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RESUMO

O virus Zika (ZIKV) é um arbovirus membro da familia Flaviviridae e género
Flavivirus geralmente transmitido por mosquitos do género Aedes. A apresentacdo clinica do
ZIKV n&o ¢ especifica (febre, rash cutaneo, artralgia, mialgia, anorexia e astenia) podendo ser
confundida com outras doengas, especialmente dengue e chikungunya. Em 2015 relatou-se 0s
primeiros casos de infeccdo com ZIKV no Brasil assim como a associacdo da infeccdo com o
desenvolvimento de microcefalia e da sindrome Guillain-Barré. Os mecanismos imunoldgicos
e moleculares relacionados a resposta a infeccdo com ZIKV ainda precisam ser elucidadas. A
identificacdo de mecanismos moleculares responsaveis pela modulagdo, no hospedeiro, de
diversas vias em resposta ao ZIKV é o primeiro passo para que se encontrem alvos terapéuticos
em potencial para o controle da infeccdo e tratamento dos sintomas. Na Ultima década foi
demonstrado que microRNAs (miRNAs), pequenas moléculas de RNA de 22 nucleotideos,
estdo envolvidas na regulacdo da expressdao génica de virtualmente todos 0s processos
celulares. Os miRNAs também tém sido identificados como importantes biomarcadores
plasmaticos, pois sdo secretados pelas células ou liberados durante dano tecidual e infeccdes.
Sabe-se que diferentes infecgOes virais induzem uma alteragdo no perfil de expressédo de
miRNAs circulantes no plasma de pacientes infectados. Entretanto, ainda néo existem trabalhos
que estudaram a importancia e alteracdo desses miRNAs durante a infeccdo com ZIKV. Neste
trabalho nos avaliamos o perfil de miRNAs circulantes em amostras de plasma que foram
coletadas de pacientes nas fases aguda e de convalescéncia da infeccdo por ZIKV e de
pacientes saudaveis provenientes da mesma regido endémica. O perfil de miRNAs dos grupos
foi obtido e analisado. Observamos que a infeccdo com ZIKV causou alteracdes no perfil de
miRNAs circulantes, como esperado. Esse perfil foi distinto dos pacientes convalescentes e dos
pacientes saudaveis. Por meio da utilizacdo de ferramentas de bioinformatica e biologia de
sistemas predizemos alvos em potencial dos miRNAs alterados assim como vias de sinalizagdo
que estes potencialmente controlam. Dentre os vinte e quatro miRNAs diferencialmente
expressos (DEMSs), destacamos o0os miR-146, miR-125a-5p, miR-30-5p e miR-142-3p
identificados e relacionados a vias de sinalizacdo moduladas durante a infeccdo. Os resultados
aqui apresentados sao um esforco para abrir novos caminhos para 0s principais papeis dos

miRNAs durante a infeccdo pelo ZIKV.

Palavras — chave: Virus ZIKA; miRNA; Biologia de Sistemas.



ABSTRACT

The Zika virus (ZIKV) is an arbovirus member of the family Flaviviridae and genus
Flavivirus generally transmitted by mosquitoes of the genus Aedes. The clinical presentation of
ZIKV is not specific (fever, skin rash, arthralgia, myalgia, anorexia and asthenia) and can be
confused with other diseases, especially dengue and Chikungunya. In 2015, the first cases of
ZIKV infection in Brazil were reported, as well as the association of the infection with the
development of microcephaly and Guillain-Barré syndrome. The immunological and molecular
mechanisms related to the response to infection with ZIKV have yet to be elucidated. The
identification of molecular mechanisms responsible for the modulation, in the host, of several
pathways in response to ZIKV is the first step towards finding potential therapeutic targets for
the control of infection and treatment of symptoms. In the last decade it has been demonstrated
that microRNAs (miRNAs), small RNA molecules of 22 nucleotides, are involved in the
regulation of gene expression in virtually all cellular processes. miRNAs have also been
identified as important plasma biomarkers, as they are secreted by cells or released during
tissue damage and infections. It is known that different viral infections induce a change in the
expression profile, as well as in the content of miRNAs circulating in the plasma of infected
patients. However, there are still no studies that have studied the importance and alteration of
circulating miRNAs during infection with ZIKV. In this work, we evaluated the circulating
miRNAs profiles of plasma samples that were collected from patients in the acute and
convalescent phases of ZIKV infection and from healthy individuals in the same endemic
region. The miRNA profile of the groups was obtained and analyzed. We observed that
infection with ZIKV caused changes in the profile of circulating miRNAs, as expected. This
profile was different from convalescent patients and healthy patients. Using bioinformatics and
systems biology tools, we predict potential targets of altered miRNAs as well as the signaling
pathways they potentially control. Among the twenty-four differentially expressed miRNAs
(DEMs), we highlight miR-146, miR-125a-5p, miR-30-5p and miR-142-3p identified and
related to signaling pathways modulated during infection. The results presented here are an

effort to open new avenues for the key roles of miRNAs during ZIKV infection.

Keywords: ZIKA virus; miRNA; System Biology.
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1 REFERENCIAL TEORICO

1.1 Zika, um virus emergente

O virus Zika (ZIKV) é um arbovirus membro da familia Flaviviridae e
género Flavivirus pertencentes a duas linhagens, Africana e Asiatica. O virus é
geralmente transmitido por mosquitos do género Aedes para macacos, sendo 0s seres
humanos hospedeiros ocasionais. Este virus recebeu o nome do local de onde foi
isolado pela primeira vez em 1947, na floresta Zika proxima de Entebbe na
Republica de Uganda (HAMEL et al., 2015; HAYES, 2009 ; DICKa et al., 1952;
DICKbD et al.,1952). Os primeiros relatos de doenca humana causada pelo ZIKV
aconteceram na Nigéria em 1953 (MACNAMARA, 1994) e Uganda em 1964
(SIMPSON 1964). A primeira epidemia fora da Africa foi descrita em 2007, na
Micronésia, onde foram identificadas 185 suspeitas de casos, sendo 49 casos
confirmados e 59 casos provaveis confirmados (LANCIOTTI et al., 2008). Embora o
ZIKV tenha sido descoberto a mais de 60 anos, apenas 14 casos humanos haviam
sido reportados antes de 2007, e apds esta data surgiram quatro principais surtos: na
ilha de Yap, Polinésia Francesa, Nova Caleddnia. Os primeiros casos de infecgdo por
ZIKV no continente americano foram no Brasil em maio de 2015, seguido pela
Colémbia, El Salvador, Guiana Francesa, Guatemala, Honduras, México, Panama,
Paraguai, Suriname e Venezuela. Dados da Organizacdo Mundial de Satude (OMS)
estimam que em 2018 ocorreram aproximadamente 1 milh&o de pessoas infectadas
com ZIKV nas Américas, sendo 19,000 somente no Brasil (WHO, 2018).
1.2 Transmissado e Manifestagdes Clinicas

Entre os hospedeiros silvestres do ZIKV estdo os primatas ndo humanos e
especies do mosquito Aedes. No ambiente urbano ocorre a transmissao para humanos

por meio dos mosquitos das espécies A. aegypti, A. albopictus, A. hensilli e A.
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polynesiensis. Sendo que A.aegypti e albopictus sdo encontrados nas Americas e as
duas ultimas, sdo vetores encontrados apenas nas ilhas Yap e Polinésia Francesa
(CHOUIN-CARNEIRO et al., 2016; PETERSEN et al., 2016). Relatos e alguns
estudos demonstraram que a transmissdo também pode ocorrer da mae para o feto
durante a gravidez, com a identificacdo do RNA viral no liquido amnidtico e leite
materno (CALVET et al., 2016; JOUANNIC et al., 2016). Também ja foi
confirmada a possibilidade de transmissao sexual por meio da deteccdo do RNA viral
no sémen por periodos prolongados (MUSSO et al., 2015). Ainda ndo foi adotada a
deteccdo especifica para ZIKV em bancos de sangue, representando uma forma de
transmissdo que preocupa as autoridades de saude.

