polimerase Platinum Taq Mix (Invitrogen). Os controles negativos utilizados foram: 1)
amostra de soro coletada em 2016 de um adulto jovem, assintomatico e saudavel da
regido de Vitdria (controle de amostra negativa) e 2) agua livre de nucleases/RNases
para PCR (controle negativo “sem template”). O controle positivo foi obtido a partir de
sobrenadante de cultura de células Vero infectadas com ZIKV proveniente do

isolamento de uma amostra de paciente.

Para expandir o diagnéstico diferencial para as outras duas arboviroses
endémicas no Espirito Santo, incluiu-se na mesma placa de um mix de reag¢ao para a
detecgao dos quatro sorotipos de DENV e um outro mix para deteccdo do virus
CHIKV. O mix para a detecgdo de DENV continha 200nM de primers e 150nM de
sonda para os virus DENV-1 e 3 e 500nM de primers e 250nM de sonda para os virus
DENV-2 e 4 (Johnson, Russell and Lanciotti, 2005). Para deteccao de CHIKV utilizou-
se mix contendo e 500nM de primers e 250nM de sonda (Lanciotti et al., 2007). Para
cada reacdo de deteccao de DENV e CHIKV também se utilizou 5uL do RNA extraido.
Os controles positivos de CHIKV e DENV também eram provenientes de cultura viral

e foram cedidos pelo Laboratério Central do Estado do Espirito Santo (LACEN-ES).
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Em paralelo, um volume de 5uL de RNA de cada amostra foi testado utilizando um
conjunto de primers e sonda para o gene da Ribonuclease P humana como controle
da extracao e reacdo. Todas as amostras foram testadas em duplicata e consideradas
positivas se apresentassem detecgdo de amplificagcdo do alvo (ZIKV, DENV ou
CHIKV) em Ct (Cycle threshold) menor que 38 ciclos Ct <38) em ambos os pogos. O
processo foi considerado valido se: as amostras apresentassem reagao RNase P
humana positiva; os controles positivos fossem positivos para o alvo (DEN, ZIKV ou
CHIKV) e RNP; e os controles negativos fossem negativos para DEN, ZIKV e CHIKV.
As condic¢des de ciclagem definidas foram: 50°C por 15 minutos, 95 ° C por 2 minutos,
seguidos por 45 ciclos de 95°C e 60°C em equipamento Applied Biosystems 7500
Fast.

5.1.6.2 Sorologias para ZIKV

5.1.6.2.1 Detecgéo de anticorpos IgM para ZIKV

Para a deteccao de anticorpos IgM para ZIKV foi utilizado o kit ZIKV Detect 2.0 IgM
Capture ELISA (Inbios International Inc.). Esse kit consiste em um ensaio
imunoenzimatico de captura para a detecgao de anticorpos IgM contra proteinas de
envelope do ZIKV. Foram seguidas as instru¢cdes do fabricante, como descritas na
bula do produto e apresentadas brevemente a seguir. O kit contém em uma placa de
poliestireno de 96 pogos com anticorpos anti-IgM humano aderidos, na qual sao
adicionados, em cada pog¢o, 150uL de controles (positivos e negativo) ou as amostras
a serem testadas, diluidos na propor¢ao 1:100 em solucdo diluente. Apds uma hora
de incubacdo a 37°C foram realizados 5 ciclos de lavagem com solugdo propria
fornecida no kit. Apds essa etapa, foram adicionadas a placa as trés solucdes de
antigenos prontas para uso. Nesse método a placa é setorizada em trés partes e cada
amostra é testada para os trés antigenos: antigeno ZIKV (antigeno especifico ZIKV),
antigeno CCA (antigeno controle de reacao cruzada) e antigeno NCA (antigeno
normal celular) (Figura 4). Apos subsequente incubacéo de 1 hora a 37°C e 5 ciclos
de lavagens, foi adicionado 50uL de anticorpos secundarios, seguido de 30 minutos
a 37°C de incubagdo. Apds a incubacao e 5 ciclos de lavagem, foi adicionado 50uL
de solugao de anticorpo conjugado com peroxidase e incubado a 37°C por 30 minutos.

Para a revelagao colorimétrica foi adicionado 75uL de substrato TMB e incubado por
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15 minutos, em temperatura ambiente e no escuro. Apds esta incubacio adicionou-
se 50uL de solugdo acida para paralizagdo da reagdo enzimatica (solugao “Stop”),
fornecida também no kit. Ao final, a densidade éptica (DO) dos pogos da placa foi lida
em espectrofotdmetro (Spectramax M3, Molecular Devices), em comprimento de onda
de 450nm. Os resultados das amostras foram calculados e interpretados conforme as
instrucdes fornecidas pelo fabricante. Os resultados finais sédo interpretados como
“negativo”, “provavel infec¢ao por outro flavivirus” ou “Zika positivo”, a depender dos
valores obtidos para os controles e para a razao entre os valores da DO obtidos nos

pocos dos antigenos ZIKV, CCA e NCA.

1 2 3 4 5 6 7 8 9 10 11 12

A Controle Con!(ole Amostra Amostra Controle Con?r_ole Amostra Amostra Conp'_ole Controle Amostra Amostra
Positivo Positivo #13 #21 Positivo Positivo #13 #21 Positivo Positivo #13 #21

B Controle Controle Amostra Amostra Controle Controle Amostra Amostra Controle Controle Amostra Amostra
Negativo Negativo #14 #22 Negativo Negativo #14 #22 Negativo Negativo #14 #22

c Amostra Amostra Amostra Amostra Amostra Amostra Amostra Amostra Amostra Amostra Amostra Amostra
#1 #7 #15 #23 # #7 #15 #23 #1 #7 #15 #23

D Amostra Amostra | Amostra | Amostra Amostra Amostra Amostra Amostra Amostra | Amostra Amostra | Amostra
#2 #8 #16 #24 #2 #8 #16 #24 #2 #8 #16 #24

£ Amostra Amostra Amostra Amostra Amostra Amostra Amostra Amostra Amostra Amostra Amostra Amostra
#3 #9 #17 #25 #3 #9 #7 #25 #3 #9 #17 #25

. Amostra Amostra Amostra Amostra Amostra Amostra Amostra Amostra Amostra Amostra Amostra Amostra
#4 #10 #18 #26 #4 #10 #18 #26 #4 #10 #18 #26

Amostra Amostra Amostra Amostra Amostra Amostra Amostra Amostra | Amostra Amostra Amostra | Amostra

G

#5 #11 #19 #27 #5 #11 #19 #27 #5 #11 #19 #27

H Amostra | Amostra | Amostra | Amostra Amostra Amostra Amostra | Amostra | Amostra | Amostra | Amostra | Amostra
#6 #12 #20 #28 #6 #12 #20 #28 #6 #12 #20 #28

Antigeno Zika (Zika Ag) Antigeno para controle de reagdes cruzadas (CCA) Antigeno para controle normal (NCA)

Figura 5 - Exemplo de layout da placa do teste ZIKV Detect 2.0 IgM Capture ELISA (Inbios International Inc.)

5.1.6.2.2 Detecgéo de anticorpos IgG para ZIKV

Para detecgéo de anticorpos IgG para ZIKV foi realizada através de uma técnica de
ELISA in house utilizando o virion total (Whole virion ELISA, WVE). Placas de 96
pocos de alta adesao (Greiner) foram revestidas com 30ng de anticorpos monoclonais
para flavivirus 4G2 (clone D1-4G2-4-15), por pogo, em tampao carbonato (pH 9,6)
“overnight”, a 4°C. As placas foram depois boqueadas utilizando uma solugao salina
tamponada contendo Tris, 0,05% de Tween-20 e 5% de soro caprino, por 1 hora a
37°C, seguida de incubagao com virus ZIKV obtidos de cultura, por 1 hora a 37°C. O
plasma a ser testado foi inicialmente diluido 1:25 em solugcdo salina tamponada

contendo Tris, 0,05% de Tween-20 e 5% de soro caprino, aplicado em 8 diluigbes
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seriadas de 1:3, 1:5 0ou 1:10 e incubado por 1 hora a 37°C. Anticorpos anti-lIgG humana
conjugados com peroxidase HRP (Jackson ImmunoResearch Laboratories, Inc; 109-
035-008) foram usados em diluigdo 1:5.000, seguido de adi¢ao de substrato SureBlue
(KLP). As reagdes foram encerradas utilizando solugdo acida “Stop” (KLP). A
densidade optica (DO) foi lida em espectrofotdmetro em comprimento de onda de
450nm (Perkin Elmer, Victor).

Os valores obtidos para cada diluicdo foram calculados utilizando curva
sigmoide de dose-resposta no software Prism 7 (GraphPad). Os valores de ED50
obtidos, ou seja, o ponto da curva o ponto onde ocorreu de 50% da ligagdo maxima,
foram considerados positivas se o valor de DO obtido fosse dois desvios padrao acima
da mediana da DO observada para 11 amostras soro negativas (cut-off ZIKV
estabelecido= 0.596). Os valores de EDS50 obtidos abaixo do valor de cut-off

estabelecido foram consideradas n&o ligantes, e, portanto, negativos.

5.1.6.3 Sorologias COMPLEMENTARES para Dengue e Chikungunya

Com o objetivo de complementar o diagndstico diferencial das arboviroses
circulantes no ES, as amostras de soros das gestantes também foram testadas para
deteccdo de anticorpos para DENV e CHIKV. Para detecg¢ao de anticorpos IgM para
DENV e CHIKV foram utilizados os kits comerciais DENV Detect™ IgM ELISA e Chikjj
Detect IgM ELISA (Inbios International), respectivamente, conforme as instru¢des do
fabricante fornecidas na bula do produto. Brevemente, o kit CHIK]j Detect™ IgM
ELISA se destina a detecgdo qualitativa da presenga de anticorpos IgM contra as
proteinas de envelope E1 e E2 especificas do CHIKV. O kit DENV Detect™ IgM
Capture ELISA é destinado a detecc¢ao qualitativa anticorpos IgM contra virus Dengue
através da utilizagdo de um pool recombinante de antigenos do virus. Ambos os kits
incluem placas de 96 pocos e todos os demais reagentes e controles necessarios.
Para a leitura da DO dos pog¢os das placas foi utilizado espectrofotdmetro (Spectramax
M3, Molecular Devices), em comprimento de onda de 450nm, e o calculo e
interpretacao dos resultados foi realizado conforme as instrugdes do fabricante.

Para a complementacdo dos testes e interpretacdo dos resultados obtidos

também foi realizada a pesquisa de anticorpos IgG para Dengue. Nesse caso foi
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também utilizada a técnica de WVE, conforme descrito anteriormente para a detecgao
de anticorpos IgG para ZIKV, porém utilizando-se de um pool de virus Dengue
(DENV1, DENV2 e DENV-4).

5.2 A coorte incluida no estudo

Durante o estudo nos foram referenciadas 164 mulheres notificadas como
suspeita ou ja com a confirmagédo de Zika na gestacdo pelo LACEN-ES. Nos dois
momentos de inclusdo mencionados foi possivel realizar contato telefénico com
111/164 (67,7%) potenciais participantes. As causas de insucesso de contato
telefénico foram: numero de telefone errado ou inexistente ou ndo atendimento da
ligacdo. Durante a triagem inicial nos contatos telefénicos, 31/111 (27,9%) nao
preencheram os critérios de inclusdo do estudo (histéria clinica e laboratorial
incompativeis com infecgao por ZIKV ou por ja apresentarem um diagnostico de outra
etiologia). Outras 22 (22/111, 19,8%) nao foram incluidas por recusarem participar do
estudo ou por ndo comparecimento a visita agendada no NDI. Finalmente,
preencheram os critérios de inclusdo e concordaram em participar do estudo,
assinando o TCLE, 58 (52,3%) das 111 potenciais participantes contatadas por
telefone (Figura 5). Deste total, 37 (63,8%) foram incluidas a partir da suspeita clinica
e ainda durante a gestagao, 9 (15,5%) foram incluidas na ocasiao do parto no HUCAM
e 12 (20,7%) pares de criangcas e maes foram incluidos posteriormente, através do

segundo momento de incluséo.
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Gestantes/maes
referenciadas ao NDI: 164

Contatadas
COMm SUCEeSSO:

111

Figura 6 - Resultado da inclusao de participantes.

Das 58 participantes incluidas, 22 (22/58 37,9%) foram classificadas como
“ZIKV positivas” na gestacado e 36 (36/58 62,1%) foram classificadas como “ZIKV
negativas” na gestacdo. Das 22 ZIKV positivas, 20 tiveram resultados laboratoriais
positivos através do RT-PCR e 2 apresentaram resultados positivos através de
métodos soroldgicos para detecgédo de IgM e IgG. Das 36 negativas para ZIKV na
gestacéo, 7 (19,4%) tiveram diagndstico de CHIKV, 4 (11,1%) de DENV e 1 (2,7%) de
Toxoplasmose. Apds a avaliagdo médica das demais negativas para as arboviroses
e para as TORCHS (Toxoplasmose, Rubéola, Citomegalovirus, Herpes e Sifilis)
realizadas durante o pré-natal, as hipoteses diagndsticas para o evento suspeito de
Zika foram: infecgdes do trato wurinario, reagdes alérgicas causadas por
medicamentos, cosméticos ou alimentos. As caracteristicas demograficas e clinicas
das participantes incluidas na coorte deste estudo podem ser visualizadas na Tabela
1.



Tabela 1 - Dados demograficos e clinicos da coorte incluida no estudo.

53

Dados demograficos
Idade (mediana e [amplitude] anos)

Raga ou cor
Branca
Parda

Negra
Amarela
Indigena

Cidade de Origem
Vitéria (Regiao Metropolitana), ES Brasil
Outras cidades do ES, Brasil

Sistema de Saude que utiliza
Publico (SUS)
Privado

Informagoes clinicas

Idade gestacional no inicio dos sintomas
(mediana e [amplitude] semanas)

Duracgao dos sintomas
(mediana e [amplitude] dias)

Duracgao do rash
(mediana e [amplitude] dias)

Dias ap6s o inicio dos sintomas em que foi
realizada a primeira coleta de amostra (sangue

ou urina) para diagnéstico laboratorial
(mediana e [amplitude])

Sintomas
Exantema
Prurido
Cefaléia
Artralgia
Mialgia

Febre

Edema
Conjuntivite
Dor Retro-orbital
Nausea
Vémito
Diarreia
Linfadenopatia
Qutro

total de

da coorte
(N=58)

27 [18-41]

27 (46,6%)

26 (44,8%)
5 (8,6%)

0 (0%)
0 (0%)

54 (93,1%)
4 (6,9%)

41 (70,7%)
17 (29,3%)

20 [4 - 37]

7[2 - 60]

5[1-27]

40 [1° - 217°]

53 (91,4%)
43 (74,1%)
36 (62,1%)
31 (53,4%)
29 (50,0%)
27 (46,6%)
20 (34,5%)
19 (32,8%)
19 (32,8%)
16 (27,6%)
9 (15,5%)
7 (12,1%)
4 (6,9%)
10 (17,2%)

(N=22)

26 [18-41]

7 (31,8%)
11 (50,0%)
4 (18,2%)
0 (0%)
0 (0%)

19 (86,4%)
3 (13,6%)

18 (81,8%)
4 (18,2%)

17 [4 - 37]

7[3-15]

62 - 14]

4°[2° - 210°]

22 (100%)
18 (81,8%)
12 (54,5%)
13 (59,0%)
9 (41,0%)
6 (27,3%)
9 (41,0%)
7 (31,8%)
7 (31,8%)
5 (22,7%)
3 (13,6%)
1 (4,5%)
2 (9,0%)
2 (9,0%)

participantes ZIKV positivas ZIKV negativas

(N=36)

28 [18-38]

20 (55,6%)
15 (41,7%)
1(2,8%)
0 (0%)

0 (0%)

35 (97,2%)
1(2,8%)

23 (63,9%)
13 (36,1%)

214 - 37]

72 - 60]

5[1-27]

6° [1° - 217°]

31(86,1%
25 (69,4%
24 (66,7%
18 (50,0%
20 (55,6%
21 (58,3%
11 (30,6%
12 (33,3%
12 (33,3%
11 (30,6%
6 (16,7%)
6 (16,7%)
2 (5,6%)
8 (22,2%)

)
)
)
)
)
)
)
)
)
)
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Das 58 participantes incluidas na coorte, 46 foram incluidas a partir da suspeita
em gestagao ou no momento do parto, e 12 foram incluidas através da segunda etapa
de referenciamento pela SESA-ES, de criangas e suas maes que tiveram a

confirmacgédo de ZIKV na gestacéo.

No processo de acompanhamento das gestacdes tivemos a perda de
seguimento de uma gestante ainda antes do parto. Dessa forma, foi possivel
acompanhar o desfecho de 45 das 46 (97,8%) gestagdes, o que refletiu uma boa
adeséo inicial das participantes aos procedimentos do estudo. Das 45 gestagdes
acompanhadas até o momento do parto, 6bito fetal ocorreu em duas gestagdes,
ambas de participantes ZIKV negativas. Em um dos casos a participante (ARB029)
sofreu aborto com 20,4 semanas de gestacdo e o material analisado por laboratério
privado de andlises patoldgicas (Instituto de Patologia, ES). O laudo patolégico do
material excluiu anormalidades compativeis com ZIKV ou restricbes no crescimento,
corroborando a exclusao da infecgao pelo virus ZIKV como causa do aborto. Apos
exames maternos adicionais, uma ma formacdo uterina foi apontada pela
ginecologista do estudo como possivel causa do evento. No outro caso, a participante
(ARB042) teve feto natimorto em abril de 2017, em idade gestacional de 32 semanas.
O material foi investigado pelo Servico de Verificagdo de Obitos (SVO) do Espirito
Santo. Nesse caso, o bebé também nao apresentava anormalidades e a causa do
obito fetal apontada foi decorrente de descolamento prematuro da placenta,

secundario a hipertensao arterial materna.

Os 12 pares de criangas e maes que foram incluidos no segundo momento de
inclusdo, em 2019 (Figura 3), se juntaram as demais mé&es e nascidos vivos ja

incluidos anteriormente e iniciaram o acompanhamento nas visitas VPP do estudo.
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6 RESULTADOS

Dada a abrangéncia dos topicos abordados neste trabalho, e visando facilitar
a sua compreensao, a sessao “Resultados” foi dividida em capitulos. Cada capitulo
apresenta os resultados relacionados a cada objetivo proposto, e corresponde a um

manuscrito ja publicado ou em processo de publicagdo em uma revista cientifica.

Capitulo I: EFICIENTE TRANSFERENCIA TRANSPLACENTARIA DE IGG EM
MULHERES INFECTADAS PELO VIiRUS ZIKA DURANTE A GESTACAO.

Capitulo 1l: PERSISTENCIA DE VIiRUS ZIKA INFECTANTE EM LEITE MATERNO
APOS INFECCAO OCORRIDA NA GESTAGAO.

Capitulo 1ll: AVALIACAO DO DESENVOVIMENTO NEUROLOGICO, ATE OS 2
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CAPITULO I: Eficiente transferéncia transplacentéria de IgG em

mulheres infectadas pelo virus Zika durante a gestagao.
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CAPITULO I: EFICIENTE TRANSFERENCIA TRANSPLACENTARIA DE
IGG EM MULHERES INFECTADAS PELO VIRUS ZIKA DURANTE A
GESTACAO.

A transferéncia transplacentaria de anticorpos maternos do tipo IgG, durante a
gestacéo, fornece imunidade passiva ao feto e é fundamental para proteger o recém-
nascido contra diversas infec¢des e reduzir, assim, a morbidade neonatal (FOUDA et
al., 2018). A infecgao pelo ZIKV na gestagao produz uma patologia placentaria que
poderia levar a diminuicdo da eficiéncia da transferéncia desses anticorpos, como
ocorre em outras infec¢des maternas, como HIV-1 e Malaria (MORO et al., 2015;
ROSENBERG et al., 2017). Assim, nos perguntamos se a infecgéo pelo ZIKV durante
a gravidez prejudicaria a transferéncia materna de anticorpos IgG para o feto. Dessa
forma, nesta parte do estudo investigamos a eficiéncia da transferéncia materno-fetal
de anticorpos IgG especificos para ZIKV, para DENV, e aqueles produzidos pela mae
através de algumas vacinas que recebeu, apds a infecgaéo por ZIKV na gestagao.
Esses resultados foram publicados na revista cientifica PLOS Neglected Tropical

Diseases, em agosto de 2019, e podem ser visualizados a seguir.
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Abstract

Zika virus (ZIKV) is a newly-identified infectious cause of congenital disease. Transplacental
transfer of maternal IgG to the fetus plays an important role in preventing many neonatal
infections. However, antibody transfer may also have negative consequences, such as
mediating enhancement of flavivirus infections in early life, or trafficking of virus immune
complexes to the fetal compartment. ZIKV infection produces placental pathology which
could lead to impaired IgG transfer efficiency as occurs in other maternal infections, such as
HIV-1 and malaria. In this study, we asked whether ZIKV infection during pregnancy impairs
transplacental transfer of IgG. We enrolled pregnant women with fever or rash in a prospec-
tive cohort in Vitoria, Brazil during the recent ZIKV epidemic. ZIKV and dengue virus
(DENV)-specific 1gG, ZIKV and DENV neutralizing antibodies, and routine vaccine antigen-
specific IgG were measured in maternal samples collected around delivery and 20 paired
cord blood samples. We concluded that 8 of these mothers were infected with ZIKV during
pregnancy and 12 were ZIKV-uninfected. The magnitude of flavivirus-specific IgG, neutraliz-
ing antibody, and vaccine-elicited IgG were highly correlated between maternal plasma and
infant cord blood in both ZIKV-infected and -uninfected mother-infant pairs. Moreover, there
was no difference in the magnitude of plasma flavivirus-specific IgG levels between mothers
and infants regardless of ZIKV infection status. Our data suggests that maternal ZIKV infec-
tion during pregnancy does not impair the efficiency of placental transfer of flavivirus-spe-
cific, functional, and vaccine-elicited IgG. These findings have implications for the neonatal
outomes of maternal ZIKV infection and optimal administration of antibody-based ZIKV vac-
cines and therapeutics.
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Author summary

In 2015, a Zika virus (ZIKV) epidemic emerged in Latin America, where dengue virus
(DENV) already was endemic. The ZIKV epidemic revealed an array of birth defects and
neurodevelopmental abnormalities in newborns associated with maternal infection. ZIKV
may now be co-endemic in Latin America with DENV. Antibodies transferred from
mother to the fetus in pregnancy can protect newborns from infections in early life, before
they are eligible for vaccination. Conversely, flavivirus-specific IgG transfer could mediate
enhancement of DENV infections in early life, or transfer ZIKV immune complexes into
the fetal compartment. As a first step in evaluating these potential outcomes, it is impor-
tant to understand whether ZIKV infection in pregnancy and its associated placental
pathology impacts the magnitude or types of IgG subpopulations that are transferred
across the placenta. To test this, we assessed paired maternal and cord blood collected at
delivery from mothers who presented with rash and/or fever in pregnancy during the
ZIKV epidemic in Vitoria, Brazil. Of these, we classified 8 as ZIKV-infected based on
virus detection and/or neutralization serology, and 12 as ZIKV-uninfected. Comparing
ZIKV-infected and uninfected groups, we detected no difference in transfer efficiency of
IgG targeting ZIKV, DENV, or routine vaccine antigens. These findings indicate that the
magnitude of IgG transferred across the placenta was not deficient at the time of birth in
the setting of maternal ZIKV infection. Sustained transplacental IgG transfer with ZIKV
infection during pregnancy indicates that ZIKV exposure in utero should not impact
maternal antibody mediated protection during early life. However, concern remains over
potential risk of severe primary DENV infection in ZIKV-exposed infants in endemic
regions, or whether ZIKV could access the fetal compartment via antibody-mediated
transport. This passive antibody transfer in pregnancy is an important consideration for
flavivirus vaccine and therapeutic development efforts.

Introduction

The emergence of Zika virus (ZIKV) in the Americas in 2015 revealed that ZIKV could be con-
genitally transmitted and cause fetal neurological damage [1-3]. Neurodevelopmental defects
associated with congenital Zika syndrome (CZS) include microcephaly, arthrogryposis, motor
and cognitive impairment, as well as vision and hearing loss [4]. ZIKV is the first example of a
teratogenic vector-borne disease in humans. Initial estimates during the epidemic detected a
42% rate of fetal or neonatal abnormalities in symptomatic ZIKV-infected pregnant women
[1], whereas subsequent epidemiologic studies with larger populations estimated a 7-14% rate
of neurological defects in infants of pregnant women infected with ZIKV [5,6]. While the
recent global epidemic has largely waned, the lack of preventative options for protection
against ZIKV suggests ZIKV is likely to be a re-emerging and ongoing cause of congenital
infections.

Transplacental transfer of IgG during pregnancy provides passive immunity to the fetus
and is critical to protecting newborns against infections [7]. Maternal immunization during
pregnancy can boost levels of protective IgG transferred to the fetus, providing a valuable tool
for reducing neonatal morbidity. For example, tetanus immunization of pregnant women, or
women of child-bearing age, resulted in a 94% reduction in neonatal tetanus mortality rates
[8]. Moreover, maternal influenza vaccination and the magnitude of maternally derived anti-
bodies are associated with protection of infants from influenza illness [9-11]. These benefits
have led to the recommendation of providing diphtheria, tetanus, pertussis combined vaccines
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and influenza vaccines routinely during pregnancy [12,13]. Therefore, transplacental transfer
of IgG is an important feature of maternal vaccination and natural immunity that may be lev-
eraged for protection against neonatal pathogens.

Humoral immunity is thought to play an important role in protection against flavivirus
infections [14-16]. ZIKV neutralizing antibodies likely provide durable protection against re-
infection, therefore eliciting robust antibody responses is a key goal of ZIKV vaccine develop-
ment [17]. Given the severe consequences of ZIKV disease in neonates, an ideal ZIKV vaccine
would not only prevent infection in vaccine recipients but also protect fetuses from ZIKV con-
genital transmission. One way to protect fetuses could be transplacental transfer of ZIKV vac-
cine-elicited IgG. However, transplacental transfer of flavivirus-specific IgG also can lead to
enhanced DENV disease during infancy, and may mediate transcytosis of ZIKV immune com-
plexes [18-20]. Due to the key role of antibody transfer for newborn health, it is important to
delineate the quantity and function of IgG transferred from mother to infant during pregnancy
and to determine how transfer is altered by congenital pathogens.

The cross-reactive antibody responses between the antigenically similar DENV and ZIKV
may lead to risks in early life for DENV disease enhancement in infants through transplacental
transfer of flavivirus antibodies [19,21-24]. This risk is known to be mediated by antibodies
generated from a prior DENV infection that can enhance DENV viremia and disease and
ZIKV antibodies may have the potential to similarly enhance DENV infection [25-27]. Timing
of past flavivirus infection also influences this risk as cross-neutralization of DENV and ZIKV
is restricted to early convalescence, and antibody populations become more virus-specific over
time [28,29]. While DENV-specific IgG are efficiently transferred in healthy pregnancies, wan-
ing maternal flavivirus-specific IgG levels throughout the first year of life leads to age-associ-
ated increased risk for severe DENV infection [19,30,31].

A second concern regarding placental IgG transfer is the potential of viral transcytosis from
maternal to fetal compartment with immune complexes and subsequent enhanced fetal infection.
Viruses such as human cytomegalovirus (HCMV) may co-opt this IgG transfer mechanism and
traverse the placenta through the the neonatal Fc receptor (FcRn)[32,33]. Recent work suggests
that ZIKV infection of human placental explants can be enhanced by DENV antibodies [18,34].
However, available epidemiogical data suggest that recent DENV infection provides modest pro-
tection against ZIKV/[35,36], highlighting the need to better understand the impact of cross-reac-
tive antibodies in flavivirus disease. Antibody-dependent transfer of ZIKV across the placenta,
antibody-mediated enhancement of DENV disease in infants, and antibody-mediated protection
of fetuses and newborns are all dependent on intact transplacental IgG transfer.

Maternal-fetal IgG transfer occurs at placental villus trees in contact with maternal blood
[33]. In healthy pregnancies, IgG is transferred efficiently such that IgG concentrations in
infant cord blood are often equivalent to or higher than the mother’s levels at delivery [7,37].
Many factors contribute to the efficient transplacental IgG transfer via FcRn, such as IgG sub-
class, antibody avidity, gestational stage, hypergammaglobulinemia [33,38,39], and maternal
conditions or placental pathology.

Therefore, the premise for studying transplacental IgG transfer in the context of ZIKV
infection in pregnancy is twofold. Firstly, maternal HIV-1 infection and placental damage due
to malaria infection are two clinical settings associated with impaired IgG transfer [40-44].
Maternal ZIKV infection also results in placental damage, possibly due to viral infection of
multiple placental cell types and inflammatory immunopathology [45-48]. Interestingly,
maternal infection with DENV, a closely related flavivirus, leads to increased risk of maternal
mortality, pregnancy complications, premature birth, and low infant birth weight, as well as
placental damage [49-53]. Yet, DENV infection in pregnancy does not impair transplacental
IgG transfer in normal birth weight infants [54]. ZIKV infection in pregnancy can result in
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prolonged viremia, suggesting a viral reservoir in an immune privileged site [55-58]. Secondly,
maternal malaria and HIV-1 infection have been established to differentially impact transfer of
IgG subpopulations specific to routine pediatric vaccines [40,59], which may be dependent on
distinct Fc characteristics of each IgG population [60]. This phenomenon impacts antibody
half-life in infant circulation and protection in early life. While prior studies show efficient
transfer of recently boosted flavivirus antibodies after the ZIKV epidemic [61], we further
examined whether pre-existing IgG subpopulations relevant to newborn health are efficiently
transferred following maternal ZIKV infection.

To investigate whether ZIKV infection during pregnancy impairs transplacental transfer of
IgG specific to flaviviruses and common vaccine antigens, we enrolled a prospective cohort of
26 pregnant women from Vitoria, Brazil, who presented with fever and rash symptoms consis-
tent with ZIKV infection during the recent Brazilian ZIKV epidemic. Of these women, 20
paired maternal plasma and infant cord blood samples were available from delivery and used
to define the efficiency of transplacental IgG transfer. Evaluating the magnitude and subpopu-
lations of IgG transferred to newborns who are exposed to ZIKV in utero is critical to under-
standing the extent of vaccine protection or risk of severe flavivirus infections in early life, and
the development of antibody-based therapeutics.

Methods
Study population and design

This study enrolled 26 pregnant women living in Southeast Brazil, from which only 20 delivery
samples were collected. All enrollees presented with fever and/or rash during the ZIKV epi-
demic to investigate maternal and infant immunity to ZIKV infection during pregnancy. Two
groups of mother-infant pairs are included in this observational study: one group with mater-
nal ZIKV infection during pregnancy, and the other group without ZIKV infection during
pregnancy. Therefore, mothers with fever or rash during pregnancy but without ZIKV infec-
tion served as a comparator group for those with ZIKV infection and symptomology.

Participants in this study were enrolled from July 2016 to October 2017 in the city of Vito-
ria, which is the capital of the State of Espirito Santo. There are 4 million inhabitants and
50,000 births per year in Espirito Santo with the majority living in the metropolitan region of
Vitéria [62,63]. This region has had endemic DENV circulation for the past two decades [64]
so it was expected that many participants would have been exposed to DENV previously and
be seropositive for DENV. The first clinically suspected cases of ZIKV infection in Brazil were
described in May 2015, and six months later (November 2015) the first autochthonous ZIKV
case was confirmed in Espirito Santo [65-67]. In the months preceding our enrollment, there
was a ZIKV incidence of 3,100 cases per 100,000 inhabitants, and a DENV incidence of 901
cases per 100,000 inhabitants in Espirito Santo [64]. In this timeframe, 77 CZS cases were
reported to the State Health Department, including cases of microcephaly, defects of the cen-
tral nervous system suggestive of congenital infection, or stillbirths [64]. Since this region
reflected key features of flavivirus co-endemic settings and had ongoing ZIKV transmission, it
was considered representative of regions with a burden of ZIKV disease and appropriate for
study of maternal and infant ZIKV immunity.

Recruitment

The enrollment field site is based in the city of Vitoria at the the Nucleo de Doengas Infecciosas
(NDI), at the Universidade Federal do Espirito Santo. During our study, suspected ZIKV infec-
tion was considered a reportable condition to the State Health Department for all patients seen
at public or private clinics within the state. Within a week of a case reported by a physician to
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the State Health Department, a staff member reported notifications of pregnant suspected
ZIKV cases within the State to NDI. Thus the recruitment strategy relied on passive surveil-
lance systems, and no active recruitment was conducted in the community. Upon referral,
staff at the NDI contacted pregnant suspected ZIKV cases within the Vitéria metropolitan area
by phone regarding interest in participating in this study. If interested, pregnant suspected
ZIKV cases were invited to the NDI for written informed consent and first recorded visit in
our study at the time of enrollment.

Enrollment and follow-up

At the initial visit for study enrollment, three inclusion criteria were confirmed: 1) pregnant
women with rash or fever; 2) patient was a minimum of 18 years of age; 3) willingness to par-
ticipate in study through provision of written informed consent. No exclusion criteria were
defined. During the enrollment visit, a clinical history and physical evaluation were performed
by a licensed physician, and blood and urine were collected. The following demographic infor-
mation was collected at enrollement: age, municipality, date of birth, last menstrual date, recall
of prior DENV disease, family members or neighbors with symptoms of ZIKV infection, use
of insect repellant, prior vaccination for yellow fever virus, sexual activity in the 10 days before
symptoms of ZIKV infection, symptoms of ZIKV infection in sexual partners, partner’s use of
insect repellent, and use of drugs, tobacco, or alcohol during pregnancy. Any clinical records
and ultrasounds during the pregnancy before symptoms of ZIKV infection also were collected.
All participants were referred for additional prenatal clinical care consultations and ultra-
sounds. Transportation to the NDI research site for every visit, as well as all recommended
consultations with obstetrician-gynecologists and ultrasounds were funded by the study. For
each participant, gestational age at the time of symptoms and delivery was calculated based on
the last menstrual period date and confirmed by ultrasound (performed at 9-22 weeks).

After the enrollment visit, all participants were followed up weekly for up to four weeks,
and monthly visits thereafter until delivery. Though followup of the mothers and infants in
this study is ongoing, the present report only includes samples through delivery. At every visit,
a standardized questionnaire was administered in the form of a semi-structured interview by a
trained research staff member at NDI. Through this questionnaire we collected information
on the presence and duration of symptoms related to ZIKV infection.

At the time of delivery, maternal blood and urine, infant cord blood, and placenta were col-
lected. Newborn head circumference was measured by a nurse prior to hospital discharge, and
reported to study staff. Head circumferences were converted to z score for the corresponding
gestational age using the Newborn Cross-Sectional Study of the INTERGROWTH-21st Project
standards. Microcephaly was defined per WHO and INTERGROWTH-21% guidelines as a z
score lower than -1.88, which is the 3rd percentile of newborns at each gestational age [68,69].

Sample collection

Blood samples were collected into heparin or EDTA tubes, stored at room temperature up to

six hours, and centrifuged at 1300 x G for 10 minutes to obtain plasma. Infant umbilical cord

blood was collected by clamping the cord, cutting it, and draining blood into sterile collection
tubes. Urine samples were collected mid-stream in a sterile screw-top container and stored at
-80°C. Plasma samples were stored at -80°C, then shipped to Duke University on dry ice.

Ethics statement

This prospective cohort study was approved by the Institutional Review Board of Hospital Cas-
siano Antonio Moraes, Brazilian National Research Ethics Committee (CEP/CONEP
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Registration number: 52841716.0.0000.5071), and Duke University Medical Center Institu-
tional Review Board (Pro00100218). Women meeting enrollment criteria who provided writ-
ten informed consent were included.

RT-PCR assay for detection of ZIKV

Viral RNA was extracted from 140pL of plasma and urine using QIAmp Viral RNA Mini Kit
(Qiagen). Previously described RT-PCR primers and probes specific for ZIKV were used:
ZIKV1086, ZIKV 1162c, and ZIKV1107-FAM [70]. For this one-step RT-PCR reaction, 5uL of
RNA was combined with 500nM primers, 250nM probe and nucleotides in a total volume of
20pL, including SuperScriptIII RT and Platinum Taq DNA polymerase Mix (Invitrogen). The
negative controls were serum from a 30-year old asymptomatic subject in Vitoria collected in
2016, and PCR grade water (no template control). The positive control was supernatant from
ZIKV-infected Vero cells. Samples and controls were tested in duplicate, and ZIKV positivity
was indicated by detection of amplification at <38 cycles in both duplicate wells on the
Applied Biosystems 7500 Fast platform.

ZIKV IgM antibody capture enzyme-linked immunosorbent assay
(MAC-ELISA)

The CDC MAC-ELISA was adapted and used to detect IgM specific for ZIKV in maternal and
cord blood plasma [71]. Briefly, 96-well high-binding ELISA plates were coated with 20 pg/ml
of mouse anti-human IgM (Sigma #10759) overnight at 4°C. Plates were blocked for 30 min-
utes at room temperature with 5% milk in 0.5% TBST, and then samples were added at a 1:40
dilution in quadruplicate for 1 hour at 37°C. Antigen (ZIKV H/PF/2013 grown in C6/36 cells),
or C6/36 conditioned media as a negative control, was added at a 1:40 dilution overnight at
4°C. Then, an HRP-conjugated pan-flavivirus antibody (6B6C-1) was added for 1 hour at
37°C, followed by TMB substrate. Plates were incubated for 20 minutes, upon which IN
H,SO, was added to stop the reaction. A positive result required that the absorbance for a par-
ticular plasma was greater than 3-fold higher than the absorbance for that same plasma on C6/
36 conditioned media. Samples run on each plate also include a confirmed ZIKV IgM positive
and negative sample.

Cell culture and virus stocks

Vero-81 cells were grown in Dulbecco’s Modified Eagle Media (Gibco 11965092) supple-
mented with 5% heat-inactivated fetal bovine serum (Cellgro, Cat#35-016-CV) and L-alanyl-
L-glutamine (Thermofisher, GlutaMAX Cat#35050079). Viruses used for the focus reduction
neutralization test were DENV1 (WestPac74), DENV2 (S-16803), DENV3 (CH54389),
DENV4 (TVP-360), obtained from Dr. Aravinda de Silva, University of North Carolina at
Chapel Hill, and ZIKV (H/PF/2013), obtained from the United States Centers for Disease
Control and Prevention (Division of Vector-borne Diseases, Fort Collins, CO). For the detec-
tion of virion binding antibodies, the following viruses from BEI were used: ZIKV (PRVABC59),
DENV1 (Hawaii), DENV2 (New Guinea C), DENV3 (Philippines), and DENV4 (H241). Virus
stocks were grown in Vero-81 cells supplemented with 2% heat-inactivated fetal bovine serum
and 10mM HEPES (Corning, Cat#25-060-CI).