Os virus da familia Flaviviridae conservam caracteristicas de morfologia da
particula viral, organizacdo do genoma e estratégias de multiplicacdo similares,
contudo, possuem propriedades biologicas caracteristicas e hospedeiros diversos
(LINDENBACH et al., 2007). A maioria dos virus desta familia é transmitida por
picadas de mosquitos ou de carrapatos. Entre as espécies conhecidas de Flavivirus, as
27 transmitidas por mosquitos sdo subdividas em dois grandes grupos, de acordo
com sua ecologia e manifestacGes clinicas em humanos (KRAMER & EBEL, 2003),
os flavivirus encefaliticos, transmitidos por mosquitos do género Culex e tendo como
hospedeiros naturais 0s passaros, e os flavivirus viscerotrépicos, que incluem o virus
da dengue e da febre amarela, transmitidos por mosquitos do género Aedes,
possuindo primatas como seus hospedeiros naturais (GUBLER, 2002). A transmissao
do ZIKV ocorre principalmente através da picada da fémea do mosquito do género

Aedes. Além de outras vias como citado anteriormente.
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Zika é uma doenca exantematica com apresentacdo clinica semelhante a de
outras infec¢bes por arbovirus, como chikungunya e dengue. Apds o contagio com 0
ZIKV, o periodo de incubacdo em humanos pode variar entre trés e 12 dias, sendo
que grande parte das infec¢es pode permanecer assintomatica (DUFFY et al., 2009;
MUSSO et al., 2014b; BROOKS et al., 2016). A evolucdo para quadros sintomaticos
pode apresentar uma variedade de sintomas, que nem sempre estdo presentes
conjuntamente. A infeccdo por ZIKV, quando sintomatica, € normalmente
caracterizada pelo aparecimento de exantema maculopapular; febre aguda (37,8 °C -
38,5 °C) autolimitada, com duracdo de dois a sete dias; artralgia; mialgia, dor de
cabeca conjuntivite e/ou uveite. Alguns sintomas como tosse, vomito, dor de
garganta e dor retro orbitaria, também ja foram relatados (ARMSTRONG et al.,
2016; ECDC, 2016; ESTOFOLETE et al., 2016; THOMAS et al., 2016). Ao
contrario de outras arboviroses, como a Dengue, ndo foram notificados sinais
hemorragicos em doentes infectados com ZIKV (DUFFY et al., 2009; KWONG et
al., 2013). No entanto, complicac¢Ges neuroldgicas, como microcefalia associada ao
virus em recém-nascidos e neuropatias periféricas foram descritas (OEHLER et al.,
2014; CALVET et al., 2016; KLASE et al., 2016; MLAKAR et al., 2016; MS, 2016;
WHO, 2016). Os primeiros estudos sobre os casos de microcefalia fetal e sua
associacdo a transmissdo vertical do virus e o aumento do nimero de casos de
neuropatias periféricas, como a SGB, concomitante ao aumento do numero de
notificagbes de ZIKV sugeriram uma relacdo causal (DE PAULA et al., 2016;
MARTINES et al., 2016; MLAKAR et al., 2016; VENTURA et al., 2016). Somente
em 2016 alguns trabalhos comprovaram a relagdo da infeccdo pelo virus ZIKA e o

desenvolvimento da microcefalia em modelos experimentais. Ressalta-se que a
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ocorréncia de microcefalia associada a infeccdo pelo ZIKV aumentou a vigilancia a
este tipo de méa-formacao, evidenciando que este tipo de evento era essencialmente
subnotificado no Brasil antes da circulacdo do virus.
1.3 Microcefalia causada pelo Virus ZIKA

A microcefalia é caracterizada pela reducdo do perimetro cefalico devido a
destruicdo de células neuronais que levam ao desenvolvimento inadequado do
cérebro (PERVAIZ et al., 2021). As alteracGes no feto, podem ser detectadas por
ultrassom, tomografia, ou por medi¢bes perimétricas cefalicas durante o pré-natal. A
sindrome fetal de ZIKV assemelha-se as outras infeccbes de contégio
transplacentario, associadas as malformacdes congénitas, como toxoplasmose, sifilis
e rubéola, e devido a este conjunto de sinais e sintomas é denominada Sindrome
Congénita do Virus Zika (SCVZ) (KLASE et al., 2016; MIRANDAFILHO et al.,
2016).As caracteristicas comuns na microcefalia congénita incluem a
desproporcionalidade facial em comparacdo com a cabeca e "cutis girata” (dobras do
couro cabeludo, causadas pelo crescimento continuo da pele a medida que o
desenvolvimento cerebral diminui). Além disso, os recém-nascidos podem apresentar
hiperreflexia, irritabilidade, tremores e convulsdes, anormalidades auditivas e
visuais. Neuroimagens frequentemente revelam calcificacdes, entre outras alteracoes,
como hipoplasia do tronco cerebral e do cerebelo e ventriculomegalia (MIRANDA.-
FILHO et al., 2016; MLAKAR et al., 2016; WHO, 2016¢). O desenvolvimento da
patologia encefalica e a infeccdo de células neurais dependem da habilidade do virus
para entrar no SNC e na célula, ou seja, da neuroinvasdo e da neuroviruléncia
(MCMINN, 1997). O tropismo para neurénios motores ja foi descrito para varios
flavivirus, como JEV, WNV, TBEV e DENV (SOLOMON, 2004; SIPS et al., 2012).

Estudos detectaram a presenca tanto do RNA de dengue virus quanto de anticorpos
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especificos anti-dengue em amostras de liquido cefalorraquidiano comprovando a
possibilidade de neuroinvaséo destes virus (DOMINGUES et al., 2008; KUMAR et
al., 2008). Inicialmente a relacdo causal entre virus e doenca foi atribuida a,
provavelmente, ser consequéncia de mutacgdes virais recentes, baseada na hipétese de
que a ocorréncia de mutacdes propicia a geracdo de amostras virais mais virulentas.
Para outros membros da familia Flaviviridae esta bem estabelecido que mutacGes no
gene que codifica a glicoproteina E do envelope viral aumentam a sua viruléncia e a
sua capacidade de danificar o sistema nervoso central (SIPS et al., 2012). No sistema
nervoso central podem ser visualizadas reacdo intracitoplasmatica granular e ativacao
de micrdglia e macrofagos, o que sugere a localizacdo do virus nos neurdnios e a
interferéncia da resposta imune do hospedeiro na patogénese da microcefalia
(MLAKAR et al., 2016). A epidemia de ZIKV nas Américas e a associacdo
observada em anormalidades fetais (microcefalia) e patologia autoimune adulta
(sindrome de Guillain-Barré) chamaram a atencdo para esse patdgeno (OLIVEIRA,
et al.,, 2016; MS, 2016a; WHO, 2016c). O alto numero de casos no Brasil,
principalmente na regido nordeste, provocou uma rapida mobilizacdo de especialistas
em salde publica. Apds o aumento de casos de infeccdo por ZIKV, vérios trabalhos
comecaram a sugerir uma correlacao entre a infeccdo por e 0 aumento de nimeros de
casos de microcefalia infantil, observada durante o surto - o Brasil relatou uma
alarmante cifra de 7.438 casos suspeitos de microcefalia pela 18% semana
epidemioldgica de 2016; no entanto, apenas 1.326 destes casos foram confirmados
como infeccdo congénita. Embora um numero significativo de casos tivesse sido
excluido desta associacdo, em 2017 o grupo do Prof. Jean Pierre.... demonstrou

experimentalmente que camundongos bla bla bla.
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a relacdo epidemioldgica e resultados de pesquisas experimentais apoiam que ha uma
relacdo causal entre Infeccdo intrauterina de ZIKV e microcefalia primaria fetal
(CALVET et al., 2016; CUGOLA et al., 2016; KLASE et al., 2016; MIRANDA-
FILHO et al., 2016; MLAKAR et al.,2016; SARNO et al., 2016, WHO, 2016¢).
Varios estudos demonstraram a presenca do virus Zika no sistema nervoso central,
em o6rgdos como rins e figado em autopsias de recém-nascidos (WILEY;
CHIMELLI, 2017), bem como no liquido amnidtico de mulheres gravidas infectadas
(CALVET et al.,, 2016) e em modelos experimentais (CUGOLA et al., 2016).
Experimentos in vivo em embriGes de camundongos demonstraram a transmissao
vertical do ZIKV e confirmaram seu direcionamento seletivo para 0s progenitores
neurais (GLADWYN-NG et al., 2018). O mecanismo molecular da microcefalia
induzida pelo virus Zika foi proposto se iniciando na transmissdo transplacentaria
durante o primeiro trimestre da gravidez e propagacdo do virus em células
progenitoras neurais humanas (hNPCs), onde a entrada é facilitada pelo receptor
(proteina AXL) levando a sinalizacéo e ativacdo imunoldgica

nas células hospedeiras. A regulacdo negativa da neurogénese e a regulacdo positiva
da apoptose em hNPCs levam a parada do ciclo celular e a morte dos neurénios em
desenvolvimento ocasionando os distdrbios neuroldgicos, como a microcefalia
(FAIZAN et al., 2016). A doenca neuroldgica causada pelo ZIKV parece ocorrer por
meio de dois mecanismos diferentes dependentes do periodo gestacional. Quando a
infeccdo ocorre no primeiro trimestre de gravidez, o virus infecta células
progenitoras neurais causando graves alteragdes do desenvolvimento, ja infeccoes
mais tardias foram associadas a infeccdo meningea e lesdes isquémicas destrutivas

do cérebro (WILEY; CHIMELLLI, 2017).
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1.4 Diagnostico

O diagndstico pode ser feito a partir amostras biologicas variadas como urina,
sangue/soro, liquor, sémen, saliva, liqguido amnidtico, liquido cefalorraquidiano,
placenta, fragmentos de tecido (BARZON et al., 2013; WHO, 2014; CAMPOS et al.,
2016; JURADO et al., 2016; OLSON et al., 2016). As metodologias empregadas no
diagnostico laboratorial da infeccdo por ZIKV tém baseado principalmente em
ferramentas moleculares, por meio da deteccdo do material genético do virus, pela
técnica da Reacdo em Cadeia da Polimerase em Tempo Real (RT-PCR), além de
testes soroldgicos, pela deteccdo de anticorpos dos tipos IgG e IgM, que devem ser
interpretados com cautela devido a possibilidade de resposta cruzada com outros
flavivirus (DUFFY et al., 2009; BINGHAM et al., 2016; HUZLY et al., 2016;
STETTLER et al., 2016; VAN ESBROECK et al., 2016). Métodos moleculares,
baseados na deteccdo do RNA viral, devem ser realizados, preferencialmente, em
amostras de até sete dias ap0s o inicio dos sintomas, enquanto métodos soroldgicos,
para a deteccdo de anticorpos, devem ser realizados apds quatro dias (IgM) ou apds
15 dias (IgG) de inicio dos sintomas (PAHO, 2016).

Os métodos moleculares possuem sensibilidade e especificidade elevadas,
dependendo do estagio da doenca. Apesar de altamente confidveis, possuem custo
elevado, exigem infraestrutura e equipamentos sofisticados e equipe técnica
capacitada. No sangue, a deteccdo deve ser feita em até 7 dias ap6s o inicio dos
sintomas, contudo, elevada carga viral em amostras de urina tem sido detectada em
periodo mais prolongado da fase aguda (BARZON et al., 2013; GOURINAT et al.,
2015; DRIGGERS et al., 2016; PAHO, 2016). A deteccédo especifica do ZIKV pela
técnica de RTPCR é feita com iniciadores e sondas especificos para genes que

codificam para as proteinas E, a jun¢cdo membrana-envelope (M/E), envelope parcial



19

(pE) e a NS5 de ZIKV (FAYE et al., 2008; FAYE et al., 2013; BALM et al., 2012).
Além dos testes de identificacdo do RNA ou de anticorpos, antigenos virais podem
ser pesquisados em ensaios imunohistoquimicos com anticorpos monoclonais ou pela
técnica de PCR em autdpsia de tecidos. (BUCKLEY & GOULD, 1988; HAMEL et
al., 2015). Ademais, o virus pode ser isolado em técnicas de cultivo celular a partir
de sangue humano, sémen e urina (CAO-LORMEAU, 2014; FONSECA et al., 2104;
MUSSO et al., 2105).

A sorologia de ZIKV é geralmente realizada por ELISA seguida pela
confirmacdo por ensaio de neutralizacdo por reducdo de placas (PRNT) (JOHNSON
et al., 2000; MARTIN et al., 2000; KUNO, 2003; WHO, 2007; MAEDA &
MAEDA, 2013). O PRNT é considerado o teste "padrdo-ouro” para a deteccdo
especifica de anticorpos anti-Flavivirus, possuindo alta especificidade em infecgdes
primarias (KUNO, 2003; LANCIOTTI et al., 2008 364). Contudo, ¢ um teste
dispendioso e deve ser realizado em laboratérios altamente especializados e
regulamentados, devido a manipulacéo de virus vivos (MUSSO & GUBLER, 2016).

Alguns testes imunocromatograficos estdo disponiveis no mercado, no
entanto, apesar de vantajosos em relacdo aos outros disponiveis pela praticidade,
custo e rapidez no resultado, apresentam as mesmas desvantagens de resposta
cruzada frente a outros flavivirus mostradas pelos testes sorologicos citados
(LANCIOTTI et al., 2008; MINISTERIO DA SAUDE, 2016). A presenca de
reatividade cruzada com IgM de outros flavivirus, principalmente em infeccoes
secundarias, tanto com IgM ELISA, quanto pelo PRNT (LANCIOTTI et al., 2008),
dificulta a utilizacdo destes métodos. Alguns estudos mostraram 0 aumento de
anticorpos heterologos para outros flavivirus, em infeccdes secundarias por virus do

mesmo grupo (THEILIER & CASALS, 1958; BEARCROFT, 1956).
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O protocolo preconizado pela OMS, em caso de suspeita de ZIKV, deve ser
feito em amostras de soro ou saliva de fase aguda, pela técnica de RT-PCR
especifico de ZIKV, ou pan-flavivirus com sequenciamento de produto de PCR em
amostras positivas. Apos a fase aguda a urina ainda pode ser utilizada para o
diagnostico. Se a avaliacdo pelos métodos moleculares for negativa, a sorologia pode
ser considerada, no entanto, os resultados devem ser avaliados com cautela devido a
possibilidade de reatividade cruzada. Neste caso, as coletas de amostras de soro
devem ser feitas de forma pareada, em um intervalo de 4 semanas, e um resultado
positivo de ZIKV IgM deve ser confirmado pelo método de PRNT (PAHO, 2016).

O diagnostico de ZIKV associado as complicacdes neuroldgicas, como a
SGB, ¢ feito da mesma forma descrita previamente. Como, normalmente a suspeita
de uma sindrome neurolégica ocorre fora do periodo de viremia é recomendado que
a deteccdo molecular seja realizada em amostras de urina, ou através da deteccdo de
anticorpos IgM na amostra de soro por ELISA. Amostras de fluido cerebrospinal
(CSF) devem ser consideradas (PAHO, 2016). Outros exames laboratoriais, menos
especificos, como hemograma completo, bioguimicos e de urina, tém demonstrado
alteracdes sanguineas, como leucopenia, presenca de linfécitos ativos,
trombocitopenia, aumento dos niveis de transaminases (DUPONT-ROUZEYROL et
al., 2015; GOURINAT et al., 2015), albuminemia e presenca de pigmento biliar na
urina (MACNAMARA et al., 1954), que sdo alteracdes presentes em Vvarias outras
infeccdes virais. A realizacdo do hemograma completo em todos 0s casos suspeitos

de Zika é recomendada (MUSSO & GUBLER, 2016).

1.5 Biologia dos Flavivirus e fisiopatologia da infec¢éo por Zika virus

O ZIKV assim como membros do género Flavivirus possuem um tamanho em

torno de 40-60 nandmetros e possuem um genoma composto de uma unica fita de
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RNA de polaridade positiva, contendo aproximadamente 11.000 nucleotideos que
codifica uma unica poliproteina. 5’-C-prM-E-NS1-NS2A-NS2B-NS3-NS4A-NS4B-
NS5-3" clivada por enzimas da célula hospedeira, gerando 3 proteinas estruturais:
(Capsideo [C]- Precursor da Membrana [prM] — Envelope [E]) e 7 proteinas nédo
estruturais (NS1-NS2A-NS2B-NS3-NS4A-NS4B-NS5) (GUZMAN et al., 2015)
(Figura 1).
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Figura 1: Estrutura da particula viral de ZIKV. A esquerda desenho da estrutura da
particula de Zika virus. A estrutura é composta pelo material gendmico formado por RNA de
fita simples e polaridade positiva (RNA genome) envolto pelas trés proteinas estruturais: a
proteina do envelope disposta em dimeros (Envelope); a proteina associada a membrana (M
protein) e a proteina do nucleocapsideo (Capsid). A direita, Microscopia de transmisso
eletronica (TEM) do virus Zika. As particulas virais tém 42-52nm de didmetro, com um
envelope exterior e um nucleo denso interior. A seta identifica uma Unica particula de virus.
Fonte: Adaptado de "Zika virus: Virion," por ViralZone, Swiss Institute of Bioinformatics
(CC BY-NC 4.0); direita, "Zika virus," por C. Goldsmith, CDC Public Health Image Library.

De acordo com andlises filogenéticas e do seu genoma, o ZIKV esta
relacionado com o virus Spondweni e foram identificadas, até o momento, duas
linhagens: Asiatica e Africana, que estdo intimamente relacionadas com o virus
Spondweni (CHAMBERS et al., 1990; LINDENBACH; RICE, 2003; FARIA et al.,
2016; FAYE et al., 2014; HADDOW et al., 2012).