Placental sampling and examination

Placenta samples were available from 11 ZIKV-infected and 8 ZIKV-uninfected subjects out of
26 mothers total in the cohort. Fragments were collected from the whole placenta up to 24
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hours after delivery. Three sets of full thickness samples of placental parenchyma were
obtained in every case and histology performed as previously described [72]. For the histologi-
cal analysis, sections were fixed in 4% formaldehyde phosphate buffered solution, paraffin
embedded, and 5um sections were stained with hematoxylin and eosin. Histological sections
were examined specifically for villous lesions by a pathologist. Villitis was diagnosed if inflam-
matory exudate was present in the trophoblast or in the villous stroma and was categorized by
Knox & Fox and Redline criteria [73,74]. Placentas were assessed as low-grade villitis if less
than 10 villi were involved per focus, and high-grade if more than 10 villi were involved per
focus [73].

Focus reduction neutralization test

We used previously described methods for FRNT-50 in a 96 well plate [29]. Briefly, serial
5-fold dilutions of heat-inactivated plasma were added to 50-80 focus forming units of either
DENV or ZIKV and incubated for 1 hour at 37°C, then transferred to a confluent plate of
Vero-81 cells and incubated for 1 hour at 37°C. Then an overlay of 1% methylcellulose was
added. Cells were fixed with 2% paraformaldehyde and stained with 1 ug/mL of E60 mouse
monoclonal antibody targeting the conserved flavivirus fusion loop [75], then detected with an
anti-mouse IgG horseradish peroxidase conjugate and True Blue substrate (KPL). FRNT-50
values were calculated with the sigmoidal dose-response (variable slope) curve in Prism 7
(GraphPad), constraining values between 0 and 100% relative infection. A valid FRNT-50
curve required an R* >0.75, hill slope absolute value >0.5, and had to reach at least 50% rela-
tive infection within the range of the plasma dilutions in the assay.

Detection of virion binding IgG

To measure IgG binding responses against whole flavivirus virions, high-binding 96-well
ELISA plates (Greiner) were coated with 30 ng/well of 4G2 antibody (clone D1-4G2-4-15) in
carbonate buffer, pH 9.6 overnight at 4°C. Plates were blocked in Tris-buffered saline contain-
ing 0.05% Tween-20 and 5% normal goat serum for 1 hour at 37°C, followed by an incubation
with either ZIKV, DENV1, DENV2, DENV3 or DENV4 for 1 hour at 37°C. Plasma was tested
at a 1:25 starting dilution in 8 serial 3-fold, 5-fold, or 10-fold dilutions, incubating for 1 hour at
37°C. Horseradish peroxidase-conjugated goat anti-human IgG antibody (Jackson ImmunoR-
esearch Laboratories, Inc; 109-035-008) was used at a 1: 5,000 dilution, followed by the addi-
tion of SureBlue reserve TMB substrate followed by stop solution (KPL). Optical densities
(OD) were detected at 450 nm (Perkin Elmer, Victor). EDs, values were calculated with the
sigmoidal dose-response (variable slope) curve in Prism 7 (GraphPad), which uses a least
squares fit. An EDs, value was considered valid if the OD at plasma dilution 1:25 was two
(2SD) or three (3SD) standard deviations above the mean OD observed for 11 plasma samples
from healthy U.S. subjects (2SD OD cut-offs: DENV-1 = 0.406, DENV-2 = 0.648, DENV3 =
0.906, and DENV-4 = 0.885; 3SD OD cut-off: ZIKV = 0.596). Software generated EDs, values
from curves with an OD at 1:25 plasma dilution below this cut-off were considered non-bind-
ing and plotted at the limit of detection.

Determination of transplacental transfer of IgG against routine pediatric
vaccines

IgG binding to antigens from pediatric vaccines that are used routinely in Brazil was tested
using a customized binding antibody multiplex assay on the Luminex platform, as previously
described [76]. Pediatric vaccine antigens used for screening included: hepatitis B virus surface
antigen (antigenic combination: adw), rubella virus capsid (AbCam), Bordetella pertussis toxin
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and Corynebacterium diphtheriae toxin (Sigma-Aldrich), Haemophilus influenzae type B oligo-
saccharide-conjugated to human serum albumin (HbO-HA), and tetanus toxoid (Reagent
Proteins). Antibody binding was detected with mouse anti-human IgG-PE (Southern Bio-
Tech) and the fluorescent output was measured on a Bio-Plex 200 system (Bio-Rad Laborato-
ries). Antibody concentrations in pg or International Units per mL were interpolated from
corresponding sigmoidal curves of serially diluted WHO international reference sera (National
Institute of Biological Standards and Control, Potters Bar, UK; NIBSC code numbers: 07/164,
09/222, 06/140, TE-3, 10/262, RUBI-1-94). The efficiency of transplacental IgG transfer was
calculated for each mother-infant pair by dividing the concentration of infant pediatric vac-
cine-specific IgG by the concentration of maternal vaccine-elicited IgG.

Screening for neonatal TORCH pathogens

Data on Toxoplasma, rubella, and syphilis serological status was extracted from the mother’s
prenatal visit clinical records. All tests were performed by State Health Department or clinical
laboratories using commericially available kits approved by the Brazilian Health Regulatory
Agency (ANVISA), as per the manufacturer’s instructions. Chemiluminescent microparticle
immunoassay kits were utilized for detection of Toxoplasma IgM and IgG, as well as rubella
virus IgG. Syphilis serostatus was assessed using a Venereal Disease Research Laboratory test,
which is a nontreponemal test. Congenital HCMYV infection was evaluated in our research lab-
oratory using quantitative PCR of infant cord blood. To pellet HCMV from plasma, 200 L of
infant cord blood was transferred to a high g-force micro-centrifuge tube and spun in an S45A
fixed angle rotor at 30,000 rpm, 4°C, for 3 hours in a Sorvall Discovery M120 Ultracentrifuge.
Then the supernatant was removed and the pellet re-suspended in 200 pL of 1x PBS. DNA was
extracted using the Roche High Pure Viral Nucleic Acid Kit according to the manufacturer’s
protocol. To quantify and detect HCMV DNA, extracted DNA from each sample was ampli-
fied in six replicates. For this reaction, 5 uL of DNA was added to 15 uL SYBR Select Master
Mix with (ThermoFisher Scientific), 5 uL of water, and 300 nM primers designed to amplify
the immediate-early 1 (IE1) gene of HCMV (Integrated DNA Technologies). IE1 Forward
Primer (20 bp): CAA GCG GCC TCT GAT AAC CA. IE1 Reverse Primer (24 bp): ACT AGG
AGA GCA GAC TCT CAG AGG. For the negative control, PCR grade water was used as a
substitute for extracted DNA in the reaction with in four replicate wells. A 10-fold, 7 series
dilution of plasmid with the amplification region was serially diluted starting at 1x10® copies/
mL to generate a standard curve for quantitation of HCMV DNA in each sample. The lowest
dilution on the standard that could be reliably amplified across replicates was considered as
the threshold for positivity (250 viral DNA copies/mL).

Definition of ZIKV infection

As ZIKV viremia is transient, RT-PCR does not reliably detect ZIKV infection beyond 10-14
days from exposure [77]. Therefore, we combined a RT-PCR diagnostic with serological
approaches based on delivery maternal plasma FRNT-50 titer (FRNT-50) against ZIKV and
DENV (types 1-4). “Primary ZIKV” infection (no prior DENV or ZIKV infection) was defined
as either i) a high ZIKV FRNT-50 (>300) and a low DENV1-4 FRNT-50 (<300), or ii) a low
ZIKV FRNT-50 titer that is still >25 and at least one DENV FRNT-50 >25, suggesting only a
weak transient cross-neutralizing response between ZIKV and DENV. A history of both ZIKV
and DENV (“DENV+ZIKV”) was defined as high ZIKV FRNT-50 (>300), and at least one
DENV FRNT-50>300. DENV immunity only (no ZIKV immunity) was classified as low
ZIKV FRNT-50 (<300), but DENV FRNT-50 >25 (Fig 1). Thus, we defined ZIKV infection as
“primary” or “secondary” ZIKV based on serological evidence of prior DENV exposure,

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0007648  August 26, 2019 8/26



66

@ PLOS ‘ NEGLECTED
2] : TROPICAL DISEASES IgG Transfer in Maternal ZIKV Infection

ZIKV FRNT,,
n=26

>300 <300

Any DENV FRNT, Any DENV FRNT,
n=11 n=15

ZIKV FRNT,,
n=4

All DENV FRNT,

>300 <300 >4-fold second highest | <4-fold second highest
) A
Primary Naive to Primary
ZIKV DENV/ZIKV DENV
n=2 n=4 n=4

Fig 1. Algorithm used to categorize flavivirus exposure history according to ZIKV and DENV focus-reduction
neutralization-50 titers (FRNT-50). Maternal and cord blood plasma were tested by FRNT50 against 5 viruses (ZIKV
and 4 DENV serotypes) and FRNT-50 titers used to infer flavivirus exposure history. All samples were anti-flavivirus IgM
negative, reducing the likelihood of cross-reactivity resulting from recent infections.

https://doi.org/10.1371/journal.pntd.0007648.9001

whereas the ZIKV-uninfected group may include subjects naive to both ZIKV and DENV or
those exposed to only DENV.

Since infection with one DENV serotype results in neutralizing activity against that same sero-
type [78], and a subsequent infection with a different serotype results in broad DENV cross-neu-
tralizing activity, we designed criteria to differentiate primary and secondary DENV infections
based on whether the second-highest DENV FRNT-50 was within four-fold of the highest DENV
FRNT-50. To further account for serological cross-reactivity from recently infected subjects in
assessing ZIKV infection status, we confirmed DENV-negative status by RT-PCR where acute
samples were available. Sera with FRNT-50 values below the limit of detection for all five viruses
were classified as ZIKV and DENV naive. This definition was based on the assumption that a
dominant ZIKV neutralization response at delivery was attributable to the recent symptomatic
illness during pregnancy and not a prior ZIKV infection, given the recency of ZIKV introduction
to the region during the period of enrollment. RT-PCR results from a plasma sample collected
<7 days after symptom onset that were discordant with the serological assessment were repeated.

Statistical analysis and power

Statistical analysis was performed using SAS (version 9.4) and Prism software (GraphPad; ver-
sion 7). Serological responses are presented as a magnitude of flavivirus binding IgG (ED50),
neutralizing (FRNT-50), and vaccine antigen binding IgG (ug/mL or IU/mL). These measures
were assessed for each of the 26 maternal and 20 infant delivery samples, for each antigen
tested (S1 Fig). The percent IgG transferred from mother to infant describes the transplacental
transfer efficiency, and is calculated as the ratio of the magnitude of infant cord blood IgG
binding level (measured as ED50 or pug/ml) to the maternal IgG binding level multiplied by
100. Note that this percent transfer ratio is specific to each antigen tested. Data are presented
as dot plots of percent transfer for each mother infant pair in the ZIKV-infected group as com-
pared to the ZIKV-uninfected group. Scatter plots are used to display the relationship and dis-
tribution of the maternal IgG level as compared to the infant IgG level, by antigen.
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With a sample size of 26 mothers and 20 infant samples, our study is powered to reject the
null hypothesis (no correlation between maternal and infant antibody responses), at an alpha
of 0.05 with a power of 0.89 for neutralizing titer correlations, and 0.99 for correlations of IgG
binding to flaviviruses or vaccine antigens. Therefore, this study is adequately powered to
detect associations between maternal and infant antibody measures. For Wilcoxon Rank tests
comparing IgG transfer efficiency between ZIKV-infected and uninfected mothers, this study
is powered to assess significant differences between ZIKV-infected and uninfected groups in
flavivirus IgG binding at an alpha of 0.05 (power = 0.93), but not for vaccine antigen IgG
(power = 0.15) and neutralizing IgG (power = 0.48). This is due to differences in the extent of
variability in measures by assay type.

Due to the small size of this cohort, a Gaussian distribution could not be inferred and there-
fore non-parametric statistical tests were applied. To compare IgG binding between ZIKV-
infected and -uninfected groups, the Wilcoxon Signed and Exact Wilcoxon Rank Sum tests
were applied. For correction of multiple comparisons, the Bonferroni correction was applied.
Data were not stratified beyond the ZIKV infection status exposure group. The Kendall Tau
test was used to evaluate correlations between maternal and infant responses with the alpha
level of significance set to 0.05.

Results
Cohort characteristics

Pregnant women aged 18 to 39 years were enrolled based on symptoms suggestive of ZIKV
infection, such as rash, arthralgia, and fever (Table 1). Nearly all enrolled participants (24/26)
were from the Vitoria metropolitan area. One subject (B1_0037) exhibited prolonged viremia,
which was detected by RT-PCR up to 42 days post symptoms. Mothers were tested for com-
mon congenital “TORCH” pathogens where samples were available (S1 Table). These data
indicate no recent Toxoplasma infections (no maternal IgM positive sera), high IgG seroposi-
tivity to rubella virus, and no evidence for maternal syphillis infection. Testing of infant cord
blood for HCMV DNA found one case of congential HCMV transmission in the ZIKV-unin-
fected group.

Table 1. Symptomatology of patient cohort at the time of enrollment based on ZIKV detection by RT-PCR.

ZIKV PCR+ (n=9) ZIKV PCR- (n = 13) ZIKV PCRND (n =4) Total (n = 26)

9/26 13/26 4/26 26/26
Proportion of mothers symptomatic in each gestational trimester
First 3/9 3/13 2/4 8/26
Second 4/9 7/13 2/4 13/26
Third 2/9 3/13 0/4 5/26
Proportion with symptoms
Rash 8/9 13/13 3/4 24/26
Arthralgia 5/9 4/13 3/4 12/26
Fever 3/9 5/13 3/4 11/26
Conjunctivitis 4/9 4/13 3/4 11/26
Myalgia 5/9 4/13 1/4 10/26
Headache 4/9 7/13 3/4 14/26
Retro-orbital pain 2/9 4/13 2/4 8/26
Lymphadenopathy 1/9 1/13 0/4 2/26

ZIKV = Zika virus, RT-PCR = reverse-transcription polymerase chain reaction, ND = not done.

https://doi.org/10.1371/journal.pntd.0007648.t001
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Table 2. ZIKV and DENV serotype specific humoral immune profile. Serologic classification of maternal flavivirus infection history was determined by focus reduction
neutralization titer 50% (FRNT-50) against ZIKV and DENV in plasma taken at delivery.

Sample ID Classification Days since symptoms FRNTS5, ZIKV RT-PCR
ZIKv|  DENVI|  DENV2|  DENV3|  DENV4
B1_0015 Naive \ NA \ <25 <25 <25 <25 <25 :
B1_0019 Naive 75 <25 <25 <25 <25 <25 -
B1_0021 Naive \ 213 \ <25 <25 | <25 <25 <25 -
B1_0039 Naive 35 <25 <25 <25 <25 <25 ND
B1_0008 Primary ZIKV \ 184 . 3918 126 209 251 106 +
B1_0030 Primary ZIKV 77 1399 <25 <25 <25 <25 +
B1_0001 DENV+ZIKV \ 193 10858 898 | 597 1270 491 +
B1_0002 DENV+ZIKV 173 14959 1524 666 5571 502 +
B1_0004 DENV-ZIKV \ 164 | 2533 1348 1818 3047 537 +
B1_0005 DENV+ZIKY 217 5213 1379 218 2270 359 +
B1_0007 DENV+ZIKY \ 208 | 5503 1371 | 2511 822 353 ND
B1_0014 DENV+ZIKY 210 3095 354 1625 930 388 -
B1_0031° DENV+ZIKV \ 94 | 1610 2723 | 2492 10521 1510 +
B1_0027 DENV-+ZIKV 91 654 1079 1711 3730 513 -
B1_0037 DENV+ZIKV \ 117 | 11764 2141 | 8019 22873 4029 R
B1_0009" Primary DENV2 240 <25 205 1887 238 240 +
B1_0035 Primary DENV2 | 114 \ 107 68 | 1201 106 68 -
B1_0011 Primary DENV3 39 <25 374 640 3172 362 -
B1_0006 Primary DENV3 | 211 \ <25 89 308 4735 82 ND
B1_0003 Secondary DENY 217 <25 797 122 304 7 -
B1_0016 Secondary DENV | 172 \ <25 232 3222 2051 74 ND
B1_0023 Secondary DENV 9 <25 4417 1693 380 <25 -
B1_0024 Secondary DENV | 146 \ <25 1395 | 1362 505 299 ND
B1_0026 Secondary DENY 46 <25 2848 1876 635 292 ND
B1_0033 Secondary DENV | 91 | 220 3123 1996 843 197 2
B1_0034 Secondary DENV 111 <25 193 568 939 76 -

ZIKV RT-PCR performed on plasma collected at enrollment (median 146 days since symptoms).
ND = Not Done

* FRNT-50 based on maternal plasma 3 months after delivery

® Likely false positive ZIKV RT-PCR result

https://doi.org/10.1371/journal.pntd.0007648.t002

Serologic profile of flavivirus neutralization

ZIKV testing by RT-PCR was performed in plasma and urine, collected between 2 and 15 days
post symptom onset in 22 out of 26 women (Table 2). According to plasma neutralization
titers, most women were DENV seropositive, regardless of ZIKV infection status. The remain-
ing four women were referred for enrollment only after the resolution of symptoms, at 36 to
217 days since symptoms, and thus their negative ZIKV RT-PCR result was inconclusive. All
women with acute samples available were negative for DENV by RT-PCR at enrollment, and
one (B1_0035) was positive for CHIKV by RT-PCR (S2 Table).

Because ZIKV viremia typically is detected only in the acute phase of infection (<14 days
after exposure), and the possibility of a false positive RT-PCR ZIKV test, we used serology to
classify maternal ZIKV exposure as well as prior DENV infection history. Since detection of
ZIKV-binding antibodies by ELISA does not distinguish ZIKV exposure from other flavivi-
ruses, and this region has high DENV seroprevalence, we determined the FRNT-50 of all
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maternal plasma samples collected at delivery, which ranged from 39 to 217 days following
onset of ZIKV symptoms. Although DENV and ZIKV antibodies cross-react in binding assays
(e.g. ELISA), we and others have shown that there is minimal cross-neutralizing activity in
convalescent sera [23,29]. By these definitions, 11 out of 26 women had serological evidence of
ZIKV infection, only 2 of which were DENV naive, indicating a primary ZIKV infection
(Table 2). Two out of 26 women were naive for both ZIKV and DENV, and the rest had sero-
logical evidence of DENV infection with no ZIKV infection. Though one mother classified as
ZIKV naive (Primary DENV) by serology (B1_0009) had a positive RT-PCR result at initial
presentation, subsequent RT-PCR testing of stored plasma was negative, suggesting that the
initial result was a false positive. Of note, two patients (B1_0002 and B1_0037) were ZIKV IgM
positive at delivery.

Infant outcomes

At birth, all infants born to ZIKV negative mothers were assessed to be healthy. Of the 11
infants born to mothers with serological evidence of ZIKV infection, one infant (born to
B1_0001) presented with microcephaly at birth, with a head circumference below 3™ percen-
tile based on WHO International Standards, and neurologic abnormalities such as cortical-
subcortical calcifications, dysgenesis of the corpus callosum, pachygyria, and colpocephaly
upon transfontanellar ultrasound and CT scan [79]. Delivery cord blood sample was not avail-
able for this infant. Neurodevelopmental assessments of the infants from this cohort are
ongoing.

Placental histology

Lymphohistiocytic chronic villitis (inflammatory lesions in the placenta with an infiltrate of
lymphocytes and macrophages) [80], was observed in the placentas of 5 of 11 (45%) ZIKV-
infected mothers (Table 3 and Fig 2). The villitis was focal, involving less than 10 villi per
focus, consistent with mild, low grade chronic villitis [73,74]. One placenta (B1_0004) demon-
strated mild necrosis in the villitis focus and two placentas (B1_0004 and B1_0014) demon-
strated small focal avascular villi with stromal fibrosis, consistent with fetal artery thrombosis
in the absence of any other abnormality. We tested frozen placental samples by qRT-PCR but
did not detect ZIKV RNA. In contrast, no vilitis was observed in any of the 8 ZIKV-uninfected
subjects.

Magnitude and kinetics of IgG binding responses to ZIKV and DENV over
the course of pregnancy

ZIKV infection during pregnancy has been associated with prolonged viremia in humans and
non-human primates [55,81-83], and one patient in our study (B1_0037) exhibited prolonged
viremia, with plasma testing positive for ZIKV RNA up to 42 days post onset of symptoms (Fig
3). We compared ZIKV antibody binding dynamics between patient B1_0037 and two other
ZIKV-infected women from the cohort for whom multiple sequential serum and urine sam-
ples were available for analysis (B1_0014 and B1_0030). B1_0030 only tested positive for ZIKV
in urine by RT-PCR at the first 2 visits (within 18 days of symptoms), and B1_0014 tested
ZIKV-negative by RT-PCR but was classified as ZIKV-infected by serology. Of note, these
cases have different flavivirus exposure histories as B1_0014 had prior exposure to DENV, and
B1_0030 had a primary ZIKV infection. The magnitude of maternal plasma IgG binding to
ZIKV, DENV1, DENV2, and DENV4 was measured by virion capture ELISA and neutraliza-
tion was measured by FRNT-50 in plasma collected at every visit during gestation and delivery
(Fig 3). We found that all three subjects sustained high levels of flavivirus-binding IgG and
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Table 3. Placental pathology. In 5 of 11 ZIKV-infected cases, focal villitis was observed as defined by less than 10 villi
per focus.

Subject Placental Histology Findings
ZIKV infected

B1_0001 | Villitis was not observed

B1_0002 | Villitis was not observed

B1_0004 | Villitis was observed in two foci, consistent with mild, low grade, chronic villitis of unknown etiology,
occurrence of stromal fibrosis and occurrence of necrosis

B1_0005 | Villitis was not observed
B1_0007 | Villitis was not observed
B1_0008 | Villitis was not observed
B1_0031 | Villitis was not observed

B1_0027 | Villitis was observed in two foci, consistent with mild, low grade, chronic villitis of unknown etiology

B1_0030 | Villitis was observed in one focus, consistent with mild, low grade, chronic villitis of unknown etiology

B1_0014 | Villitis was observed in two foci, consistent with mild, low grade, chronic villitis of unknown etiology and
occurrence of stromal fibrosis

B1_0037 | Villitis was observed in one focus, consistent with mild, low grade, chronic villitis of unknown etiology
ZIKV uninfected

B1_0003 | Villitis was not observed

B1_0009 | Villitis was not observed

B1_0033 | Villitis was not observed

B1_0026 | Villitis was not observed

B1_0023 | Villitis was not observed

B1_0016 | Villitis was not observed

B1_0034 | Villitis was not observed

B1_0015 | Villitis was not observed

https://doi.org/10.1371/journal.pntd.0007648.t003

neutralizing antibodies throughout pregnancy, with the peak antibody response detectable one
to three weeks post onset of symptoms.

Transplacental transfer of flavivirus-specific and cross-reactive IgG in
ZIKV-infected and uninfected women

To determine if ZIKV infection during pregnancy disrupts transplacental transfer of flavivi-
rus-specific IgG from mother to infant, we compared the magnitude of flavivirus-specific anti-
body binding responses in maternal plasma at delivery and infant cord blood plasma by virion
capture ELISA in 20 mother-infant pairs with delivery samples available. For those with ZIKV

A

Fig 2. Histology of the placenta from a ZIKV-infected pregnant mother. Placental tissue from subject B1_0004 was
stained with hematoxylin and eosin. Lymphocytes and macrophages are present in the chorionic villi (A-100X, B-
400X). The arrow indicates inflammatory cells within a villus.

https://doi.org/10.1371/journal.pntd.0007648.9002
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Fig 3. ZIKV binding and neutralizing IgG responses persist throughout pregnancy. A. Maternal plasma collected
serially from three women diagnosed with ZIKV during pregnancy was assessed for IgG binding responses to ZIKV
via virion capture ELISA. The estimated dilution at 50% of maximal binding (EDs5,) was calculated from serial
dilutions of maternal plasma. Black filled points indicate time points when ZIKV viremia was detected by RT-PCR. B.
ZIKYV focus reduction neutralization titer throughout pregnancy.

https://doi.org/10.1371/journal.pntd.0007648.9003

infection, IgG binding to ZIKV, DENV1, DENV2, DENV3, and DENV4 virions was not sig-
nificantly different between maternal plasma and paired infant cord blood from delivery (Wil-
coxon Signed Rank Test; Bonferroni adjusted P >0.05 for all viruses tested).

We calculated the efficiency of mother-to-fetus transfer of flavivirus-specific IgG as the
ratio of the magnitude of infant cord blood antibody binding response to the maternal
response, expressed as a transfer efficiency percentage (Fig 4 and S3 Table). For those with
paired maternal and infant samples available, we compared the flavivirus-specific IgG transfer
efficiencies in ZIKV-infected (n = 8) and uninfected (n = 12) women, and found no significant
difference in the transplacental transfer efficiency of flavivirus-specific IgG between the groups
(Exact Wilcoxon Rank Sum Test; Bonferroni adjusted P > 0.05 for all viruses tested), indicat-
ing that ZIKV infection during pregnancy did not disrupt transplacental transfer of flavivirus-
specific IgG.

As expected, in the virion capture ELISA we observed cross-reactive binding to ZIKV with
plasma from 8 women who were DENV seropositive but ZIKV-uninfected. These ZIKV-unin-
fected subjects also demonstrated transfer of ZIKV-binding (cross-reactive, non-neutralizing)

@® ZIKV infected

o 400+ O ZIKV uninfected
'2 @
" H o
< 300- " a
I: O o m] " a

[ ]
@204 g o on® 1§ .nn&ﬂl
= oD fneedd o o Qf
c e®oo o od od O
8 100_......n....:..@... ....... .Dﬂz%
| .

[u]

& o e® g °

0 T T T T T T T T 1
ZIKV DENV1 DENV2 DENV3 DENV4

Fig 4. Efficient transplacental transfer of flavivirus-specific IgG. Plasma antibody binding to ZIKV, DENV1,
DENV2, DENV3, and DENV4 was measured by virion capture ELISA using serial dilutions of maternal plasma and
infant cord blood collected at delivery. The dilution at 50% of maximal binding (ED50) was calculated and the infant
ED50 was assessed as a percentage of the maternal ED50 to yield percent transfer. Dotted line indicates 100% transfer
and the solid line indicates the median. No significant differences in percent transfer were found in comparing ZIKV-
infected and uninfected women for the all viruses tested by Exact Wilcoxon Rank Sum Test; Bonferroni adjusted

P> 0.05 for all viruses tested.

https://doi.org/10.1371/journal.pntd.0007648.9004
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Fig 5. Maternal ZIKV infection does not disrupt transplacental transfer of DENV neutralizing IgG. Kendall Tau correlation of focus neutralization
reduction titer-50 (FRNT-50) for maternal plasma and infant cord blood, separated by maternal ZIKV serostatus. Panels indicate correlation of maternal and

infant neutralizing titers by flavivirus:

ZIKV (A), DENV1 (B), DENV2 (C), DENV3 (D) and DENV4 (E). All correlations are P<0.05, except DENV1 and

ZIKV in ZIKV-infected mothers where P<0.09 and P<0.45 respectively.
https://doi.org/10.1371/journal.pntd.0007648.9005

IgG from mother to infant (Fig 4 and S3 Table). As expected, we did not detect ZIKV-specific
IgG in 2 ZIKV/DENV naive subjects or in 2 DENV seropositive patients and therefore percent
IgG transfer could not be calculated for these subjects. Of the 8 DENV seropositive subjects
with ZIKV-reactive IgG transferred to cord blood, 5 were seropositive for multiple DENV
serotypes (B1_0016, B1_0024, B1_0026, B1_0033, and B1_0034), and 2 were seropositive for
only a single DENV serotype (B1_0009 and B1_0011), indicating that ZIKV cross-reactive IgG
can be transferred to the fetus in the case of primary or secondary DENV exposure history.
Moreover, percent IgG transfer was not significantly associated with magnitude of the type-
specific IgG in maternal plasma (S2 Fig).

Additionally, we assessed whether there was efficient transplacental transfer of flavivirus
neutralizing IgG in ZIKV-infected pregnant women. The DENV FRNT-50 of paired maternal
and cord blood plasma also were positively correlated, suggesting that functional maternal IgG
were transferred efficiently to the fetus (Fig 5).

Transplacental transfer of vaccine-elicited IgG in ZIKV-infected and
uninfected women

To assess whether ZIKV infection during pregnancy impacts placental transfer of IgG against
vaccine antigens, we measured the magnitude of IgG binding against a panel of standard vac-
cine antigens from hepatitis B virus, rubella virus, Haemophilus influenzae type B, Corynebac-
terium diphtheriae, Bordetella pertussis, and Clostridium tetani. We found no significant
differences in the magnitude of vaccine-specific IgG in maternal plasma and infant cord blood
from delivery, in both ZIKV-infected and uninfected pregnant women (Wilcoxon Signed
Rank Test, P > 0.05 for all vaccine antigens). Moreover, in ZIKV-infected and uninfected
cases, we observed strong positive correlations in the concentration of vaccine-specific IgG
between maternal plasma and infant cord blood for all vaccine antigens tested, indicating effi-
cient placental transfer of vaccine-specific IgG levels regardless of ZIKV infection status (Fig 6
and S3 Table). Based on the protective vaccine-specific IgG levels established by the WHO,
infants born to mothers who had protective levels of vaccine-specific IgG and ZIKV infection
during pregnancy, received similarly protective IgG levels as infants born to ZIKV-naive
mothers [84].
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Fig 6. Strong correlation of maternal and infant vaccine-elicited IgG levels in ZIKV-infected mothers indicates efficient transplacental transfer
during maternal ZIKV infection. IgG response to vaccine antigens in infant cord blood plasma and maternal plasma collected at delivery were measured
by a binding antibody multiplex assay. Concentrations of vaccine-elicited IgG responses were calculated from reference sera standards as International
Units (IU)/mL or pug/mL. ZIKV-infected (n = 8) and uninfected (n = 12) subjects are indicated in red and black respectively, and dotted lines denote WHO
established protective IgG levels. Kendall Tau correlations were performed for each ZIKV infection group, with p<0.05 for all.

https://doi.org/10.1371/journal.pntd.0007648.9006

Altogether our study demonstrates that efficient transfer of IgG from mother to fetus is main-
tained in this cohort irrespective of maternal ZIKV infection or placental pathology. Furthermore,
this efficient transplacental IgG transfer includes both vaccine-specific antibodies and flavivirus
antibodies relevant to maternal vaccination strategies and flavivirus disease in newborns.

Discussion

Transplacental transfer of IgG provides passive immunity to fetuses, which is critical to pro-
tecting newborns in their first months of life [7]. However, maternal conditions and infections
during pregnancy may disrupt IgG transfer via mechanisms including placental impairment
and inflammatory responses [85]. Moreover, viral antigenic complexity and natural history of
infection shapes the IgG populations elicited, which have different propensities to be trans-
ferred across the placenta by the FcRn [85,86]. Thus, we investigated the impact of maternal
infection with ZIKV on maternal-fetal IgG transfer in 20 mother-infant pairs from a prospec-
tive cohort in Vitoria, Brazil. We assessed transfer of key IgG populations, including ZIKV
and DENV binding and neutralizing IgG, as well as IgG specific to routine vaccine antigens.
For all flavivirus and vaccine antigens tested, we found that maternal and infant binding
IgG levels were highly correlated in both ZIKV-infected and -uninfected groups. Also, there
were no significant differences in the magnitude of flavivirus-binding IgG levels between
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mothers and infants among mothers with ZIKV infection during pregnancy. Moreover,
DENV neutralization and binding IgG levels were highly correlated between mothers and
infants regardless of maternal ZIKV infection in pregnancy. In the case of DENV1 and ZIKV
neutralizing IgG levels, though the positive correlation between mother and infant neutralizing
titer was weak (r = 0.23 and 0.52 respectively), the outliers of the linear trend were shifted such
that the magnitude of infant IgG neutralization is greater than that of the maternal neutralizing
titer, indicating efficient IgG transfer. This positive association of maternal and infant IgG lev-
els represents active transfer that is not solely dependent on the magnitude of the type-specific
IgG in maternal plasma. Also, the substantially overlapping ranges in antibody levels between
mothers and infants suggests no biologically relevant differences in transplacental transfer of
flavivirus binding and neutralizing IgG, or of vaccine specific IgG after ZIKV infection in preg-
nancy. Cumulatively, these data indicate no evidence of impairment in the transplacental IgG
transfer at the time of birth after maternal ZIKV infection during pregnancy, as compared to
mothers with fever and rash during pregnancy without ZIKV infection.

Our study corroborates recent findings demonstrating efficient transfer of ZIKV, DENV3
and DENV4 neutralizing antibodies in mother-infant pairs from the Northeast of Brazil in
2016 [61]. Specifically, Castanha et al. found that newborns with the outcome of micrcephaly,
some of whom were exposed to ZIKV in utero, had no evidence of impaired transfer of neu-
tralizing antibodies at birth as compared to controls without microcephaly [61]. Our work
complements the finding from that case-control study through a prospective cohort design, in
which we identified women with ZIKV infection during pregnancy and followed up until
delivery to quantify impact on transplacental IgG transfer. This prospective design adds a tem-
porality to the association between ZIKV infection and neutralizing IgG transfer oberserved
earlier [61]. Moreover, our study represents a geographically distinct site in Southeast Brazil,
with lower ZIKV prevalence. Altogether, this work strengthens the body of evidence indicating
no impairment in transplacental IgG transfer with ZIKV infection in pregnancy, with implica-
tions for maternal vaccination strategies and flavivirus disease in newborns.

As different viral antigen-specific IgG subpopulations may be differentially impaired in pla-
cental transfer due to maternal infections and conditions during pregnancy [87], we tested
IgG transfer of non-flavivirus antibodies that are specific to diverse vaccine antigens. IgG elic-
ited by routine pediatric and boosted maternal vaccines were also transferred efficiently
despite maternal ZIKV infection. In cases where the mother had a protective level of IgG
against vaccine-preventable infections, the infant received a similarly protective level.

Our study further aimed to complement existing evidence of placental pathology caused by
ZIKV infection, and determine whether this could have a role in the transplacental transfer of
humoral immunity. Previous observations of impaired transplacental IgG transfer in the set-
ting of maternal HIV and malaria infection generally have been noted in conjunction with
identifiable placental pathology [40,85]. Although we were unable to detect ZIKV RNA in pla-
centas from our study, another study identified ZIKV RNA in 54% of placentas from 44
ZIKV-infected women [48]. We found that 5 of 11 ZIKV-infected women in our cohort had
chronic placental villitis, higher than the 5-15% expected for term placentas [88]. Notably, this
pathology is similar to that described in placental infection with HCMYV, rubella virus, or
Toxoplasma gondii [80]. In constrast, no vilitis was observed in the 8 placentas assessed from
ZIKV-uninfected mothers, suggesting that vilitis in the ZIKV-infected subjects may have been
specific to maternal ZIKV infection in pregnancy. Furthermore, to assess the impact of ZIKV
infection associated placental pathology on IgG transfer, subgroups of ZIKV-infected subjects
with noted placental pathology would have to be compared to a ZIKV-infected subgroup with-
out placental pathology. However, our limited sample size of 8 ZIKV-infected individuals with
paired infant samples precludes formal comparison
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We found that despite disruption of placental architecture in nearly half of our ZIKV-
infected pregnancies, transplacental transfer of flavivirus-binding and -neutralizing IgG was
sustained following maternal ZIKV infection. This finding is relevant to future studies of vac-
cine-elicited fetal protection against ZIKV, as animal studies demonstrate envelope binding
and neutralizing antibodies as correlates of protection against ZIKV infection [89,90]. Transfer
of flavivirus-neutralizing antibody is relevant because neutralization titers are known to corre-
late with vaccine protection against other flaviviruses, including Japanese encephalitis virus,
yellow fever virus, West Nile virus, and tick-borne encephalitis virus [91-94]. Moreover, in
ZIKV-infected women with serial plasma collection during pregnancy, ZIKV-specific IgG lev-
els were sustained throughout gestation after peak response within 3 weeks of symptoms.
These kinetics suggest that transfer of flavivirus-specific IgG to the fetus should readily occur
throughout the 2" and 3™ trimesters of pregnancy following maternal ZIKV infection. While
it is possible that ZIKV infection during pregnancy could result in a transient disruption of
transplacental IgG transfer that is restored by the time of birth, our goal was to evaluate levels
of maternal IgG present at delivery as these transferred IgG have the potential to modulate
protection or disease risk in infants [7-10,18,34,95].

There are several implications of the findings in this study. Efficient transfer of ZIKV-neu-
tralizing IgG in ZIKV-infected mothers could be a mode of transferring protective humoral
immunity from mother to infant, despite infection during pregnancy. Notably, transfer of pro-
tective levels of vaccine-specific IgG to boost passive immunity in the newborn is a key objec-
tive of maternal immunization [96] and our findings suggest that ZIKV infection during
pregnancy does not impair this protective mechanism. With candidate maternal ZIKV vac-
cines or therapeutics, this may be one mode of conferring passive immunity to the fetus and,
potentially, reducing the burden of congenital and neonatal ZIKV infection.

Alternatively, transfer of cross-reactive non-neutralizing DENV-elicited antibodies may
pose a risk as antibodies from primary DENV infection can enhance secondary DENV infec-
tion, leading to more severe disease in infants as maternal antibody titers wane [20,25]. We
detected transplacental transfer of ZIKV-binding IgG in DENV-immune mothers without
ZIKYV infection. Cross-reactive ZIKV-elicited antibodies may be able to mediate antibody-
dependent enhancement of subsequent DENV infection in early infancy [20,27,97-99]. Addi-
tionally, there is some concern that efficient IgG transfer may facilitate transcytosis of ZIK-
V-IgG complexes into the fetal compartment, a suggested mechanism of fetal infection for
HCMYV [18,32]. Thus, transplacental transfer of ZIKV cross-reactive IgG should be considered
in the evaluation of candidate ZIKV vaccines, as sub-neutralizing levels of cross-reactive IgG
may increase the risk of severe flavivirus infections in fetuses or infants.

Limitations of this study include the small sample size of 26 mothers, including 20 mother-
infant pairs with delivery samples available. In assessing statistically significant associations
(alpha = 0.05) via Kendall-Tau correlations between mothers and infants, we had 89% to 99%
power across assays to detect a true direct correlation of maternal and infant IgG levels. There-
fore, our conclusions of intact placental IgG transfer are predominantly based on the high lev-
els of association of maternal and cord blood antibody responses.