Ap0s a transmissdo do virus pela picada do mosquito, estes sdo capazes de

invadir células do sistema imune presentes na pele, incluindo fibroblastos,

queratindcitos e celulas dendriticas interagindo com receptores de lectinas tipo C
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como o DC-SIGN (Dendritic Cell-Specific Intracellular Adhesion Molecule-3-
Grabbing Non-integrin) e receptores de fosfatidilserina TIM e TAM, AXL e Tyro3
presentes na superficie celular por meio de um mecanismo de endocitose mediada
por receptores. Quanto ao reconhecimento pelo sistema imune inato observa-se
padrdes semelhantes ao observado em infecdes por outros tipos de virus, tais como
o reconhecimento pelos receptores do tipo Toll (TLR3, TLR7 e TLR9) induzindo a
producdo de interferon do tipo I (IFN-o e IFN-B) (TAKEUCHI et al., 2009).
Ensaios utilizando IFN-o, IFN-B indicaram que o virus Zika ¢ altamente sensivel
aos efeitos antivirais dessas citocinas e animais knock-out para interferons do tipo |
sdo altamente suscetiveis a infeccdo pelo ZIKV, reproduzindo a patologia cerebral

grave e simulando caracteristicas da infeccao fetal humana (HAMEL et al., 2015).

1.6 Ciclo de Multiplicacéo Viral

O ciclo de multiplicagéo dos Flavivirus, bem como para o ZIKV (Figura 2),
se inicia pela infeccdo de células do hospedeiro permissivas aos virus. As particulas
virais se ligam as células através de interacdes entre a glicoproteina de superficie E
do virus e receptores celulares e penetram na célula hospedeira por um processo de
endocitose mediada por receptor (GOLLINS; PORTERFIELD et al., 1988; ISHAK
et al., 1988; NG; LAU, 1988; HAMEL et al., 2015). Apos ser internalizado na
vesicula endossomal, a proteina E do virus sofre modificacbes conformacionais,
gerada pela variacdo do pH no interior da vesicula, expondo seu peptideo de fuséo
que se funde a membrana lipidica do endossomo promove a liberacdo do
nucleocapsideo viral no citoplasma celular (GOLLINS; PORTERFIELD et al., 1988;
HEINZ; STIASNY, 2006; CLYDE et al., 2006; YU et al., 2008) seguido da
liberacdo e traducdo do genoma de RNA polaridade positiva para producéo de fitas

positivas de copias do genoma e das proteinas envolvidas na replicacdo viral, que
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ocorre na superficie do reticulo endoplasmatico, como a NS5 — que tem funcéo de
RNA polimerase RNA-dependente (CLYDE et al., 2006). Apds ser internalizado na
vesicula endossomal, a proteina E do virus sofre modificacbes conformacionais,
gerada pela variacdo do pH no interior da vesicula, expondo seu peptideo de fusédo
que se funde a membrana lipidica do endossomo promove a liberacdo do
nucleocapsideo viral no citoplasma celular (GOLLINS; PORTERFIELD et al., 1988;
HEINZ; STIASNY, 2006; CLYDE et al., 2006; YU et al., 2008) seguido da
liberacdo e traducdo do genoma de RNA polaridade positiva para producédo de fitas
positivas de copias do genoma e das proteinas envolvidas na replicacdo viral, que
ocorre na superficie do reticulo endoplasmatico, como a NS5 — que tem funcéo de

RNA polimerase RNA-dependente (CLYDE et al., 2006).
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Figura 2: Ciclo de multiplica¢do dos Flavivirus. O virus entra na célula por endocitose,
através da ligacdo da proteina E do envelope viral a receptores presentes na superficie celular
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do hospedeiro, 0 que medeia a internaliza¢do na célula. Dentro do endossomo as proteinas
virais sofrem mudancas conformacionais proporcionadas pelo baixo pH do meio
endossomal, promovendo a fusdo entre o envelope e a membrana do endossomo. O RNA ¢
liberado no citoplasma com o desnudamento do capsideo viral e inicialmente traduzido em
uma poliproteina que é processada dando origem as proteinas estruturais e ndo estruturais
(para produzir as proteinas de replicagdo) do virus. A replicacdo ocorre na superficie do
reticulo endoplasmaético. Depois da sintese das proteinas estruturais, os virions sdo montados
sofrendo brotamentos intracelulares. As particulas imaturas seguem nas vias secretorias
(aparelho de Golgi), sofrem maturacgdo (clivagem da proteina prM) e sdo liberadas da célula
por exocitose. RE: Reticulo endoplasmético. VLP: Virus-like Particles. Fonte: HEINZ;
STIASNY, 2006.

As trés proteinas estruturais — E, prM e C; e 7 proteinas ndo-estruturais —
NS1, NS2a, NS2b, NS3, NS4a, NS4b e NS5 serdo sintetizadas a partir das fitas de
RNA polaridade positiva traduzidas nos ribossomos, dando origem a poliproteina
que sera clivada e sofrera processamento pds-traducional por proteases virais e
celulares (RICE, 1996; LINDENBACH et al., 2003). O virus ¢ montado no interior
do reticulo endoplasmético como uma particula imatura constituida por
heterodimeros de proteinas E: prM (ZHANG et al., 2003; LINDENBACH,; et al.,
2013) e é transportado para o aparelho de Golgi onde ocorre a maturagdo do virus, no
pH acido da rede trans-Golgi, através de alteracbes conformacionais das
glicoproteinas de superficie e clivagem por uma protease da célula hospedeira, a
Furina. Nas particulas virais imaturas, a proteina prM é clivada, dando origem as
formas maduras do virus, ou seja, as formas passiveis de fusdo e liberacdo por
exocitose. Com a remogdo do peptideo “pr” durante a maturacdo, a proteina E fica
exposta possibilitando o ciclo de fusdo endossomal e secrecdo pela célula hospedeira.
O virus maduro é entdo constituido por heterodimeros diméricos de proteinas E: M
(KUHN et al., 2002; LINDENBACH et al., 2003; YU et al., 2008; ZHANG et

al.,2013; CORTESE et al.,2017).



25

1.7 Biogénese, funcdo dos microRNAs

O primeiro miRNA, denominado lin-4, foi descrito por Lee e colaboradores
em 1993 em um trabalho que estudava a regulacdo génica durante o desenvolvimento
larval do nematdédeo Caenorhabditis elegans (C. elegans) (LEE et al., 1993). Essa
molécula inibia a expressdo do RNAm lin-14 se ligando a sua regido 3’ ndo traduzida
(UTR). A hipotese inicial era de que esse mecanismo de regulacdo génica era restrito
ao C. elegans. Contudo, em 2000 identificou-se também o miRNA let-7 no processo
de desenvolvimento de C. elegans (PASQUINELLI et al., 2000). Foi demonstrado
que ambas, a sequéncia do let-7, assim como sua expressdo temporal, estavam
presentes e amplamente conservadas em uma variedade de organismos, incluindo
humanos, comprovando de que esses pequenos RNAs desempenhavam um papel
importante na regulacdo génica nao restrita ao C. elegans. (PASQUINELLI et al.,
2000; REINHART et al.,, 2000). Essa descoberta gerou intenso interesse na
identificagcdo de novos miRNAs. Em um estudo realizado no ano 2000 calculou-se
que o genoma humano codifique mais de 3000 miRNAs (REINHART et al.).
Atualmente, existem 2.588 miRNAs descobertos em humanos e anotados em banco
de dados publicos como o miRBase (www.mirbase.org).

Os miRNAs sdo transcritos no nucleo, a partir de genes localizados em varias
regides do genoma. Eles estdo regularmente encontrados em cluster e séo transcritos
de regides intergénicas ou intragénicas (Figura 3). Genes de miRNAs isolados
apresentam promotores proprios e estdo geralmente localizados em regides
intergénicas. No entanto muitos miRNAs encontram-se agrupados, formando
unidades policistrénicas, ou seja, unidades em que varios genes séo controlados pelo
mesmo promotor e assim, transcritos simultaneamente (ALVAREZ-BUYLLA et al.,

2007). Esses genes sao transcritos preferencialmente pela RNA polimerase Il dando
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origem a um longo transcrito, denominado MiRNA primario ou pri-miRNA (de
primary miRNA), que sofre a adicdo de uma cauda poli A na extremidade 3" e de um

cap 7-metil-guanosina na extremidade 5°.
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Figura 3 — Biogénese dos miRNAS. Figura adaptada de (ROOIJ, 2011). Os transcritos
priméarios de miRNAs, chamados pri-miRNAs, sdo transcritos do nucleo a partir de genes de
miRNA individuais, de introns de genes codificadores de proteinas ou de transcritos
policistronicos. A RNase Drosha processa ainda o pri-miRNA em precursores em forma de
grampo de 70 a 100 nucleotideos, chamados pré-miRNA, que sdo exportados do nucleo para
o Citoplasma através da exportina 5. No citoplasma, o pré-miRNA é clivado pela Dicer em
um duplex miRNA:miRNA. Apds a montagem do complexo RISC, o miRNA maduro regula
negativamente a expressao génica por repressao traducional ou degradacdo do mRNA, que €
dependente da complementaridade de sequéncia entre 0 miRNA e 0 mRNA alvo.