As for significant differences in the magnitude of IgG responses between ZIKV-infected
and uninfected mother-infants pairs via the Wilcoxon Signed-Rank Test, this study has a 93%
power to detect differences in flavivirus binding responses between ZIKV-infected and unin-
fected groups (alpha = 0.05). However, the study is underpowered (power < 50%) to detect
significant differences in magnitude of neutralizing or vaccine-specific responses between
ZIKV-infected and -uninfected subjects due to higher levels of variability in these measures.
Consequently, significant differences are only reported and analyzed for the flavivirus-binding
IgG levels, but not for neutralization and vaccine-elicited IgG levels. Though, noting the
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substantially overlapping range of immune responses in the ZIKV-infected group as compared
to the ZIKV-uninfected group is biologically relevant to our understanding of transplacental
IgG transfer in the setting of maternal ZIKV infection and could inform future studies on neo-
natal flavivirus immunity.

Another limitation of our study is the challenge of determining whether subjects were truly
exposed to ZIKV during pregnancy, as symptoms could have resulted from other infections
and/or ZIKV infection could have occurred prior to pregnancy. Since viremia may have sub-
sided by the time of study enrollment, we developed an algorithm to define ZIKV infection
serologically, even in the context of cross-reactive antibodies from prior DENV infection. This
algorithm and ZIKV case definition were based on the rational assumption that ZIKV seropos-
itivity resulted from a recent infection (i.e. during pregnancy) due to the timing of our study
relative to the introduction of ZIKV into Brazil. This assumption will not apply in future stud-
ies, since the high force of infection during the 2015-2017 outbreak and the potential for sub-
sequent endemic transmission mean many women will already be ZIKV seropositive before
pregnancy. Moreover, this study reflects the findings in a symptomatic pregnancy cohort,
whereas the majority of ZIKV infections are asymptomatic[100-102].

In summary, this study demonstrates efficient transplacental transfer of IgG specific to
diverse flavivirus and routine vaccine antigens following ZIKV infection during pregnancy in
a unique prospective mother-infant cohort from the Latin American ZIKV outbreak. Trans-
placental transfer of ZIKV-specific IgG in pregnancy may contribute to protection of the fetus
from congenital Zika syndrome and the infant from ZIKV infection. However, efficiently
transferred IgG might mediate adverse effects in infants including increased risk of severe
DENV in infancy, as well as potentially mediating FcRn-dependent transfer of ZIKV immune
complexes into the fetal compartment. The relationship between efficient maternal IgG trans-
fer and reduced or enhanced congenital infection or disease remains to be further elucidated.
Delineating ZIKV-specific IgG levels and function that favor fetal and neonatal protection will
be key for guiding a strategic timeline for pediatric vaccine boosts, timing of vaccine adminis-
tration during pregnancy, and dosing of antibody therapies targeted for pregnancy. Longitudi-
nal investigations of neonatal immunity, in the context of transplacental transfer of flavivirus
antibodies will be a valuable area of investigation to define serological mediators of risk or pro-
tection for infants. Given the uncertain benefits or risks of efficient transfer of flavivirus IgG,
ZIKV and DENV vaccine strategies will need to carefully consider the timing and type of vac-
cination and boosting in order to maintain protective levels of antibodies in women of repro-
ductive age and infants.

Supporting information

S1 Fig. Study design flow chart indicating that 26 symptomatic pregnant women were eli-
gible and enrolled into prospective cohort, and only 20 mother-infant pairs were analyzed
due to paired sample availability. The 20 pairs were classified into two groups based on
ZIKV exposure status during pregnancy. Accordingly, 8 mothers were determined to be
infected with ZIKV during pregnancy and 12 were not. Laboratory tests were conducted on all
available mother and infant samples without further stratification.

(TIF)

S2 Fig. Lack of associations between magnitude of maternal flavivirus-specific IgG and
percent IgG transfer. A post-hoc Spearman correlation analysis was conducted to assess
whether higher magnitude of maternal flavivirus IgG due to recency of infection during preg-
nancy could be driving efficient transplacental IgG transfer. No strong positive associations
were noted, suggesting that magnitude of maternal IgG alone does not predict percent transfer
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for each antigen shown (Unadjusted p-values > 0.05 for ZIKV, DENV1, DENV2, DENV4 and
<0.038 for DENV3).
(TIF)

S1 Table. Clinical results of prenatal screening for TORCH infections. These data from
maternal serum samples from pregnany indicate no recent Toxoplasma infections and high
seropositivity to rubella virus as tested by chemiluminescent microparticle immunoassays,
Also, there was no evidence for syphillis, which was assessed by the VDRL test. Infant cord-
blood qPCR testing for CMV indicates one potential case of congential CMV transmission in
the ZIKV-uninfected group. Proportion of mothers or infants with postive test results are
reported as the numerator, whereas the denominator is the number of the total samples tested.
(DOCX)

S2 Table. Timeline of infection for each enrolled mother in this study.
(DOCX)

$3 Table. Transplacental transfer efficiency. Median and range shown for mothers and
infants by each flavivirus binding, vaccine antigen binding or flavivirus neutralizing response
measured. Subjects are grouped by maternal ZIKV infection status to facilitate comparison of
the magnitudes of antibody responses and calculated IgG percent transfer. Infant antibody
response as a portion of maternal response are indicated in the percent transfer column, where
median, range and number of mother-infant pairs per group are shown. Bonferroni adjusted
p-values shown from Wilcoxon Signed Rank Tests to assess significant differences in the
mother to infant percent transfer of antibodies in the ZIKV-infected versus uninfected groups.
No significant differences in the percent transfer of flavivirus binding antibody responses
between mother and infant were observed regardless of ZIKV serostatus. NP indicates that a
p-value is not shown since this study is not powered to detect significant differences between
mothers and infants for those antigens.

(DOCX)
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CAPITULO II: Persisténcia de virus Zika infectante em leite materno

apos infecgao ocorrida na gestagao
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CAPITULO IlI: PERSISTENCIA DE VIRUS ZIKA INFECTANTE EM LEITE MATERNO
APOS INFECCAO OCORRIDA NA GESTACAO

Sabe-se o0 ZIKV pode persistir no organismo e ser excretado por longo periodo
em diversos fluidos corporais, como urina, saliva, lagrima, sémen e secregdes
vaginais. Além disso, foi reconhecida a ocorréncia de transmissdo materno-fetal do
ZIKV durante a infecgao na gestagédo e também a possibilidade de uma viremia mais
prolongada nesses casos. Tal fato levanta questdes a respeito do tropismo viral e da
transmissao nao dependente do vetor, o mosquito Aedes. Embora nos ultimos anos
tenha havido muito progresso no conhecimento da infecgéo pelo ZIKV, ainda ha falta
de informagdes sodlidas sobre a infecgao pelo ZIKV na gestagdo, a persisténcia do
virus no organismo materno, e a transmissdo materno-fetal, incluindo o potencial de
transmissdao no momento peri e poés-natal. Tal conhecimento € crucial para a
implementagdo de medidas de prevencdo de transmissdao robustas, e no
desenvolvimento de vacinas e antivirais eficazes, com vistas a redugao do impacto
dessa doencga. Nessa parte o estudo objetivamos investigar a persisténcia do ZIKV
em diferentes amostras biolégicas maternas no momento do parto, apos uma infec¢ao
pelo ZIKV ocorrida durante a gestagao. Os resultados gerados desta parte do trabalho
estdo em submissdo para a publicacdo em uma revista cientifica e podem ser

visualizados a seguir.
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Persisténcia de virus Zika infectante em leite materno apés infecgao

ocorrida na gestagao.

INTRODUGAO

Ap06s a epidemia ocorrida no Brasil em 2015-16, a infecgado pelo virus Zika (ZIKV) em
gestantes foi associada a um espectro de danos neurolégicos ao feto, causando um
alerta de saude global." Desde entio, uma atencgio especial tem sido dada ao estudo
da infecgdo pelo ZIKV na gestagdo, do tropismo e persisténcia viral, bem como da
resposta imune protetora materna. Compreender em quais compartimentos
bioldgicos maternos, e por quanto tempo, o ZIKV persiste é crucial para caracterizar
as rotas de transmissao vertical, orientar o desenvolvimento de vacinas e terapias
eficazes, e estabelecer medidas de saude publica afim de reduzir o impacto dessa

doenca.

OBJETIVO
Avaliar as amostras do parto e do pés-parto, quanto a presenga de ZIKV, em mulheres

que apresentaram infecgéo por ZIKV durante a gestacgéo, e seus filhos.

MATERIAIS E METODO

Neste estudo foram incluidas 8 gestantes, a partir de uma coorte prospectiva,
observacional, de mulheres que apresentaram sintomas da infecgdo pelo ZIKV
durante a gestagdo, entre dezembro de 2015 a janeiro de 2018, na regido
metropolitana de Vitdria, sudeste do Brasil. O estudo foi aprovado pelo Comité de
Etica em Pesquisa do Hospital Cassiano Antonio de Moraes e pela Comissdo

Nacional de Etica em Pesquisa (CAAE: 52841716.0.0000.5071) e o consentimento
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foi obtido de todas as participantes. A infecgdo por ZIKV foi confirmada nos primeiros
4 dias apods o inicio dos sintomas, por detecgcdo do RNA viral no soro e/ou urina,
utilizando RT-PCR em tempo real. 2 Placenta, liquido amniético, soro, urina e leite
materno foram coletados no momento do parto e/ou pés-parto. A presenga de ZIKV
foi testada por RT-PCR em tempo real e a positividade foi definida pela amplificagéo
do genoma do ZIKV em até 38 ciclos (Cycle threshold <38), utilizando conjunto de
primers e sondas previamente descritos.? Amostras de saliva e urina das criangas
nascidas foram coletadas nos primeiros dias apés o nascimento e testadas pelo

mesmo método de RT-PCR em tempo real.?

As amostras com resultado positivo para o RNA do ZIKV foram inoculadas em
culturas de células Vero 76 (ATCC® CRL-1587™) para avaliar a existéncia de
particulas virais infectantes. Resumidamente, as amostras foram diluidas (1:5 v/v) em
meio Essencial Minino de Eagle (EMEM, Quality Biological) contendo 2% de soro fetal
bovino (FBS, GIBCO) e 1% de solugdo Antibidtico-Antimicotico 100x (Sigma). Apds
24 horas de incubagao a 4°C, 100 uL dessa mistura foram inoculados, em duplicata,
em monocamada de células Vero 90% confluente. As placas foram incubadas a 37°C,
em 5% de CO2. 72 horas ap6s a inoculagéo, o meio foi substituido por meio fresco,
sem FBS, e as culturas foram novamente incubadas. Apds 96 horas (7 dias apds a
inoculacdo da amostra), foi realizada uma passagem, inoculando 100 pL do
sobrenadante das culturas em uma nova cultura de células Vero 90% confluentes.
Cinco dias depois, a infecgéo e a replicagao viral nas culturas foi avaliada através da
observacgéao de efeito citopatico (CPE), confirmada pela presenca do RNA do ZIKV no

sobrenadante da cultura, detectado por RT-PCR.?
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RESULTADOS

Durante a gestacéo, as 8 mulheres apresentaram infecgdes sintomaticas por ZIKV,
com resolugéo dos sintomas em 15 dias (mediana: 7 dias). As infecgdes ocorreram
no primeiro (2/8, 25%), segundo (4/8, 50%) e terceiro (2/8, 25%) trimestre de gestacao
(Tabela 1). No momento do parto todas as mulheres ja se apresentavam
assintomaticas. O soro, a urina e o liquido amniético, coletados no momento do parto,
foram negativos para a presenca de ZIKV. Foi possivel obter amostra de placenta de
6 das 8 participantes (#1, #3, #5, #6, #7, e #8) e todas essas foram negativas para a
deteccgdo da presenga do ZIKV. Diferentemente, o ZIKV foi detectado em amostras
de leite materno de 3 (# 6, # 7 e # 8) das 8 maes, aos 114, 90 e 20 dias apds o inicio
dos sintomas, respectivamente (Tabela 2). Efeito citopatico foi observado em todas
as culturas de células inoculadas com amostras de leite materno positivas no RT-
PCR (#6, #7 e #8), sugerindo a presenga de particulas virais infecctantes. Embora
menos proeminente, também foi observado efeito citopatico no controle negativo
(amostra de leite materno de uma mulher assintomatica, negativa para infecgéo por
ZIKV em RT-PCR). No entanto, esse sobrenadante de cultura se apresentou negativo
na RT-PCR para ZIKV, como esperado, sugerindo que o efeito citopatico observado
nos controles negativos seria devido a um dano a camada celular causado pelos
componentes deste espécime. As amostras de leite materno que apresentaram RNA
do ZIKV (# 6, # 7 e # 8), foram positivas apos inoculagdo em cultura de células, com
presenca de CPE e detecgdo de ZIKV no sobrenadante (Tabela 2), indicando que o
virus presente no leite materno era infeccioso e replicou em cultura de células. As
amostras de leite materno coletadas posteriormente, em visita de seguimento dessas
trés maes (# 6, # 7 e # 8), respectivamente aos 85, 237 e 112 dias (2,8, 7,9 e 3,7

meses) apods o parto, ndo se encontravam mais positivas para o RNA do ZIKV.
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Todas as 8 criangas nasceram a termo e clinicamente saudaveis, no entanto, a
crianca #2 apresentou microcefalia congénita (Tabela 3). Avaliamos as evidéncias de
infecgdo ativa pelo ZIKV no recém-nascido testando suas amostras de saliva e urina,
coletadas alguns dias apos o nascimento. Nesse momento, nenhum dos 8 recém-
nascidos apresentou ZIKV detectavel em urina ou saliva (Tabela 3). Amostras de
sangue das criangas ndo foram coletadas devido a recusa materna, sendo uma
limitagdo deste estudo. ® Todas as criangas foram amamentadas até pelo menos seis
meses de idade, de acordo com a recomendagdo para alimentagao infantil em areas
de transmissé&o do virus Zika, da Organizagdo Mundial da Saude (OMS).* Nenhuma
crianga apresentou qualquer sinal clinico de infecgdo pds-natal pelo ZIKV, como
exantema ou febre, nos primeiros 3 meses apds o nascimento, incluindo aqueles que
foram amamentados por maes que apresentaram ZIKV infectante no leite materno
(Tabela 3). Na avaliagdo de acompanhamento, apds 3 meses do nascimento
(mediana 2,9 [2,4 - 4,8] meses), todas as criangas apresentaram perimetro cefalico
normal para idade e sexo, com base nos Padrdes de Crescimento Infantil da OMS,

exceto aquele com microcefalia congénita (Tabela 3).

DISCUSSAO

Dentre as amostras maternas do periparto testadas, apenas o leite materno foi
positivo para ZIKV, o que sugere que a glandula mamaria possui uma participagéo na
persisténcia e replicagdo viral durante a infegdo pelo ZIKV. Neste estudo, mostramos
que 3 (37,5%) das 8 mées com infecgao pelo ZIKV durante a gestacédo apresentavam
ZIKV infectante no leite materno, expressado entre 1 e 14 dias apés o parto, e em até
quase 4 meses apos a infecgdo sintomatica ocorrida na gestagédo. Aqui, consistente

com outros estudos, demonstramos que a presenga de ZIKV no leite materno do
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periparto parece mais frequente quando a infecgédo ocorreu apds o segundo trimestre
de gestagao, &7 entretanto, devido ao pequeno numero de individuos estudados, néo
foi possivel comparar a taxa de detecgao de ZIKV no leite materno entre os trimestres
em que ocorreu a infecgéo. A persisténcia de virus Zika, apds uma infecgéo ocorrida
durante a gestacgdo, foi descrita anteriormente 8° e pode ser atribuida ao perfil
imunoldgico mais tolerante na gestagéo, o que pode retardar a eliminagao de virus
dos compartimentos corporais maternos.'® Recentemente, foi demonstrado em
animais e em experimentos in vitro, que o ZIKV pode se disseminar do sangue para
as glandulas mamarias, infectando células epiteliais mamarias de forma produtiva. 1!
Nossos achados sobre a persisténcia de particulas virais infectantes do ZIKV no leite
materno, quando o virus ndo é detectado em outras amostras bioldgicas, reforga que
as glandulas mamarias podem ser um nicho para a replicagdo do ZIKV e facilitar a

eliminagéo viral.

A detecgéo do ZIKV em amostras do momento do parto (como na placenta) oferece
a oportunidade de diagnéstico quando os resultados da testagem materna para ZIKV
nao foram conclusivas, ou quando o teste ndo pode ser realizado no momento ideal
de infecgéo aguda. ' No entanto, considerando a baixa taxa de detecgéo de ZIKV em
tecidos placentarios (~ 10%), 2 e a longa persisténcia do ZIKV no leite materno
observada aqui, também trazemos a possibilidade de utilizar o leite materno do
periparto, um espécime acessivel, como uma amostra adicional para o diagnéstico
materno de ZIKV. Isso pode ser particularmente valioso para aquelas méaes que

apresentaram sintomas suspeitos de ZIKV a partir do segundo trimestre gestacional.
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Além disso, a presenga de virus infecctante no leite materno do periparto sugere a
amamentagdo como uma potencial rota de transmissdo perinatal, no caso de
mulheres infectadas pelo ZIKV durante a gravidez. De fato, a amamentagéo pode ser
via de transmissao de alguns patégenos, como o virus da imunodeficiéncia humana
(HIV), o virus linfotrépico de células T humano (HTLV) e o citomegalovirus (CMV),"®
dependendo da carga viral e da presenga e magnitude de anticorpos
neutralizantes.'*'5 De acordo com os dados atualmente disponiveis, e as orientagdes
da OMS, as maes com infecgédo confirmada pelo ZIKV devem manter a amamentagao
porque seus beneficios superam o potencial risco de transmissdo desse virus 7.
Neste estudo, nenhuma das criangas amamentadas apresentou sinais clinicos de
infecgdo por ZIKV apds o nascimento, nem microcefalia pds-natal, como sugerido por

um relato de caso recente. '

Conforme estudado nesta coorte anteriormente, as criangas nascidas de maes que
apresentaram infeccdo pelo ZIKV durante a gestagdo recebem anticorpos IgG
neutralizantes da méae, transferidos passivamente pela placenta.’” Portanto, apesar
da presenga de virus Zika no leite materno, os anticorpos maternos especificos,
transferidos por via transplacentaria, poderiam limitar o risco de infecgdo causado
pela exposicao ao ZIKV presente na amamentagdo. No entanto, dada a persisténcia
de particulas infectantes no leite materno, ndo podemos ignora-lo como uma potencial
via de transmissdo. Sendo assim, a pratica de aleitamento cruzado (na qual uma
lactante amamenta a crianga de outra méae) ainda presente no Brasil e em outras
partes do mundo, embora ndo seja recomendada, pode, neste caso, representar um
risco de infecgdo para aquelas criangas que ndo receberam previamente os

anticorpos neutralizantes maternos.'®1°
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CONCLUSAO

Este trabalho fornece conhecimento sobre a persisténcia do ZIKV durante a gestagéo
e chama a atengéo para o papel das glandulas mamarias humanas na sustentagao
da replicagdo do ZIKV. Encontramos virus Zika infectante no leite materno do pos-
parto de maes que apresentaram a infec¢do ainda na gestacao, entre 20 dias e 4
meses antes do parto, e na auséncia de ZIKV detectdvel em outras amostras
biolégicas. Embora isso suscite uma preocupagdo sobre a transmissdo da
amamentagdo, ndo observamos nenhuma evidéncia que contraste com as
recomendacdes atuais da OMS para a amamentagdo. Outros estudos sdo
necessarios para avaliar e comparar o potencial da transmissao de ZIKV através do

leite materno em infecgbes ocorridas em mulheres ndo gestantes mas em lactagéao.
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Tabela 1. Caracteristicas clinicas das 8 gestantes incluidas no estudo.

Idade gestacional Duragdo Duragao Idade
#) Mae Idade no inicio dos Sinais e sintomas do dos gestacional
(anos) sintomas. exantema sintomas no parto
(semanaltrimestre) (dias) (dias) (semanas)
1 26 44/ 1° Exantema e prirido 7 7 40,1
Exantema, prurido,
2 38 10,4/ 1° artralgia, conjuntivite, 7 14 37,1
mialgia, edema em
maos.
3 22 13,6/ 2° Exantema 3 3 40,0
4 29 13,9/ 2° Exantema 3 3 39,1
Exantema, prurido,
artralgia, mialgia,
5 21 134/ 2° GSIEISIA, e ISl 6 14 371
orbital, edema em
maos e pés,
linfoadenopatia.
Exantema, prurido,
artralgia, febre,
6 19 22,7 1 2° conjuntivite, cefaleia, 4 7 38,6
nausea, edema em
maos, joelhos e rosto.
Exantema, prurido,
7 20 29,0 / 3° artralgia, conjuntivite, 3 4 39,9
mialgia, nausea,
edema leve em maos.
Exantema, prurido,
artralgia, febre,
8 39 36,7 / 3° conjuntivite, cefaleia, 6 15 39,6
J

mialgia, edema em
maos, joelhos e pés.
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Tabela 2. Detecgdo do virus Zika infectante no leite materno do pds-parto de 8

mulheres que apresentaram infecgéo por Zika durante a gestacao.

Leite materno

Coleta da Inoculagdao da amostra em
amostra cultura de células Vero
Mae Resultado do
# RT-PCR da amostra Resultado do
(Ct) RT-PCR do
DPS DPP CPE
sobrenadante
(%))
1 252 2 Negativo NR
2 191 4 Negativo NR
3 187 1 Negativo NR
4 179 2 Negativo NR
5 168 2 Negativo NR
6 114 3 Positivo (36,4) Positivo Positivo (33,8)
7 90 14 Positivo (35,5) Positivo Positivo (34,4)
8 20 2 Positivo (32,3) Positivo Positivo (33,6)

Ct = Cycle threshold, CPE = Efeito citopatico, DPS = Dias p6s inicio dos sintomas,

DPP = Dias pos parto, NR = N&o realizado, ZIKV= virus Zika.
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Tabela 3. Avaliagdo das criangas ao nascimento e em visita de acompanhamento

aproximadamente 3 meses apds o nascimento.

Avaliagao ao nascimento

Avaliagao em visita de acompanhamento apés

ZIKV RT-PCR i
o nascimento
Saliva
Crianca RT-PCR Sinais
# Idade na Idade na clinicos de
PC do leite RT-PCR do
coleta da coleta da Idade infecgao por
materno Res. Res. leite PC
amostra amostra (meses) ZIKV desde
materno
(dias) (dias) o
nascimento?

1 Normal NEG 15 NEG 1 NEG LTFU NEG LTFU LTFU
2 MIC NEG 4 NEG 4 NEG 2,9 NEG Nao MIC
3 Normal NEG 1 NEG 2 NEG 4,8 NEG Nao Normal
4 Normal NEG 2 NEG 1 NEG 3,1 NEG Nao Normal
5 Normal NEG 2 NEG 1 NEG 2,8 NEG Nao Normal
6 Normal POS 3 NEG 3 NEG 2,6 NEG Nao Normal
7 Normal POS 14 NEG 14 NEG 34 NEG Nao Normal
8 Normal POS 2 NEG 2 NEG 24 NEG Nao Normal

PC = perimetro cefélico, Res.= Resultado, LTFU = Perda de seguimento, MIC = Micrrocefalia, NEG = Negativo, POS =

Positivo, RT-PCR = Reagéo em cadeia da polimerase via transcriptase reversa, ZIKV= virus Zika.
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CAPITULO Ill: Avaliagdo do desenvolvimento neurolégico, até os 2
anos e meio de idade, de criancas nao-microcefalicas expostas ao

Zika no periodo pré-natal



100

CAPITULO Ill: AVALIACAO DO DESENVOLVIMENTO NEUROLOGICO, ATE OS

2 ANOS E MEIO DE IDADE, DE CRIANCAS NAO-MICROCEFALICAS EXPOSTAS
AO ZIKA NO PERIODO PRE-NATAL

Durante a epidemia de ZIKV em 2015 e 2016 ocorrida nas Américas, € apds o
reconhecimento do risco aumentado de desfechos fetais desfavoraveis relacionados
a exposigao congénita ao virus, fomos também desafiados com a necessidade de
responder a perguntas em relagdo ao impacto da infecgdo congénita pelo ZIKV em
criangas que aparentemente n&o apresentavam qualquer anormalidade ao
nascimento. O desenvolvimento neurolégico de criangas expostas ao ZIKV durante o
periodo pré-natal, mas com perimetro cefalico normal ao nascimento, seria 0 mesmo
de criangas nao-expostas? Sendo assim, nessa parte o estudo, objetivamos obter
informagdes que contribuissem para o entendimento da infec¢gao congénita pelo ZIKV
e seu impacto nos primeiros anos de vida da crianga, sobretudo naquelas que nao
apresentaram microcefalia ou qualquer sinal evidente de Sindrome Congénita do Zika
(SCZ) ao nascimento. Os resultados dessa parte do trabalho ainda estdo sendo
analisados para a confec¢gao do manuscrito final, que sera em breve submetido para
apreciacao de uma revista cientifica. Uma versao prévia dos resultados, no modelo

de manuscrito sera apresentada a seguir.
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Prevaléncia de achados radioldgicos no encéfalo e avaliagao do
desenvolvimento cognitivo, até os 2 anos e meio de idade, em
criangas nao-microcefalicas expostas ao Zika no periodo pré-

natal.

INTRODUGAO

Apo6s o relato de aumento de casos de microcefalia congénita em estados do
Nordeste do Brasil, em 2015, estudos confirmaram que a exposig¢éo ao virus Zika
(ZIKV) durante a gestacdo estava relacionada a um risco aumentado de
desfechos fetais desfavoraveis, como abortos, restricdo de crescimento fetal, e
um espectro de anormalidades congénitas do sistema nervoso central, incluindo
a microcefalia 2. O ZIKV é um Flavivirus que possui tropismo por células
neuronais jovens e pode afetar o desenvolvimento do sistema nervoso em
formagao do feto 34, Entre as gestagdes nas quais houve a infecgdo materna
pelo ZIKV, alguns fetos apresentardo alteragbes neuroldgicas com microcefalia,
outros apresentardo alteragdes neuroldgicas, porém com perimetro cefalico
normal, e, presuntivamente, outros nao seréo afetados 5. Embora a microcefalia
tenha sido inicialmente a caracteristica mais evidente da Sindrome Congénita do
Zika (SCZ), estudos mais recentes sugerem que a microcefalia pode ser apenas
a ponta do iceberg no que diz respeito ao desenvolvimento neuroldgico e a
outros aspectos clinicos. 87 Sabe-se que criangas microcefalicas apresentardo
anormalidades cerebrais importantes e, portanto, comprometimento
neuropsicomotor grave, ° no entanto, ainda n&o esta claro, especificamente em

relagdo o neurodesenvolvimento das criangas expostas ao ZIKV no periodo pré-
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natal, que ndo apresentaram qualquer anormalidade congénitas aparente.
Dessa forma, este estudo visa contribuir para a compreensao do espectro da
SCZ e do impacto a longo prazo da exposi¢do congénita ao ZIKV em criangas

nao-microcefalicas ao nascimento.

OBJETIVO

Avaliar a prevaléncia de achados radiolégicos do encéfalo e avaliar o
desenvolvimento cognitivo e motor, até os 2 anos e meio ano de vida (30 meses),
de criangas expostas ao ZIKV no periodo pré-natal e ndo-microcefalicas ao

nascimento.

MATERIAIS E METODO

Populagéao

A coorte original acompanhada incluia 55 nascidos vivos cujas maes
apresentaram sintomas de infeccdo pelo ZIKV durante a gestagdo. Essas
criangas foram classificadas em dois grupos de acordo com o status materno da
confirmagao laboratorial da infecgdo pelo ZIKV, realizada através de RT-PCR
e/ou métodos sorolégicos (ELISA IgM e teste de deteccdo de anticorpos
neutralizantes especificos). As criangas nascidas de maes com confirmagao
laboratorial positiva para a infecgéo pelo ZIKV na gestagao, foram chamadas de
“grupo exposto” ao ZIKV no periodo pré-natal, e as criangas nascidas de méaes
negativas para a infecgdo pelo ZIKV, foram denominadas “grupo nao-exposto”
ao ZIKV no periodo pré-natal. Trés criangas da coorte original apresentaram
microcefalia ao nascimento e, portanto, ndo foram consideradas para este do

estudo. Sendo assim, para o presente trabalho, um total de 52 criangas foi
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estudado: 20 expostas ao ZIKV no periodo pré-natal e 32 ndo-expostas, sendo
acompanhadas até 2,5 anos (30 meses) de idade. Das 52 criangas nao-
microcefalicas da coorte original, foi possivel obter exames de imagem em 34 e,
portanto, estas foram avaliadas em relagdo a prevaléncia de achados
radioldgicos no encéfalo (20 expostas e 14 ndo-expostas ao ZIKV). A avaliagéo
do desenvolvimento cognitivo até os 2 anos e meio de idade foi realizada em 38

criangas (17 criangas expostas e 21 ndo-expostas ao ZIKV).

Avaliacdo do perimetro cefalico e definicio de nao-microcefalia ao
nascimento.

Para avaliagcdo do perimetro cefalico e classificagdo quanto a microcefalia,
utilizou-se a medida em centimetros do perimetro cefalico de cada crianga ao
nascimento, convertida para os escores-z correspondentes com a idade e sexo,
conforme preconizado pela Organizagdo Mundial da Saide (OMS). O critério
para definicdo de casos de ndo-microcefalia ao nascimento foi definido como
escore-z da circunferéncia cefalica maior que -2 desvios padrédo para a idade e

sexo.1011

Achados radiolégicos no encéfalo.

Achados radioloégicos anormais foram definidos como qualquer alteragdo
anatbmica no encéfalo observado através de exame de ultrassonografia
transfontanela (USTF) ou tomografia computadorizada (TC) de cranio. O risco
relativo para ocorréncia desses achados anormais foi também calculado e a
diferenga entre os grupos de criangas expostas e nao-expostos ao ZIKV foi

determinada se p>0,05.
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Avaliacao do desenvolvimento cognitivo

A avaliagédo do desenvolvimento cognitivo das criangas foi realizada através das
Escalas Capute, executada por um profissional médico treinado '2. Esse método
foi desenvolvido pelo neuropediatra Dr. Arnold J. Capute e é utilizado na
avaliagdo da presenca de disfungdes em duas areas do desenvolvimento
cognitivo: o do funcionamento visual-motor e da linguagem expressiva e
receptiva. A bateria de Testes de Marcos de Linguagem e Recepgao - CLAMS
(Clinical Linguistic & Auditory Milestone Scale) - foi originalmente desenvolvida
para fornecer aos pediatras uma escala de parametros linglisticos e auditivos
que podem ser utilizados facilmente na rotina médica. A bateria de resolugéo de
problemas visual-motora - CAT (Cognitive Adaptive Test) - requer observagao
direta de uma crianga realizando testes especificos durante a avaliagdo. O CAT
proporciona aos médicos um meio de distinguir atrasos de linguagem isolados
ou disturbios de comunicagdo de deficiéncias cognitivas mais globais. 2 O kit
para aplicagdo das Escalas Capute € composto de instrumentos simples e um

formulario para registro.

Para a avaliagdo dos resultados obtidos na avaliagdo cognitiva, calculamos a
mediana das pontuagdes obtidas pelas criangas, de acordo com a idade (0-6
meses, 7-12 meses, 13-18 meses, 19-24 meses, 25-30 meses), em cada uma
das baterias de testes da Escala Capute (CAT e CLAMS). Atraso no
desenvolvimento neuroldgico foi definido como pontuagdo menor que 70. As
medianas dos grupos de criangas expostas e ndo-expostas ao ZIKV no periodo
pré-natal foram comparadas utilizando teste nao-paramétrico Mann-Whitney.

Diferenga entre os grupos foi determinada se p>0,05.
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RESULTADOS

No geral, a prevaléncia de anormalidades cerebrais foi de 13,5% (7/34), 30,0%
no grupo exposto (6/20; IC 95% [0,1455 - 0,5190]) e 7,1% (1/14; IC 95% [0,0127
- 0,3147] no grupo nao exposto. Os seguintes achados foram observados: cistos
no plexo cordide, adelgacamento do corpo caloso, disgenesia de corpo caloso e
colpocefalia (dilatagdo assimétrica dos ventriculos laterais). A ocorréncia de
anormalidades neurolégicas em exame de imagem foi 5,6 vezes mais provavel
no grupo de recém-nascidos expostos ao ZIKV do que no grupo de ndo-

espostos. [Cl 95% 0,589 — 52,732].

Todas as 38 criangas ndao-microcefalicas avaliadas apresentaram resultados de
desenvolvimento cognitivo considerados normais para a idade, sem atrasos
(escores CAT e CLAMS >70), nos primeiros 2 anos e meio de vida. Ndo houve
diferenga no desenvolvimento cognitivo entre o grupo de criangas nao-

microcefalicas expostas e ndo-expostas ao ZIKV no periodo pré-natal (Tabela

1).

DISCUSSAO

Este estudo adiciona informagdes importantes para a compreensao do impacto
da infecgdo congénita pelo ZIKV em criangas que ndo apresentam microcefalia
ao nascimento. Aqui, embora ndo tenhamos encontrado diferenga estatistica
entre a ocorréncia de anormalidades cerebrais nas criangas expostas nas nao-
expostas ao ZIKV, podemos observar uma diferenca notavel entre os grupos. O
pequeno tamanho da amostra analisada (34 participantes) foi uma limitagao, o

que pode ter influenciado no amplo intervalo de confianga e na ndo observagéo
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de diferenca significativa, considerando a = 5%. No entanto, por se tratar de um

estudo exploratério, acreditamos que ndo devemos ignorar esse achado.

O Protocolo local de assisténcia a gestante com suspeita de infecgao pelo ZIKV
3 recomenda a realizagdo de exame de imagem por USTF ou TC para as
criangas nascidas de maes com confirmagdo da infecgdo na gestagdo, mesmo
na auséncia de microcefalia ao nascimento. Na pratica observamos que isso
falha, visto que apenas (34/52 65,4%) das criancas aqui acompanhadas
realizaram esse tipo de exame. Dessa forma, considerando o potencial prejuizo
neuroldgico associado a infeccdo pelo ZIKV no desenvolvimento do feto,
acreditamos que existe a necessidade reforgar a realizagdo desses exames,
mesmo quando as criangas ndo se apresentam microcefalicas ao nascimento.
Exames de imagem complementam o acompanhamento neuroldgico e podem
auxiliar a elucidar aspectos clinicos observados ao longo do crescimento dessas

criangas e assim direcionar intervengoes.

Em relagdo ao desenvolvimento cognitivo, as criangas nao-microcefalicas do
grupo exposto ao ZIKV apresentaram desenvolvimento cognitivo normal, sem
atrasos para a idade até os dois anos e meio. Nesse caso, o tamanho da
amostra, afetado também pelos acompanhamentos perdidos, impactou no poder
da analise. Apesar dos esforgos da equipe do estudo para manter a adesao dos
participantes as visitas, uma vez que as criangas estavam se desenvolvendo
normalmente, sem qualquer atraso, muitas maes ndo compareceram as
consultas com seus filhos. Nossos resultados s&o diferentes de dois estudos

brasileiros que avaliaram criangas nao-microcefalicas, com exposicdo pré-natal
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ao ZIKV 15 Os dois estudos relatam atrasos em pelo menos um dominio
(cognitivo, linguagem ou motor), sendo a linguagem o mais afetado. Faigal e
colaboradores relatam uma prevaléncia de 35% de atraso no desenvolvimento,
enquanto Peganha e colaboradores relatam 50% de criangas com atrasos no
desenvolvimento cognitivo. E importante mencionar que nesses dois trabalhos
citados foi utilizada outra escala como ferramenta de avaliacdo de
desenvolvimento neuroldgico (Escala de avaliagéo infantil Bayley IIl) 6. Além
disso, nos dois estudos mencionados n&o foram utilizados grupos controle, com
criangas nao-expostas ao ZIKV, para a comparagado dos desempenhos. Aqui,
além de avaliar o desempenho das criangcas expostas, comparamos seus
resultados com um grupo de criangas nao-expostas ao ZIKV, o que reduz o
impacto de outras variaveis nos resultados. Semelhante ao nosso estudo,
Gerzson e colaboradores (2020) mostraram que criangas n&o-microcefalicas
expostas ao virus Zika no periodo pré-natal apresentavam desenvolvimento
cognitivo normal quando avaliadas pelas escalas de Bayley. 7 Esses dados
juntos refletem que uma grande proporgdo de criangas expostas ao ZIKV no
periodo pré-natal, e que ndo apresentam microcefalia, pode se desenvolver
normalmente, mas alguns ndo. Por isso, uma avaliacgdo mais longa e
padronizada ainda € necessaria para melhor avaliar e monitorar a ocorréncia de

qualquer prejuizo no futuro.

CONCLUSAO
Este estudo adiciona informagbes relevantes ao entendimento do espectro
clinico da infecgdo congénita pelo ZIKV, sobretudo a respeito de criangas que

ndo apresentam microcefalia ao nascimento. Nosso estudo sugere maior
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prevaléncia de anomalias cerebrais, em exames de imagem ao nascimento, de
criangas expostas ao ZIKV no periodo pré-natal. Isso justifica a realizagdo
desses exames e acompanhamento em longo prazo, mesmo quando a crianga
ndo apresenta microcefalia, como complementagdo para um adequado
acompanhamento neurologico desses casos. N&o observamos atrasos no
desenvolvimento cognitivo, até os 2 anos e meio de idade, no entanto, devido a
divergéncia na literatura e aos achados de imagem aqui apresentados,
acreditamos que um acompanhamento detalhado e padronizado em longo prazo
ainda seja essencial para elucidar adequadamente o espectro do Zika congénito

e suas consequéncias ao longo da vida.
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Tabela 1 - Pontuagdo nas Escalas Capute (CAT e CLAMS) de criangas nao-microcefalicas

expostas e ndo-expostas ao ZIKV no periodo pré-natal.