A seguir, esse pri-miRNA é processado por um complexo constituido por
uma RNAse do tipo Il denominada Drosha que age juntamente com seu cofator
DGCR8 (DiGeorge Syndrome critical region gene 8). Esse complexo cliva o pri-
miRNA formando o pre-miRNA, um transcrito em forma de grampo (hairpin). Esse
pre-miRNA € entdo exportado ao citoplasma pela acdo de um complexo denominado

Exportina-5/Ran-guanosina trifosfato (GTP). No citoplasma, esse pre-miRNA ¢
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processado por outra RNase Ill, denominada Dicer, gerando um miRNA de fita
dupla (ds-miRNA), do inglés double-stranded miRNA. Por fim, esse ds-miRNA se
associa ao complexo multiprotéico RISC (RNA-induced silence complex). A fita
desse ds-miRNA com baixa estabilidade no pareamento de bases em sua extremidade
5’ ¢ incorporada ao RISC, sendo que a outra fita ¢ degradada. Apos a selegdo da fita
simples do miRNA maduro, essa guia 0 RISC até 0 RNAm alvo. Apo6s o pareamento
especifico desse miRNA maduro com sua sequéncia alvo hé inibicéo da tradugédo ou
degradacdo do RNAm (REINHART et al.,, 2000; ACHKAR; CAMBIAGNO;

MANAVELLA, 2016).

1.8 MiRNAs circulantes em fluidos corporais

Apesar de normalmente os miRNAs serem considerados moléculas que
controlam a expressdo génica pos transcricional no ambiente intracelular, estes foram
detectados circulantes em varios fluidos corporais como saliva, urina, soro e plasma
sanguineos de pessoas saudaveis ou doentes (MITCHELL et al., 2008). Foi
demonstrado que essas moléculas estdo presentes circulantes estavelmente no
plasma, protegidas de degradacdo por RNAses. Observou-se que os miRNAs podem
ser liberados pela célula de forma ativa, associados a lipoproteinas de alta densidade
(HDL), a vesiculas (exossomos, microparticulas) ou complexos proteicos (como as
proteinas Argonauta 2 e nucleofosmina-NPM1) e de forma passiva em corpos
apoptoticos resultantes de morte celular e dano tecidual (TIJSEN; PINTO;

CREEMERS, 2012) (Figura 4).
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Figura 4 - MiRNAs circulantes no sangue podem estar associados a HDL, LDL,
ex0ssomos, microparticulas e complexos proteicos.

A primeira publicacdo que relata a deteccdo de miRNAs é de 2008, quando
foi descrita a presenca de miR-155 e miR-21 em quantidades diferentes no soro de
pessoas saudaveis quando comparadas com pacientes com linfoma de células B.
(LAWRIE et al., 2008). Varios trabalhos em seguida, foram apresentados
demonstrando miRNAs em diferentes liquidos bioldgicos, incluindo fluido seminal,
colostro, urina, saliva, leite materno, lagrimas, liquido amnidtico, secrecdo
bronquica, plasma, liquido pleural, liquido peritoneal e liquido cefalorraquidiano
(CORTEZ et al., 2011). A presenca de miRNAs nos diversos fluidos bioldgicos
permite que essas moléculas possuam capacidade de transferéncia horizontal,
passando entre diferentes tecidos e desempenhando funcédo pleiotrépica, uma vez que

podem causar efeitos bioldgicos a curtas e longas distancias. O mecanismo de
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selecdo e liberacdo de miRNAs é controlado e implica em perfil especifico em cada
tipo fluido bioldgico, sendo que alteragdes em células distintas acarretam variacfes
particulares, que podem ser exploradas como marcadores bioldgicos de condicdes
fisioldgicas ou patologicas (BRIEN; HEYDER; PENG, 2018). De fato, tem sido
sugerido usar o perfil de miRNAs no plasma, no soro ou em outros fluidos
corporais, para identificar ou monitorar a evolucdo de doencas e as respostas
terapéuticas (CORTEZ, 2011). As principais vantagens do uso de miRNAs sdo alta
especificidade e sensibilidade dessas moléculas, facilidade de obtencdo de amostras e
alta estabilidade. Isso facilita sua manipulacdo e favorece sua exploracdo como
ferramenta importante para a medicina personalizada. No entanto, a falta de
protocolos padronizados ainda limita seu uso na pratica clinica, principalmente pela
falta de normalizadores universais que permitam a quantificacdo de maneira que 0s
resultados possam ser comparados (VALIHRACH; ANDROVIC; KUBISTA, 2019;
CONDRAT et al., 2020; LAMON; HIAM, 2020).

Os miRNAs circulantes foram encontrados como importantes marcadores em
diversas doencas e condicdes patoldgicas. Os niveis circulantes dos miRNAs miR -
19b3p e miR -181b-5p foram associados com alteracbes metabdlicas no miocardio
durante o desenvolvimento de cardiomiopatia diabética, sugerindo que estes
miRNAs sdo biomarcadores potenciais com eventual aplicacdo no diagnostico
clinico para prevenir alteraces metabdlicas e funcionais em pacientes diabéticos
assintomaticos (Copier et al., 2017). Estudos de carcinoma de mama metastatico
demostraram que 0 miR-30a e 0 miR-155 circulantes s&o melhores marcadores da
doenca  comparados com  marcadores  sanguineos  gerais,  antigeno
carcionoembrionario (CEA) e antigeno carboidrato (CA) (Sun et al., 2012; Zheng et

al., 2012; Zeng 2014). Na doenca de Parkinson foi identificado e validado um painel
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de miRNAs circulantes incluindo miR-19b, miR-24 e miR-195, com expressao
diferencial no soro de pacientes, com forte suposicdo de que estas moléculas seriam
capazes de permitir o diagnostico da doenca (Cao et al., 2017).

1.9 A modulacéo da interacgdo virus - hospedeiro pelos MiRNAs

O fato de os miRNAs virais serem capazes de atuar como analogos de
miRNAs celulares, é relevante quando se analisa a funcionalidade deles no contexto
celular, uma vez que os alvos reconhecidos por eles podem ser oriundos do
hospedeiro ou entdo derivados do proprio virus. Os miRNAs virais analogos aos
miRNAs do hospedeiro apresentam sequéncias “seed” similares aquelas observadas
em seus correspondentes celulares. Simular as sequencias “seed” dos miRNAs das
células permite ao miRNA viral reconhecer os mesmos alvos, o que torna possivel ao
virus uma regulacéo efetiva dos diferentes transcritos que estariam sob regulacédo do
miRNA simulado (KINCAID; SULLIVAN, 2012).

A inibicdo da morte celular programada (apoptose), pode ser uma estratégia
adotada por diversos virus para prolongar os periodos de infeccdo no hospedeiro. A
apoptose é um fendmeno cuja regulacdo envolve uma gama importante de diferentes
miRNAs celulares (AMPOMAH; LIM. 2019). Diversos virus animais codificam
miRNAs analogos a miRNAs celulares associados a regulacdo da expressdo de genes
pré-apoptéticos. Tais como PUMA (P53 up-regulated modulator of apoptosis)
promovendo assim uma resisténcia celular a apoptose. Outras espécies virais como
Kaposi’s sarcoma-associated herpesvirus (KSHV) codificam miRNAs que tém
como alvos transcritos de genes envolvidos nos eventos iniciais e tardios do processo
apoptotico, como os que codificam receptores especificos e as caspases (proteases

aspérticas de cisteina) envolvidas na manutencdo da homeostase atraves da regulacdo
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da apoptose (morte) e inflamagédo das células (CHOY ET AL., 2008; KINCAID;

SULLIVAN 2012).
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2 JUSTIFICATIVA