Status de
Intervalo exposicado ao ZIKV  Pontuacao Pontuagao
Valor de Valor de
de Idade no perido pré-natal CAT CLAMS
p Y
(meses) (n criangas (mediana) (mediana)
avaliadas)
exposto (4) 109 120
0-6 p=0,59 p=1,00
nao-exposto (17) 100 131
exposto (7) 114 113
7-12 p= 0,07 p= 0,80
néo-exposto (8) 106 102
exposto (4) 111 111
13-18 p= 0,52 p= 0,52
néo-exposto (9) 112 112
exposto (5) 100 115
19-24 p= 1,00 p= 1,00
néo-exposto (7) 105 102
exposto (6) 91 92
25-30 p= 0,56 p= 1,00
néo-exposto (7) 96 89

CAT: bateria de Testes Cognitivo-Adaptativo (parametro visual-motor); CLAMS: bateria de testes de Marcos de

Linguagem e Recepgéo (parametro linguagem-recepgéo).
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CAPITULO IV: Desenvolvimento de antigenos de proteina do
envelope para diferenciar sorologicamente a infecg¢ao pelo virus

Zika da infecgao pelo virus Dengue
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CAPITULO IV: DESENVOLVIMENTO DE ANTIGENOS DE PROTEINA
DO ENVELOPE PARA DIFERENCIAR SOROLOGICAMENTE A
INFECCAO PELO VIiRUS ZIKA DA INFECCAO PELO VIRUS DENGUE

Os anticorpos elicitados pelas infecgdes pelos virus do género Flavivirus
podem apresentar reagdes cruzadas em diversos testes diagndsticos, principalmente
entre os DENV e ZIKV. Dessa forma, os testes sorolégicos para o ZIKV sao sensiveis,
mas podem frequentemente apresentar reagdes cruzadas, o que torna pouco util a
sua utilizacdo em cenarios onde ha circulagcao simultdnea de multiplos flavivirus, como
DENV, ZIKV e FA. Mesmo os Testes de Neutralizacdo, que detectam anticorpos
neutralizantes e sdo mais especificos, possuem limitacbes e podem ainda nao
esclarecer o diagndéstico do agente responsavel pela infecgdo recente. Além disso,
devido a complexidade de execugao, essa metodologia n&o se encontra disponivel na
rotina laboratorial. Sendo assim, com o objetivo de auxiliar o desenvolvimento de
ferramentas diagndsticas para o ZIKV, aplicaveis ao nosso cenario, foi criado um
banco de amostras clinicas, bem caracterizadas, da nossa coorte durante todo o
acompanhamento do estudo. Utilizando essas amostras colaboramos com nossos
parceiros da Universidade da Carolina do Norte (UNC) e Duke University, para o
desenvolvimento de proteinas antigénicas, com potencial para serem utilizadas em
plataformas diagndsticas soroldgicas para ZIKV, capazes de discernir entra a infecgao
pelo ZIKV e DENV, e minimizando assim a ocorréncia de reag¢des cruzadas. Esse
trabalho detalhado se encontra publicado na revista cientifica Journal of Clinical

Microbiology (PREMKUMAR et al., 2018) e pode ser visualizada a seguir.
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ABSTRACT Zika virus (ZIKV) is an emerging flavivirus that can cause birth defects
and neurologic complications. Molecular tests are effective for diagnosing acute ZIKV
infection, although the majority of infections produce no symptoms at all or present
after the narrow window in which molecular diagnostics are dependable. Serology is
a reliable method for detecting infections after the viremic period; however, most
serological assays have limited specificity due to cross-reactive antibodies elicited by
flavivirus infections. Since ZIKV and dengue virus (DENV) widely cocirculate, distin-
guishing ZIKV infection from DENV infection is particularly important for diagnosing
individual cases or for surveillance to coordinate public health responses. Flaviviruses
also elicit type-specific antibodies directed to non-cross-reactive epitopes of the in-
fecting virus; such epitopes are attractive targets for the design of antigens for de-
velopment of serological tests with greater specificity. Guided by comparative
epitope modeling of the ZIKV envelope protein, we designed two recombinant anti-
gens displaying unique antigenic regions on domain | (Z-EDI) and domain IIl (Z-EDIII)
of the ZIKV envelope protein. Both the Z-EDI and Z-EDIII antigens consistently de-
tected ZIKV-specific IgG in ZIKV-immune sera but not cross-reactive IgG in DENV-
immune sera in late convalescence (>12 weeks postinfection). In contrast, during
early convalescence (2 to 12 weeks postinfection), secondary DENV-immune sera
and some primary DENV-immune sera cross-reacted with the Z-EDI and Z-EDIII anti-
gens. Analysis of sequential samples from DENV-immune individuals demonstrated
that Z-EDIII cross-reactivity peaked in early convalescence and declined steeply over
time. The Z-EDIII antigen has much potential as a diagnostic antigen for population-
level surveillance and for detecting past infections in patients.
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Premkumar et al.

ika virus (ZIKV) is an enveloped, positive-sense, single-stranded RNA virus in the

Flavivirus genus, which includes other medically important viruses, such as dengue
virus (DENV), West Nile virus, and yellow fever virus (1). ZIKV infection has become a
major global health concern because it can disseminate rapidly in naive populations
and lead to neurologic sequelae, such as a Guillain-Barré-like syndrome, in otherwise
healthy individuals. ZIKV also has the unusual ability among human flaviviruses to be
transmitted through sexual contact and from mother to fetus during pregnancy (2).
Congenital ZIKV infection can cause developmental abnormalities, including ocular
damage, microcephaly, and fetal death (2-5). People at risk of DENV infection are also
at risk of ZIKV infection, as both viruses are transmitted by Aedes mosquitoes (3).

Accurate diagnosis is critical to many aspects of the public health response to the
Zika disease epidemic (6) but is complicated by multiple factors. Clinically, it is impos-
sible to discern among myriad causes of acute fever and/or rash. Molecular tests are
useful for detecting symptomatic flavivirus infections during the brief period immedi-
ately following infection (7). However, most individuals with ZIKV infection never seek
medical attention because they are asymptomatic or experience only a mild, self-
limited illness (8, 9). Beyond this acute period, serological tests are necessary to detect
ZIKV infections and to support public health efforts, such as prenatal evaluation and
management, risk reduction counseling, and surveillance and outbreak investigations.

Unfortunately, most serological tests lack specificity due to cross-reactive antibodies
elicited by flavivirus infections. Neutralization assays, which are more specific but less
widely available due to their resource-intensive nature, may or may not clarify IgM
results that suggest ZIKV or DENV infection, leaving many weeks of waiting for a
diagnosis or giving the ambiguous designation “recent flavivirus infection” (10, 11).
Patient serum collected 5 or more days after the onset of symptoms contains a complex
mixture of antibody populations against the viral envelope (E) protein, directed to
epitopes that are unique to the infecting virus as well as to epitopes that are conserved
among flaviviruses (12, 13). Consequently, assays that employ the whole virus or E as
antigen do not reliably distinguish infections caused by ZIKV from those caused by
DENV (14). Recombinant ZIKV antigens containing epitopes recognized by type-specific
but not cross-reactive antibody are needed for the development of serological diag-
nostic assays with greater specificity for ZIKV infection.

The surface of the ZIKV virion is decorated by 180 copies of E with icosahedral
symmetry (12, 15-19). Each E protein monomer is composed of an amino-terminal
ectodomain (E80; amino acids [aa] 1 to 403), two amphipathic a-helices, and two
carboxy-terminal membrane-spanning a-helices (17-19). The surface-exposed E80 re-
gion comprises three distinct domains (EDI, EDII, and EDIII), with EDI in the center. EDI
(aa 1 to 49, 136 to 195, and 286 to 302) and EDII are noncontiguous in sequence and
are connected by a flexible hinge region (EDI/II hinge), whereas EDIII (aa 303 to 403) is
a continuous domain extending from EDI (Fig. 1).

Here we present the design, production, and evaluation of ZIKV EDI and EDIII
antigens (referred to here as Z-EDI and Z-EDIII, respectively) for serological diagnosis of
ZIKV by use of well-characterized early- and late-convalescent-phase immune sera from
individuals infected by ZIKV, DENV, or both.

MATERIALS AND METHODS

Human subjects and clinical specimens. (i) Samples from North Carolina (15 samples). Sera were
collected from North Carolina residents or visitors with possible or confirmed DENV or ZIKV infection
based on self-reported symptoms and travel to or prior residence in areas where flaviviruses are endemic.
All specimens were deidentified. All University of North Carolina (UNC) donations were collected in
compliance with the Institutional Review Board (IRB) of UNC-Chapel Hill (protocol 08-0895).

(ii) Samples from Nicaragua (24 samples). Five children from the Nicaraguan Pediatric Dengue
Cohort Study (PDCS) who were reverse transcription-PCR (RT-PCR) positive for ZIKV and who experienced
onset of signs and symptoms of ZIKV infection between 18 January and 16 February 2016 were included.
The PDCS is a community-based prospective study of children of 2 to 14 years of age that has been
ongoing since August 2004 in Managua, Nicaragua (20). Participants present at the first sign of illness to
the Health Center Socrates Flores Vivas are monitored daily during the acute phase of illness. Acute-
phase and convalescent-phase (~14 to 21 days after onset of symptoms) blood samples are drawn for
DENYV, chikungunya virus (CHIKV), and ZIKV diagnostic testing from patients meeting the case definition
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c Variable : Conserved

Putative Zika-specific Ab
binding regions

ED I/Il hinge

FIG 1 Identification of putative virus-specific antigenic regions on ZIKV E protein. We performed mapping of
type-specific (A) and cross-reactive (B) epitopes on E protein by using experimentally determined antibody
complex structures available in the Protein Data Bank. Contact residues observed at the interface between E
protein and antibody in the complexes are shown as spheres (purple or magenta). (C) Mapping of the degrees of
conservation of amino acid positions among eight clinically relevant flaviviruses. The color scale (cyan, variable
region; and maroon, conserved region), as described in ConSurf (33, 51), is shown at the top. Three highly variable
regions that overlap type-specific antibody-binding regions in panel A were identified as putative ZIKV-specific
antibody-binding regions (orange circles), and the corresponding amino acid residues within this region are shown
as spheres.

for DENV or ZIKV infection or presenting with undifferentiated febrile illness. All suspected Zika disease
cases were confirmed by RT-PCR analysis of serum and/or urine, using triplex assays that simultaneously
screen for ZIKV, DENV, and CHIKV infections (ZCD assay [21] or CDC Trioplex assay) or, in some cases, the
CDC ZIKV monoplex assay (22) in parallel with a DENV-CHIKV multiplex assay (23). A second set of 19
specimens was obtained from a prospective, hospital-based study of DENV (1998 to present; Nicaraguan
Hospital Infantil Manual de Jesus Rivera). Children of 6 months to 14 years of age with suspected
flavivirus infection (<7 days of illness) were enrolled (24) and diagnosed by RT-PCR, and blood was
obtained at the acute (days 1 to 6) and convalescent (days 14 to 28) phases as well as 3, 6, 12, and 18
months following infection. Only samples obtained prior to the introduction of ZIKV into Nicaragua were
used. All studies were approved by the IRBs of the Nicaraguan Ministry of Health and the University of
California, Berkeley. Parents or legal guardians of all subjects provided written informed consent, and
subjects who were =6 years old provided assent.

(iii) Samples from Colombia (6 ples). Sera were collected in Sincelejo, Colombia, between
December 2015 and March 2016, as part of a field investigation of the ZIKV outbreak and an arbovirus
surveillance program conducted by the University of Sucre. All participants provided informed consent
prior to blood collection, as described in the University of Sucre Bioethics Committee-approved protocol.
Samples were collected during the convalescent phase (3 months after symptom onset) from partici-
pants who reported ZIKV-related symptoms.

(iv) Samples from Brazil (9 samples). A cohort of pregnant women with confirmed or suspected
ZIKV infection during pregnancy in Vitoria, Espirito Santo State, Brazil, were enrolled in 2016 in a clinical
study to follow ZIKV and other related viruses by RT-PCR, serology, and clinical outcomes for the
mother-infant pair, under a protocol approved by the national and local IRBs.

(v) Samples from Sri Lanka (13 samples). Sera were collected in the convalescent phase from
patients with confirmed DENV infection. Acute infection was confirmed by detection of DENV RNA and/or
the presence of DENV-specific IgM and 1gG in the serum. Samples were collected 2 to 12 weeks after
infection, as previously described (25). The IRBs of both the La Jolla Institute for Allergy and Immunology
and the Medical Faculty, University of Colombo (serving as an NIH-approved IRB for Genetech), approved
all protocols described for this study.

Sera were heat inactivated at 56°C for 30 min. The serostatuses of specimens were categorized as
primary or secondary infection by use of neutralization assays (see Tables S1 and S4 in the supplemental
material) as previously described (26). Fivefold-diluted sera were mixed with 50 to 100 focus-forming
units of DENV1, DENV2, DENV3, DENV4, or ZIKV per well in Dulbecco’s modified Eagle medium
supplemented with 2% fetal bovine serum (FBS). Virus-antibody mixtures were incubated for 1 h at 37°C,
transferred to a confluent monolayer of Vero cells, and then overlaid with medium containing 1%
methylcellulose. Infected cell foci were detected 48 h after infection, following fixation with 4%
paraformaldehyde and incubation with 500 ng/ml of flavivirus-cross-reactive mouse monoclonal anti-
body E60 (27) for 2 h at room temperature. After incubation for 1 h with a 1:5,000 dilution of horseradish
peroxidase (HRP)-conjugated goat anti-mouse IgG (Sigma), foci were detected by addition of TrueBlue
substrate (KPL). Foci were analyzed with a CTL Immunospot instrument. Fifty percent inhibitory con-
centration (IC;,) values were calculated using the sigmoidal dose-response (variable slope) equation in
Prism 7 (GraphPad Software). Reported values were required to have an R? value of >0.75, a hill slope
of >0.5, and an IC,, within the range of the assay.

Flavivirus infection status was determined by considering the profile of neutralizing activity of
each specimen toward each of five flaviviruses (ZIKV and DENV1 to -4) in the epidemiologic context
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of the donor. Specimens with neutralizing antibodies to any one serotype of DENV or to ZIKV, with
minimal cross-neutralizing antibodies, were defined as having primary flavivirus infections (meaning
that the IC;, for a single DENV serotype or ZIKV was >4-fold higher than that for any other virus
tested). In most cases, the person’s travel history corroborated the immune status. Sera that had
high levels of neutralizing antibody to >2 flaviviruses were defined as having secondary flavivirus
infections. Most secondary infection samples were from persons who had resided in countries where
DENV or ZIKV is endemic. The characteristics of all the samples used in the study are presented in
Tables S1 to S4 and S6.

Protein production. A codon-optimized gene encoding Z-EDI or Z-EDIII from ZIKV strain H/PF/2013
(28) was cloned into the pET PPL His6 MBP expression vector (2K-T) by use of a ligation-independent
cloning method (29). The 2K-T plasmid was a gift from Scott Gradia (Addgene plasmid 37183). Maltose
binding protein (MBP) fused to Z-EDI or Z-EDIIl was expressed in Escherichia coli BL21(DE3)pLysS and
purified using amylose affinity resin. The ZIKV E80 antigen (aa 1 to 404) was expressed in the Expi293
transient expression system and purified by use of Ni-nitrilotriacetic acid (Ni-NTA) affinity resin as
previously described (30, 31).

IgG ELISA. Human serum IgG binding was measured by enzyme-linked immunosorbent assay (ELISA)
as previously described (32). Recombinant ZIKV E80 antigen (500 ng/well) was used to coat the plate,
blocked with 3% milk, and incubated with human serum at the indicated dilution at 37°C for 1 h. Z-EDIII
and Z-EDI sandwich ELISAs were the same as described above, except that the antigens (200 ng/well)
were captured by use of a murine anti-MBP monoclonal antibody (New England BioLabs). Bound IgG was
detected with an alkaline phosphatase-conjugated anti-human secondary antibody by incubation with
a p-nitrophenyl phosphate substrate (Sigma), and absorbance at 405 nm was measured on an Epoch
plate reader (BioTek). The mean binding signal for each serum was calculated from duplicates by
subtracting the mean absorbance of the background signal obtained from positive serum with no
antigen (for ZIKV E80) or MBP (for Z-EDIIl and Z-EDI). Statistical analysis was performed using the
Mann-Whitney U test in Prism 7.0b for nonparametric comparison of recombinant antigen reactivities
between sera from ZIKV and DENV patients.

Molecular modeling and structural analysis. For amino acid conservation analysis by ConSurf (33),
eight flavivirus E protein sequences (from ZIKV, four serotypes of DENV, St. Louis encephalitis virus,
Japanese encephalitis virus, and yellow fever virus) were used. The ConSurf algorithm assigns a relative
conservation score to each residue and normalizes the score such that the average is zero and negative
and positive deviations denote the degrees of conservation and variation, respectively. The relative
conservation scores were then converted to values ranging from 1 to 9 (1 for most variable [cyan], 5 for
average [white], and 9 for most conserved [purple]) to generate a heat map that was used to color the
molecular surface of the ZIKV E protein structure.

For type-specific epitope mapping, structures of monoclonal antibody complexes with E or E
fragments (Protein Data Bank [PDB] IDs 4UIF [34], 5A1Z [34], 4UIH [34], 3IYW [35], 4C2I [36], 3J05 [37],
3J6U [36], 3UAJ [38], 3UCO [38], and 1ZTX [39]) were aligned to the reference E protein structure by use
of PyMol (The PyMOL Molecular Graphics System, version 1.8; Schrédinger, LLC). For cross-reactive
epitope mapping, antibody structure complexes with E or E fragments (PDB IDs 4UT9 [40], 4UT6 [40],
4UTA [40], 3150 [41], 2R29 [42], 3UZQ [43], 4FFY [44], 5AAM [45], 4L5F, 4BZ2, 4AL8 [46], 3UYP [43], 3UZE
[43], and 3UZV [43]) were aligned to the reference E protein structure by use of PyMOL. Contact residues
in the E protein-antibody interface were then identified by a 5.0-A cutoff distance between any atoms
in E and any atom in the antibody. All molecular figures were drawn with PyMOL.

RESULTS

Computational prediction of ZIKV-specific antibody-binding regions. ZIKV E
protein shares 55 to 58% sequence identity with DENV E proteins and contains highly
conserved epitopes that are responsible for extensive cross-reactivity with polyclonal
serum antibodies (47). However, people infected with ZIKV develop some antibodies
that neutralize ZIKV but not DENV, demonstrating the presence of epitopes that are
unique to ZIKV (26, 48, 49). To identify E protein antigenic regions that may be targets
for ZIKV-specific antibodies, we generated and compared surface maps of known DENV
antibody epitopes and a map of surface amino acid conservation between different
flaviviruses, including ZIKV and the 4 DENV serotypes (Fig. 1). Surface amino acid
sequence conservation analysis has been used to identify conserved and variable
regions between proteins (50). Our rationale is that such conservation analysis com-
bined with the knowledge of conformational epitopes of E protein can guide prediction
of ZIKV-specific antigenic regions.

To perform comparative epitope mapping of E protein, we superimposed experi-
mentally determined structures for type-specific and cross-reactive antibody-E protein
complexes onto a reference E structure. Analyzing the residues at the interface between
the E protein and the antibody showed that there are two possible cross-reactive
antibody-binding sites on the surface of E protein: one site is at the tip of EDII, which
contains the fusion loop, and the other is located on the EDIII surface formed by
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FIG 2 Analysis of purified recombinant antigens by SDS-PAGE and size exclusion chromatography (SEC).
Purified Z-EDI (A) and Z-EDIII (B) antigens (6 ug/lane) were subjected to SDS-PAGE under reducing
conditions and then stained with Coomassie brilliant blue. Molecular size markers and their apparent
masses are shown on the left. (C) SEC overlays of purified EDI, EDIIl, and MBP antigens. Protein samples
in PBS were subjected to SEC on a Superdex75 10/300GL column. mAU, milli-absorbance units.

B-strands A, B, E, and G (Fig. 1B). Next, we used the ConSurf algorithm (33, 51) to obtain
a conservation score for each amino acid position across 8 different E proteins from
clinically relevant flaviviruses (Fig. 1C). Projecting the ConSurf conservation scores onto
the molecular surface of the ZIKV E structure showed that most of the solvent-exposed
outer surface is variable between flaviviruses, whereas the surface adjacent to the stem
region, the transmembrane helices, and the regions contributing to intermolecular
assembly are largely conserved. The correlations between cross-reactive epitopes and
the conserved regions and between virus-specific epitopes and variable regions were
evident across the maps. Accordingly, we identified three regions that we predicted
would be recognized by ZIKV type-specific antibodies: a region around the solvent-
exposed “glycosylation loop” on EDI and the edge of EDI, a region on the outer surface
of the flexible hinge region formed between EDI and EDII, and a region on the “lateral
ridge” of EDIII (Fig. 1Q).