Os miRNAs tém sido identificados como importantes na regulacdo da
expressdao de genes de diferentes tipos de virus assim como na resposta do
hospedeiro a infec¢des virais (TAHAMTAN et al., 2016). MiRNAs circulantes tém
sido identificados como biomarcadores nao invasivos e de diagnostico para varias
infeccbes virais. Estudos recentes tém demonstrado que o perfil de miRNAs
circulantes no soro e no plasma funcionam como uma assinatura molecular. Ouyang
e colaboradores (2016) ao analisarem o soro de pacientes com dengue demonstraram
gue o0os mMiRNAs: hsa-miR-21-5p e hsa-miR-146a-5p distinguem com alta
sensibilidade e especificidade pacientes saudaveis dos pacientes com a doenca
(OUYANG et al., 2016). Inameros trabalhos abordaram a importancia dos miRNAs
na interacdo virus-hospedeiro. Como exemplo o0 miR-146 que facilita a replicacdo do
DENV-2 em mondcitos humanos infectados. Este miRNA possui alvos importantes
como TRAF6 e atuam inibindo a produgdo de IFN-B. O hsa-miR-122, facilita a
replicacdo do virus da hepatite C (HCV), uma vez que, ao ser inibido, promove
significativa reducdo da quantidade de particulas virais produzidas pelos hepatdcitos
(JOPLING et al., 2012). Trabalhos recentes demonstraram a participacdo de
miRNAs durante a infeccdo in vitro e in vivo por Zika: Azouz e colaboradores (2019)
demonstraram que neurdnios de cultura quando infectados com ZIKV possuem uma
expressao diferencial dos seguintes miRNAs: miR-155, miR-203, miR-29a, e miR-
124-3p (AZOUZ et al., 2019). Além disso, esse estudo demonstrou uma diminuicao
na expressao de enzimas e proteinas relacionadas a biogénese de miRNAs. lannolo e
colaboradores (2019) demonstrou que a infeccdo de células de glioblastoma com
ZIKV induz um aumento na expressdo de miR-34c, e que a inducdo da expresséo

desse miRNA se trata de forma de tratamento em potencial, de tumores cerebrais.



33

Um outro trabalho também de 2019, demonstrou que 0os miRNAs: miR-145 e miR-
148a estdo aumentados numa linhagem de neuroblastoma, e validaram a expressao
destes em amostras de cérebro de natimortos infectados com ZIKV (CASTRO et al.,
2019). Ainda ndo existem trabalhos avaliando a expressdao de miRNAs em pacientes
infectados com ZIKV. Também nada foi visto em relacdo aos miRNAs circulantes e
seu papel durante a infecgdo com Zika.

Nossa hipdtese inicial de trabalho era que a infeccdo causaria alteracGes
detectaveis no perfil de miRNAs circulantes plasmaticos e que essa expressdo teria
uma correlacdo direta com mudancas na expressao de diferentes genes alvos desses
miRNAs, principalmente aqueles relacionados com a resposta imunoldgica do
paciente. Além disso pretendiamos encontrar diferencas na expressao de miRNAs
guando comparassemos pacientes na fase aguda da infeccdo com aqueles ja na fase

de convalescéncia.
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3 OBJETIVOS

3.1 Objetivo geral

Caracterizar o perfil de miRNAs circulantes no plasma de pacientes infectados pelo
ZIKV.

3.2 Objetivos especificos:

1. Caracterizar e comparar o perfil de miRNAs plasmaticos

2. Com a lista de miRNAs diferenciais de cada grupo, pretendemos utilizar
ferramentas de bioinformatica e biologia de sistemas para:

a. Identificar vias candnicas potencialmente envolvidas na resposta a infeccao.

b. Avaliar vias enriquecidas em cada grupo, determinando a importancia de

moléculas envolvidas na resposta a infecgéo.
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ABSTRACT

Zika virus (ZIKV) is an arbovirus mainly transmitted by mosquitos in the genus Aedes.
The first cases of ZIKV infection in South America occurred in Brazil in 2015. The
infection in humans causes diverse symptoms, from asymptomatic to a syndrome like
dengue infection, with fever, arthralgia and myalgia and there is a confirmed association
between ZIKV infection during pregnancy and fetal microcephaly, and neurological
disorders. The identification of host molecular mechanisms responsible for the
modulation of different signaling pathways in response to ZIKV is the first step to find
potential biomarkers, therapeutic targets and to understand disease outcomes. In the last
decade it has been shown that microRNAs (miRNASs) are important post-transcriptional
regulators involved in virtually all cellular processes. MiRNAs present in body fluids
can contribute to cellular signaling and were proved as key biomarkers for diagnostic
and prognostic in human disorders offering new insights into pathological mechanisms.
Here, we describe for the first time ZIKV-induced changes in circulating miRNA
populations of patients during acute and recovery phase of infection. We observed that
during ZIKV acute infection, circulating miRNAs are mainly downregulated compared
to convalescent and healthy patients. We used system biology tools to build and
highlight biological interactions between miRNAs and their multiple direct and indirect
target molecules. Among the twenty-four differentially expressed miRNAs (DEMs)
identified in plasma o patients infected with ZIKV, miR-146, miR-125a-5p, miR-30-5p
and miR-142-3p are related to signaling pathways modulated during infection and
immune response. The results presented here are an effort to open new vistas for the key

roles of miRNAs during ZIKV infection.

KEYWORDS: Zika infection; microRNAs profiling; system biology, viruses, target

prediction.
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INTRODUCTION

The Zika virus (ZIKV) is an arbovirus member of the Flaviviridae family that can be
carried and spread by mosquitoes belonging to the genus Aedes. The first Zika epidemic
in South America occurred in 2015 in northeastern states of Brazil [1; 2; 3]. About one
in five people infected with the Zika virus become symptomatic, with characteristic
clinical symptoms like acute onset fever with rash, arthralgia, and conjunctivitis. Other
commonly reported symptoms include myalgia, headache, retroorbital pain, and
vomiting[4; 5]. Previous studies have shown that ZIKV has a neuronal and glia tropism
and can be also associated with neurological disorders (e.g. Guillain—Barré syndrome
and myelitis) [4]. Identification of viral RNA in amniotic fluid and maternal milk
demonstrated that transmission may also occur from mother to fetus during pregnancy
with devastating consequences impacting the developing fetal brain causing dysfunction
and microcephaly [6]. Knowledge about the pathogenesis of ZIKV infection is still
limited and there is an urgent scientific community effort to understand, develop and
identify factors associated to clinical outcomes. MicroRNAs (miRNAs or miRs) are
single stranded noncoding RNA molecules of ~22 nucleotides in length capable of gene
expression control at transcriptional and translational level by repressing target mMRNAs
[7; 8]. MiRNAs have been detected stably circulating in various body fluids, such as
saliva, urine, serum and plasma of healthy or diseased individuals, consequently, can be
used as non-invasive diagnostic and prognostic biomarkers [9; 10]. Here, we describe
for the first time the circulating miRNAs profilling in plasma samples from ZIKV
infected individuals during acute (ZIKV+) and recovery phase (RECZIKV+) compared
to healthy donors, residents from the same endemic area (Healthy). We have found that
ZIKV+ patients had a significant number of differentially expressed miRNAs (DEMs)

in plasma, with most of them downregulated compared to RECZIKV+ and Healthy



87

88

89

90

91

92

93

94

95

96

97

40

individuals. To better understand and predict the potential impact of this miRNA
dysregulation during Zika infection we used computational analysis to identify the
potential targets of the dysregulated miRNAs (DEMs TARGETS) and used the obtained
list of targets to perform pathways enrichment and functional analysis and also found
the potential upstream regulators of this miRNA dysregulation during Zika infection.
Finally, DEMs-targets networks were built, and central node molecules were found at
ZIKV+ and RECZIKV+ networks around the main enriched canonical pathways
observed for each group. We present here a holistic view and highlighted the potential
role of circulating miRNAs during response to acute infection and the disease recovery

phase of ZIKV infection.
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MATERIALS AND METHODS

Ethics Statement

This study was approved by the Institutional Review Board from Pontifical Catholic
University of Goias (CEP - Research Ethics Committee), under the protocol number
46073815.9.0000.00370. All subjects were invited to participate in the study after being
explained about the research and were at least 18 years old. All study subjects signed a
written informed consent form before the interview and blood collection in accordance
with the Declaration of Helsinki and the ones with Zika fever-like symptoms were also
interviewed in a private room and answered a written questionnaire informing about the

day of symptom onset, types of symptoms and demographic information.