Expression of ZIKV recombinant antigens. Following our prediction that epitopes
recognized by ZIKV type-specific antibodies are located mainly on EDI and EDIII, we
designed two constructs of Z-EDI and Z-EDIII fused to maltose binding protein (MBP)
for periplasmic expression in E. coli. Soluble recombinant Z-EDI and Z-EDIII were readily
purified by amylose affinity chromatography, with yields of ~3 mg of purified protein
from 1 liter of bacterial culture (Fig. 2A and B). Size exclusion chromatography (SEC)
analysis showed that the recombinant antigens behaved as monomeric proteins in
solution (Fig. 2C), and the Ellman assay (52) confirmed the presence of intact intramo-
lecular disulfide bonds in the Z-EDI and Z-EDIII antigens. Moreover, Z-EDIIl was able to
bind to the mouse monoclonal antibodies ZV-2, ZV-48, and ZV-67, which recognize
conformational epitopes (48). We also expressed the entire ectodomain of ZIKV E
protein (Z-E80) to use as a reference antigen to evaluate the performances of Z-EDI and
Z-EDIII.

Immune sera from people exposed to DENV and ZIKV. To evaluate recombinant
antigens for serological detection of ZIKV infection, we assembled panels of 22 late-
convalescent-phase samples (collected >12 weeks after infection) and 43 early-
convalescent-phase samples (collected 2 to 12 weeks after infection) from individuals
who were exposed to ZIKV, DENV, or both through travel or residence in areas of
endemicity (see Tables S1 to S4 in the supplemental material). We categorized the
serostatus of each sample in the panels as primary flavivirus immune (evidence of only
one serotype of DENV or ZIKV), secondary flavivirus immune (evidence of more than
one serotype of DENV or both ZIKV and DENV), or naive (no evidence of DENV or ZIKV)
by using a combination of neutralizing activity, RT-PCR, and/or IgG seroconversion as
described in Materials and Methods.

Evaluation of ZIKV E80, EDI, and EDIIl antigens for serological detection of
remote infections (>12 weeks postinfection). Although ZIKV-immune sera reacted
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FIG 3 Binding of recombinant E80 antigen to sera from patients with remote (A) and recent (B) ZIKV
and/or DENV infection. Sera from primary (filled symbols) and secondary (unfilled symbols) ZIKV- and
DENV-infected patients were diluted 1:20, and the IgG antibodies bound to recombinant E80 antigen
were measured by ELISA. Sera collected =12 weeks after infection were defined as remote infections, and
sera collected within the first 12 weeks were considered to represent recent infections. The horizontal
lines represent the means.

strongly with ZIKV E80, immune sera from individuals infected with DENV consistently
showed high levels of cross-reactivity with recombinant ZIKV E80 antigen in a standard
1gG ELISA (Fig. 3A). Using an anti-MBP monoclonal antibody to capture MBP fusion
proteins, we developed a sandwich ELISA to measure serum IgG levels to Z-EDI and
Z-EDIII (Fig. 4A and B). At late convalescence, ZIKV-immune sera recognized Z-EDIIl and
Z-EDI antigens significantly better than DENV-immune sera (P < 0.0001 by the Mann-
Whitney test). Consequently, the Z-EDI and Z-EDIII antigens may be useful for specific
detection of remote (>12 weeks) ZIKV infections in areas with endemic DENV trans-
mission.

Evaluation of ZIKV E80, EDI, and EDIII antigens for serological detection of
recent infections (2 to 12 weeks postinfection). At early convalescence, immune sera
collected from ZIKV-infected individuals had high levels of IgG that bound to Z-E80,
Z-EDI, and Z-EDIII (Fig. 3B and 4C and D). However, DENV-immune sera collected during
the early convalescent phase also reacted strongly with the Z-EDI and Z-EDIII antigens.
To dissect Z-EDI and Z-EDIII cross-reactivities during early convalescence, the data were
regrouped and the IgG binding activities compared between ZIKV-immune sera and
primary or secondary DENV-immune sera (Fig. 4C and D). The IgG reactivities of Z-EDI
and Z-EDIIl were practically indistinguishable between ZIKV- and DENV-immune sera in
secondary cases. While the reactivities to naive and primary DENV2 or -3 sera were
mostly at the baseline level, five of the six primary DENV samples collected during the
DENV1 epidemic in Sri Lanka showed high reactivity to Z-EDI and Z-EDIII. Recently,
individuals with prior DENV1 infection were shown to produce high levels of Z-EDIII-
cross-reactive antibodies in early convalescence (53, 54). A conserved lysine residue
(K394) on the lateral ridge of ZIKV and DENV1 EDIIl was suggested to be responsible for
a common mode of binding to DENV1 antibody. However, introducing an alanine at
this site (K394A mutation) did not change the reactivity of Z-EDIIl against DENV1-
immune sera from Sri Lanka (Table S5). As our initial IgG assays were performed using
a 1:20 dilution of serum, we further diluted the early-convalescent-phase samples in an
attempt to improve specificity. Dilution of early-convalescent-phase serum to dilutions
of up to 1:180 was not adequate to improve the specificity of Z-EDI and Z-EDIII against
secondary DENV- or DENV1-immune sera (Fig. S1). One major difference in the com-
positions of antigen-specific antibody populations in early versus late convalescence
may be the presence of high levels of IgM. However, depleting total IgM from
early-convalescent-phase primary ZIKV samples did not increase IgG binding to Z-EDI
or Z-EDIII (data not shown), indicating that IgM does not outcompete IgG for antigen
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FIG 4 Binding of Z-EDI and Z-EDIII with remote (A and B) and recent (C and D) convalescent-phase sera from patients infected
with ZIKV and/or DENV. Primary (filled symbols) and secondary (unfilled symbols) human serum samples were diluted 1:20, and
the IgG antibodies bound to Z-EDI (A and C) or Z-EDIII (B and D) were measured using a sandwich ELISA. Sera collected =12
weeks after infection were defined as remote infections, and sera collected within the first 12 weeks were considered to
represent recent infections. Statistical significances are indicated at the top of the graphs (Mann-Whitney U test). P values of
<0.0001 were considered statistically significant. The horizontal lines represent the means.

binding in our assay. Taken together, the results showed that IgG cross-reactivity with
the Z-EDI and Z-EDIIl antigens in DENV-immune sera was pronounced in early-
convalescent-phase samples (<12 weeks) from secondary DENV and primary DENV1
infections but not at the late convalescent (>12 weeks) phase.

Longitudinal analysis of ZIKV EDI and EDIII cross-reactivities in DENV-immune
samples. Next, we evaluated sequential serum samples collected as part of a hospital-
based study in Nicaragua from 24 children with laboratory-confirmed primary and
secondary DENV3 infections (collected before the introduction of ZIKV to the region)
(Table S6). This study allowed us to define the time course of cross-reactivity with the
Z-EDI and Z-EDIII antigens as well as to compare cross-reactivity with Z-EDI and Z-EDIII
in primary DENV infections with that in secondary DENV infections in individuals
infected with the same serotype of DENV. All eight primary DENV3 cases showed
minimal to no cross-reactivity to Z-EDI and Z-EDIIl <1, 6, and 12 months after DENV
infection (Fig. 5A and B). However, most secondary DENV-immune samples showed
reactivity to Z-EDI and Z-EDIIl 14 to 23 days after DENV3 infection. By 6 months after
infection, only 4 of 16 subjects still maintained cross-reactive antibodies to Z-EDIII (Fig.
5A), based on a stringent cutoff of an optical density (OD) of 0.3 (the lowest OD
observed for the Z-EDIIl antigen with any ZIKV-immune sample used in this study).
While a trend of declining cross-reactivity was also observed for Z-EDI antibodies, 7 of
16 subjects exhibited cross-reactivity to the secondary DENV3 cases even at 12 months
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FIG 5 Patterns of cross-reactivity of Z-EDIII (A) and ZED-I (B) antigens with longitudinal DENV samples.
Intensities of serum binding in sandwich ELISAs for Z-EDIIl and Z-EDI are shown as heat maps.
Longitudinal samples (collected 14 to 23 days, 6 months, and 12 months postinfection) from patients
with primary (left of the dashed line) or secondary (right of the dashed line) DENV3 infection were diluted
1:20, and the IgG antibodies bound to Z-EDI or Z-EDIIl were measured using a sandwich ELISA. The
resulting normalized OD values are represented by a color scale (green, lowest values; yellow, middle
values; and red, highest values).

postinfection (Fig. 5B). We concluded that among people exposed to secondary DENV
infections, cross-reactive Z-EDIII antibodies typically decline to background levels by 6
months postinfection.

DISCUSSION

As ZIKV is emerging in areas with intense DENV transmission and, more recently,
clinical trials of DENV vaccines, there is an urgent need for simple serological assays to
distinguish ZIKV infections from DENV infections. Our comparative analysis of surface
amino acid conservation among flavivirus E proteins and homology epitope mapping
pointed to three regions on ZIKV E protein as potential targets of ZIKV type-specific
antibodies. Here we evaluated the utility of recombinant Z-EDI and Z-EDIII antigens,
which display two of the three predicted ZIKV-specific antigenic regions. Our results
demonstrate that Z-EDIIl and, to a lesser extent, Z-EDI are strong candidate antigens for
serological tests to differentiate ZIKV infections from DENV infections when samples are
collected >12 weeks after infection. The recombinant antigens performed equally well
for both primary and secondary infection samples, indicating that specificity was not
reduced by high levels of cross-reactive antibodies characteristic of secondary flavivirus
infection.

In contrast to that in late convalescence, we observed a high level of cross-reactivity
in early-convalescent-phase DENV samples (2 to 12 weeks after infection). Early-
convalescent-phase cross-reactivity was more pronounced in secondary than in primary
DENV cases. Among individuals exposed to primary DENV infections, we observed low
to undetectable levels of antibodies that cross-reacted with Z-EDI and Z-EDIII, except in
the case of primary DENV1 infections. Recent studies defined an epitope on EDIII that
is conserved between DENV1 and ZIKV (55). A single point mutation at this epitope
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failed to eliminate the cross-reactivity, indicating the need for additional mutations to
ablate the epitope as well as the possibility of other conserved epitopes between ZIKV
and DENV1. In secondary DENV cases, we consistently observed high levels of cross-
reactivity at early convalescence, irrespective of serotype or geographic location of
sample collection.

Our longitudinal analysis of Z-EDI and Z-EDIII reactivities, spanning from early to late
convalescent phase, showed that flavivirus-cross-reactive IgG antibodies comprise a
transient population that is produced early after infection and declines thereafter,
whereas ZIKV-specific responses are more stable over time (26). While the cellular
mechanisms responsible for the differential decline of cross-reactive and type-specific
serum antibodies are not known, one possible explanation is that many of the cross-
reactive antibodies are derived from early plasmablasts or extrafollicular B cells that are
not maintained as long-lived plasma cells or memory B cells.

Development of serological tests for diagnosing ZIKV infection in the context of
prior flavivirus infection is a challenging and complex problem that remains a major
unmet need. To date, there are only three serological assays for ZIKV approved by the
U.S. Food and Drug Administration, under an emergency use authorization (56), and a
few other commercial tests are available in countries outside the United States or for
research purposes. These assays use either NS1, recombinant E, or another, unspecified
ZIKV antigen (57). The Centers for Disease Control and Prevention MAC (IgM) ELISA
exhibits well-publicized limitations, including false-negative results (58), false-positive
results due to cross-reactive antibody from DENV infection (59), and persistence of ZIKV
IgM beyond the previously presumed 12-week window (60). Our findings of cross-
reactive IgG binding in early convalescence indicate that this period will be the most
challenging for optimization of assay specificity. Thus, there is roughly a 10-week period
(weeks 2 to 12) following infection when current and next-generation serodiagnostic
results may remain ambiguous. One important step forward is found in a recent report
evaluating an NS1-based blockade-of-binding assay for ZIKV diagnosis (61). This assay
leverages a ZIKV type-specific monoclonal antibody recognizing a nonconserved
epitope on ZIKV NS1 (62). Again, a certain secondary DENV group displayed reduced
specificity in this NS1-based assay during early convalescence. It may be that a
combination of antigens is required to achieve optimal sensitivity and specificity for
serum antibody detection, particularly during early convalescence.

Additional issues preclude optimal implementation of many currently available
serological assays. First, the serum panels used to evaluate these assays come from
remnant clinical specimens or archived sera not collected systematically and specifically
for analysis of clinical performance in diagnosing individuals with multiple flavivirus
exposures. Second, sera from individuals with a single flavivirus infection history and
residing in regions where flavivirus infection is not endemic are not representative of
the populations for whom improved diagnostics are most critical, namely, those
residing in the tropics, where individuals experience multiple and frequent flavivirus
exposures. We are involved with ongoing studies designed to address this shortcoming.
Third, sensitivity in different IgM assays can be less than 80%, particularly outside the
range of 6 to 60 days, when IgM assays perform best. Lastly, not only have false-positive
ZIKV test results been reported due to current or previous DENV infection, but DENV
tests may also be positive following confirmed ZIKV infections. The cumulative expe-
rience with ZIKV serodiagnosis, to date, clearly indicates that novel approaches will be
required.

There are a few notable limitations to our study. Our goal was to explore recombi-
nant ZIKV E antigens for development of improved serodiagnostics. The moderate
sample size to which we had access allowed us to achieve that goal; however, a larger
sample size will be necessary to define more precise cutoff values and to fully evaluate
sensitivity and specificity. Ideally, a candidate diagnostic test would be evaluated in a
large cohort of patients with PCR-confirmed infection status, representing multiple
serotypes of DENV and other flavivirus exposures, and with availability of longitudinal
specimens collected at early and late times after infection.
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Diversity in infecting strains of ZIKV may elicit antibodies that target different
epitopes or different permutations of the same antigenic region of E protein. While we
evaluated only a single construct for each of the Z-EDI and Z-EDIII antigens, we believe
that these antigens (from a ZIKV isolate from French Polynesia) are likely to be
representative of the vast majority of ZIKV strains in circulation. In fact, E protein amino
acid sequences from ZIKV isolates from several different times and places vary by only
=1%, and both African and Asian lineage strains perform similarly in binding and
neutralization assays, suggesting that ZIKV exists as a single serotype (26, 63).

While the present work provides the platform for incorporating Z-EDI and Z-EDIII
into a suitable antigen-antibody binding assay for the purposes of surveillance, vaccine
efficacy studies, and risk reduction counseling, further modification of Z-EDI and Z-EDIII
may improve their utility in the early convalescent phase of ZIKV infection. Cross-
reactive antibodies may be depleted using recombinant DENV antigens, but depletion
techniques are tedious and time-consuming (26). Introducing amino acid variation
through protein engineering is an attractive strategy to eliminate cross-reactive
antibody-binding sites while preserving unique epitopes within Z-EDIIl and Z-EDI
antigens. The high signal we observed for IgG binding to Z-EDIII with a simple ELISA
format is encouraging, although a combination of Z-EDI and Z-EDIII as well as fusion of
antigens to protein scaffolds may also be tested for improvement of the sensitivity of
the assay. Finally, we observed that some individuals are strongly IgG seropositive for
only one of the Z-EDI or Z-EDIII antigen, raising the possibility that a multiplex platform
employing a panel of antigens may improve sensitivity (64). This approach also has the
advantage of allowing the design of expanded antigen panels to detect antibodies
specific for additional pathogens that cause clinical presentations similar to those for
DENV and ZIKV.

In conclusion, we have demonstrated that Z-EDI and Z-EDIIl contain important
epitopes that can be used to resolve current serodiagnostic limitations. Ultimately, this
work can lead to development of crucial point-of-care ZIKV diagnostics amenable to
field use in resource-limited settings. In the process, much can be learned about the
epitopes targeted by durable type-specific and cross-reactive human antibodies gen-
erated upon ZIKV exposure, which is important for the design of highly efficacious
DENV and ZIKV vaccines.

SUPPLEMENTAL MATERIAL
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7 CONCLUSAO

Em concluséo, o presente trabalho demonstrou que:

A infecgéo pelo ZIKV na gestagédo nao prejudica a transferéncia materno-fetal
de anticorpos IgG. Anticorpos IgG maternos, contra ZIKV e DENV, e aqueles
elicitados por vacinas, como a de Hepatite B, Rubéola, Haemophilus Influenzae
tipo B, difteria, coqueluche e tétano, sao eficientemente transferidos ao feto na

gestacédo, mesmo apds uma infecgao pelo ZIKV.

O ZIKV pode estar presente no leite materno do pds parto, até 4 meses apoés
uma infecgdo ocorrida na gestagédo. Apesar desse achado, ndo observamos
evidéncias de transmissdo aos recém nascidos, através da amamentacao, e,
portanto, nada que contrarie as recomendagdes da OMS. Devido a
persisténcia do virus nesse espécime clinico chamamos a atencao para o
potencial papel da mama na manutencao e excregao de virus. Além disso,
levantamos a plausibilidade de testar o leite materno, coletado nos dias
seguintes ao parto, como espécime adicional para o diagnostico de ZIKV,
principalmente nos casos em que a infecgdo ocorreu a partir do segundo

trimestre de gestagao.

Criangas expostas ao ZIKV no periodo pré-natal, que nao apresentaram
microcefalia ao nascimento, apresentam maior prevaléncia de anormalidades
no encéfalo, detectados através de exames de imagem como TC e USTF.
Apesar disso, as criangas expostas ao ZIKV no periodo pré-natal,
demonstraram desenvolvimento cognitivo normal nos primeiros 2 anos e meio

de vida, sem atrasos, em relacio as criancas nao-expostas ao ZIKV.

Antigenos recombinantes da proteina de envelope do ZIKV Z-EDIIl e EDI,
apresentam potencial para utilizagdo no diagnéstico soroldgico tardio de ZIKV,
em plataformas simples, e conferindo especificidade suficiente para sobrepor
as limitagdes dos testes soroldgicos atuais, que sdo as reagdes cruzadas com

outros flavivirus como o Dengue.
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8 ASPECTOS ETICOS E SUPORTE FINANCEIRO

O estudo foi aprovado pelo Comité de Etica em Pesquisa (CEP) do HUCAM e
pela Comissdo Nacional de FEtica em Pesquisa (CONEP), sob numero
52841716.0.0000.5071. As participantes s6 foram incluidas no estudo apds a
assinatura do Termo de Consentimento Livre e Esclarecido (TCLE). Todas as
amostras coletadas foram identificadas com um cédigo especifico do estudo, de forma
a garantir a confidencialidade dos dados dos participantes. Além disso, durante toda
a execucao desse estudo, foi proporcionado aos voluntarios da pesquisa, assisténcia

meédica e laboratorial de qualidade.

O projeto foi financiado de julho de 2016 a junho de 2018 pela Fundagao de
Amparo a Pesquisa e Inovagao do Espirito Santo - FAPES (306/2016 - 74910132/16)
e pela Coordenacao de Aperfeicoamento de Pessoal de Nivel Superior — CAPES,
através da concessado da bolsa de doutorado (Cdédigo de Financiamento 001).
Também, obtivemos apoio técnico e envio de reagentes pelo Instituto de Vacinas da
Universidade Duke (Duke Human Vaccine Institute - DHVI) através da colaboracgéo
estabelecida entre o NDI e a Duke University. Além das instituicbes mencionadas,
ainda contamos com a colaboracdo da Unidade de Pesquisa Médica Naval dos
Estados Unidos da América, no Peru (NAMRU-6), através do apoio para realizagao

das técnicas de isolamento viral em cultura de células.
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