Study cohort and blood sample collection

Our study cohort included a total of 52 individuals aged 18—68 years (mean 36 years).
from Goiania city, State of Goias (GO), Brazil. All individuals were tested negative for
dengue and chikungunya. From these 52 participants (Supplementary Table 1): 25 were
healthy potential blood donors recruited from the Center of Serology and
Immunohematology of Goiania - GO — Brazil, aged between 27-53 years (mean, 36.4
years) and displaying negative blood tests for several infectious diseases (Healthy).
Twenty-seven showed Zika fever-like acute symptoms during the outbreak of ZIKV
infection in Brazil between January to May 2016. All 27 patients were positive for
ZIKV at real-time RT-PCR test (ZIKV+). A first blood collection of ZIKV-infected
subjects was done at enrollment, 2 to 9 days after symptom onset. A second blood
collection were done from 6 ZIKV-infected subjects at 2 to 3 weeks after the first
sample, for evaluating the recovery phase (RECZIKV+) (Table 1). From these samples

we randomly selected a total of 18 samples for miRNA profiling: 6 healthy individuals
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(Healthy), 7 ZIKV+ and 5 RECZIKV+ patient samples. Blood samples were collected
into EDTA-coated Vacutainer tubes (Becton & Dickinson, USA), samples were
centrifuged at 1200 rpm for 10 min, and the plasma was separated and stored at -80°C

freezer until the analysis.

Detection of ZIKV infection by Real time RT-PCR

RNA samples were extracted from whole blood samples using the QlAamp Viral RNA
Mini Kit (Qiagen, Hilden, Germany), according to the manufacturer’s instructions.
Real-time RT-PCR for Zika virus was performed using a kit (Bioclin®, Bio gene Zika
virus PCR- K-203-6). The following primers and probes were used: ZIKV-F, 5’-
CCGCTGCCCAACACAAG-3’; ZIKV-R, 5’-CCACTAACGTTCTTTTGCAGACAT-
3’; ZIKV-P, S’ FAM-AGCCTACCTTGACAAGCAGTCAGACACTCAA-BHQ1-3,
developed according to Lanciotti et al (2007) with modifications. The RT-PCR was
performed following the manufacturer’s instructions as published before [11]. Also,
real-time RT-PCR for chikungunya and dengue were performed using probe sequences

described before [12].

Assessment of Hemolysis

Before miRNA profiling, we checked plasma samples for hemolysis by measuring
absorbance at 350-650 nm by spectrophotometry (Nanodrop 2000 spectrophotometer,
Thermo Scientific, Waltham, Massachusetts, USA). Samples were classified as
“hemolyzed” if the OD414 exceeded a value of 0.2 [13]. Previously hemolyzed samples

were not used in the study.

Extraction of total plasma RNA enriched in miRNAs



144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

43

Total RNA was extracted from serum using the Qiagen miRNeasy® Mini Kit.
Serum/plasma was thawed on ice and centrifuged at 3000 x g for 5 min in a 4°C
microcentrifuge. An aliquot of 200 pL of serum/plasma per sample was transferred to a
new microcentrifuge tube and 750 pl of a Qiazol mixture containing 3 pL of a spike-in,
a synthetic miRNA from Caenorhabditis elegans (cel-miR-39) at 1.6 x 108 copies/uL
was added to each plasma sample (used as normalization in individual assay analyses).
The tube was mixed and incubated for 5 min followed by the addition of 200 pL
chloroform. The tube was mixed, incubated for 2 min and centrifuged at 12,000 x g for
15 min in a 4°C microcentrifuge. The upper aqueous phase was transferred to a new
microcentrifuge tube and 1.5 volume of 100% ethanol was added. The contents were
mixed thoroughly and 750 pL of the sample was transferred to a Qiagen RNeasy® Mini
spin column in a collection tube followed by centrifugation at 15,000 x g for 30 sec at
room temperature. The process was repeated until all remaining sample had been
loaded. The Qiagen RNeasy® Mini spin column was rinsed with 700 pL Qiagen RWT
buffer and centrifuged at 15,000 x g for 1 min at room temperature followed by another
rinse with 500 uLL. Qiagen RPE buffer and centrifuged at 15,000 x g for 1 min at room
temperature. A rinse step (500 pL Qiagen RPE buffer) was repeated 2X. The Qiagen
RNeasy® Mini spin column was transferred to a new collection tube and centrifuged at
15,000 x g for 2 min at room temperature. The Qiagen RNeasy® Mini spin column was
transferred to a new microcentrifuge tube and the lid was left uncapped for 1 min to
allow the column to dry. Total RNA was eluted by adding 14 pL of RNase-free water to
the membrane of the Qiagen RNeasy® mini spin column and incubating for 1 min
before centrifugation at 15,000 x g for 1 min at room temperature. The concentration of

the final material was determined by measuring the A260/A280 ratio using a NanoDrop



168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

44

ND-2000 apparatus (Thermo Scientific, Waltham, Massachusetts, USA). The RNA was

stored in a -80°C freezer.

MiRNA expression profiling

Expression profiling of 377 miRNAs was carried out following the manufactures
protocol (Thermofisher). Briefly, a multiplexed RT reaction was performed followed by
a pre-amplification using 2.5 pL of the transcript product and 22.5 pL of the pre-
amplification master mix with cycling conditions that included 10 min at 95°C, 2 min at
55°C, and 2 min at 72°C, 12 cycles of 15 s at 95°C and 4 min at 60°C, and 10 min at
99.9°C. Quantitative real-time RT-PCR was done utilizing pre-printed TLDA
microfluidic cards (Human Card A v3, format 384). The sample/master containing the
Megaplex pool was loaded into the cards, centrifuged and mechanically sealed with the
Applied Biosystems sealer device. Real time-PCR reaction was carried out on a
QuantStudio™ 12K Flex (Applied Biosystems) real time machine, using the cycling

conditions recommended by the manufacturer.

miRNA statistical and unsupervised analyses

To analyze the miRNA expression levels we uploaded the Real time generated raw data
files (file extension .EDS) in a ThermoFisher Cloud software v1.0 (Connect,
https://www.thermofisher.com/br/en/home/cloud.html). This software exploits an
independent samples t-test to compare Ct data to one randomly selected representative
reference control sample using a two-tailed p-value value of 0.05 and relative miRNA
expression levels are presented as fold change. The data files were first pre-processed
by using automatic baseline corrections and manually checked for each assay if
threshold cycle (Ct) value corresponded to midpoint of logarithmic amplification curve.

MiRNAs with a mean Ct >38 and detected in <80% of all samples were considered
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below the detection level and excluded from further analysis, respectively. The
comparative threshold cycle method was used to calculate the relative miRNA
expression levels after global mean normalization (ACt) [14]. The samples unsupervised
analysis was performed by hierarchical clustering using Manhattan distance and average
linkage for columns and correlation distance and average linkage for rows and,
represented as a heatmap with ACt values for 113 miRNAs (rows) and 18 columns
(samples). The principal component analysis (PCA) of miRNA expression was
performed for all samples and the same set of mMiIRNASs used in the hierarchical
clustering. PCA was performed by using a median centering of the data set. The x-axis
corresponds to principal component 1 (PC1) and y-axis to the principal component 2
(PC2) and the percentages of variance in both. Both hierarchical clustering and PCA
were built using ClustVis web tool. The miRNAs were considered differentially

expressed if P<0.05 and absolute fold change FC>1.4.

Analysis of miR-142-3p expression by real-time reverse transcriptase (RT)-PCR

After total RNA isolation, using the miRNeasy Serum/Plasma kit (Qiagen), CDNA was
synthesized by reverse transcription using a fixed volume of RNA (2uL) and the
TagMan microRNA Reverse Transcription kit (Life Technologies), according to the
manufacturer’s instructions. The circulating levels of miR-142-3p and of synthetic RNA
(cel-miR-39) for spike-in (added during RNA extraction) were measured by RT-qPCR
using 1.33uL of the cDNA and miRNA-specific stem-loop primers provided by
TagMan microRNA Assays kit (Life Technologies). Quantitative PCR reactions were
performed in triplicate on a QuantiStudio 12K Flex (Life Technologies), according to
the following program: 10 minutes at 95°C, 40 cycles of 15 seconds at 95°C and 60
seconds at 60°C. Values were normalized to cel-miR-39 spike in and analyzed by the

comparative method of Ct (2-AACt). A threshold cycle (Ct) was observed in the
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exponential phase of amplification, and quantification of relative expression levels was
performed using standard curves for miR-142-3p and cel-miR-39. Reactions were
performed in triplicate and Ct values were averaged for the replicates. The expression
was calculated as the mean * s.d. for each group as individual data points and the
following formula was used: Relative expression (fold change over Healthy group
samples) = 2—(ACtA—-ACtB), where Ct is the cycle threshold as previously described
[15]. The same was calculated for the healthy (control group), subtracting its mean by
each individual data point, so we could plot small variations close to 1 of fold change.
Groups were compared by a non-parametrical Kruskal Wallis test. The miRNAs were

considered differentially expressed if P<0.05 and absolute fold change FC>1.5.

Target prediction, canonical pathways enrichment, function and network analyses

The software Ingenuity Pathways Analysis (IPA) (Qiagen, USA) was used in all
computational analyses. The Target prediction was performed using an IPA tool called
“target filter” which relies on four different database algorithms: TargetScan, TarBase,
miRecords and Ingenuity Expert Findings. In our target prediction analysis, we only
considered the DEMs targets that were experimentally validated and high predicted as
targets, based on the content of date 2019-12. The canonical pathway enrichment,
function and network analyses were performed by uploading these target lists identified
for each group on IPA software. The significance of the association between each list
and the canonical pathway and the relationship between two node molecules in the built
networks was measured by Fisher’s exact test. As a result, Benjamini-Hochberg
adjusted p-values (<0.05) were obtained, determining the probability that the association
between the targets in our data set and the canonical pathways identified and networks

generated can be explained by chance alone.
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Bioinformatic and Statistical analysis

MicroRNA profiling statistical analysis was carried out the Thermo Fisher Cloud
software (Connect) which exploits an independent samples t-test to compare AACt data
to one randomly selected representative reference control sample using a two-tailed p-
value threshold of 0.05 with adjustment for false discovery rate with the Benjamini-
Hochberg. The comparative threshold cycle method was used to calculate the relative
mIiRNA expression after global normalization. Statistical significance threshold was
defined as p< 0.05 and fold change (FC) >1.5. Unsupervised hierarchical clustering was
performed using squared Euclidean as distance measure and Ward's method for linkage
analysis and Z score normalization. The principal component analysis (PCA) plot of

samples was performed using all probe sets, by using a median centering of the data set.

Results
Unsupervised analyses and identification of differentially expressed miRNAs (DEMSs)

in plasma of patients infected with ZIKV

We performed profilling of 377 miRNAs from plasma of Zika infected patients
at acute (ZIKV+) and recovery phase (RECZIKV+) of the disease compared to healthy
individuals (Healthy) from the same endemic area. Figure 1A summarizes experiment's
workflow showing the steps from blood collection to computational analyses. Briefly,
we performed miRNA expression profilling and identified the list of differentially
expressed miRNAs (DEMSs) using a cloud-based software, as described in detail in
material and methods section. The miRNA profiles from each comparison were used to
find their predicted targets. The lists of predicted targets were used in functional,
upstream regulator and network analyses. The samples unsupervised analysis (PCA and

hierarchical clustering) based on the expression of 113 miRNAs with the higher
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expression variance (rows) from each one of the 18 samples (columns) was performed
(Figure 1B). The analyses showed that miRNA expression profiles were able to
segregate and to inter-group cluster apart two groups: ZIKV+(yellow dots) and Healthy
(green dots), while the RECZIKV+ group (magenta dots) did not segregate from the
other two, with one sample clustering with the samples from the Healthy group and two
with the samples from the ZIKV+ group. Both PCA and hierarchical clustering
indicated that miRNA expression profiles were specific only to ZIKV+ and Healthy
groups with RECZIV+ group sharing miRnome profile similarities with these other two

groups.

Identification of DEMS and DEMs putative targets prediction

Analysis of differentially expressed genes revealed the highest number of DEMs in the
ZIKV+ compared to healthy group (Figures 2A to C). The Volcano plot representations
show 24 DEMs for ZIKV+ versus healthy with most miRNAs (22) downregulated with
only 2 upregulated (Figure 2A). The comparison between RECZIKV+ and Heathy
showed 8 DEMs with 2 up and 6 downregulated (Figure 2B). The Suplementary Tables
2 and 3 depict the list of all DEMs at each comparison. Figure 2C shows a Venn
diagram with the number of DEMs from each group, ZIKV+ and RECZIKV+ compared
to healthy, and the 6 DEMs shared between the two groups (Suplementary Table 4). All
shared miRNAs are with their expression downregulated in both groups. Next, we used
a miRNA target prediction tool from Ingenuity Pathway Analysis software (IPA) to
screen putative targets of each list of DEMs. The target prediction analysis finds targets
(RNAS) that have in their 3"UTR, complementary sequences to the miRNA seed
sequence (nucleotides 2-8 from the 5 end of the mature sequence). As miRNAs with
the same seed sequence usually target the same RNAs, IPA software clusters together

the mature miRNAs that share the same 7-nucleotide seed sequence into one entity or
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“node” in order to increases the specificity of targeting information. Three pairs out of
the 24 DEMs from the ZIKV+ group share the same seed sequence: let-7a-5p and let-
7e-5p (with seed GAGGUAG), miR-146a-5p and miR-146b-5p (with seed
GAGAACU) and miR-30b and miR-30c-5p (with seed GUAAACA). The set of miR-
30b and miR-30c-5p also are DEMs from the RECZIKV+. The target prediction
analysis also considers as targets only those that have been highly predicted as targets
(from TargetScan database) and/or experimentally validated as targets (from miRecords,
TarBase, and direct acquisition from the literature by Ingenuity knowledge Base -1KB).
From the list of 24 DEMs identified on ZIKV+ we found targeting information of 21 of
them. We thus obtained a list of 2754 targets (Supplementary Table 5) of the 21 DEMs
in ZIKV+. For the RECZIKV+, from the list of 8 DEMs after filtering we obtained a list
of 7 DEMs targeting a total number of 852 targets (Supplementary Table 6). Figure 2D
shows in a Venn diagram that ZIKVV+ and RECZIKYV have in common 692 targets

(Supplementary Table 7) of their DEMs.

Target set enrichment analysis reveals potential pathways regulated by miRNAs

during acute and recovery phase of Zika infection.

To predict the canonical pathways enriched as well potentially regulated by the
DEMs from each group we carried a functional analysis using IPA software. On Figure
3 we show the top 10 most enriched canonical pathways (Benjamini-Hochberg adjusted
p-values <0.05) for specific list of targets from each group (ZIKV+ in blue, RECZIV+
in yellow and the shared targets in green). The stacked bar charts show the percentage
of target in each one of the enriched pathways for each group and the number in the top
of each bar represents the number of molecules in that given pathway. The analysis of
the 692 shared targets between ZIKV+ and RECZIKV+ (in green), showed an

overrepresentation of canonical pathways related to immune response, like pattern
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recognition of pathogens by the innate immune response, Toll-like receptor signaling,
role of PRRs in recognition of viruses. Also, there is an enrichment of pathways related
to inflammation, e.g. IL-6, IL-10 signaling and most importantly neuroinflammation.
Furthermore, for the ZIKV+ exclusive targets (in blue) we found pathways related to
response to cell stress like apoptosis and Senescence pathways and for the RECZIKV+
(yellow) we found canonical pathways like oncostatin M, autophagy and interferon

signaling among others.

DEMs/targets networks revealed key molecules during ZIKV+ infection.

In order to investigate the possible role of miRNAs in regulating key targets
during acute and recovery phase of Zika infection, we built DEM-target networks for
both groups (ZIKV+ and RECZIKV+). IPA has a graphical database of networks of
interacting molecules (Ingenuity Knowledge Base, IKB). Molecules (genes, proteins)
are represented as nodes and biological relationships between nodes are represented as
edges (lines). All connections are supported by at least one reference from the literature
or canonical information stored in the IKB. The built networks and prediction analysis
revealed the potential role/connection of DEMs and their targets in regulating the top
predicted canonical pathways in each group: Senescence pathway in the ZIKV+ group
(Figure 4) and Oncostatin M signaling in RECZIKV+ group (Figure 5). The molecules
are represented in graduation of red or green based on their fold change (up and
downregulated, respectively) and orange or blue (predicted to be activated or inhibited).
Each node shape represents one type of molecule. The combined biological interaction
in both built networks revealed genes that are central nodes connected to multiple other
molecules. The ZIKV+ network showed some molecules as central nodes: e.g.
interferon alpha, CXCL10, Interferon gamma (IFNG), interferon regulatory factor 1

(IRF1), miR-125a-5p and its experimentally validated target ELAV like RNA binding
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protein 1 (ELAV1). For the RECZIKV+ network miR-30a-5p is a central node
targeting some other node molecules like signal transducer and activator of transcription
1 (STATL) and 3 (STAT3), activator protein 1 (JUN), and neuronal differentiation 1

(NEURODZ1). Molecules directly or indirectly related to oncostatin M signaling.

The haematopoietic-cell-specific miRNA miR-142-3p downregulated during acute

Zika infection potentially regulates viral entry endocytic pathways

We further investigate the potential role of miR-142-3p a miRNA expressed
specifically in haematopoietic cells. This miRNA is downregulated in plasma of ZIKV+
patients. We first performed gPCR validation of miR-142-3p in a bigger cohort, as
shown in Figure 6A confirming its significant downregulation in ZIKV+ infected
patients compared to Healthy individuals and RECZIKV+ patients. The expression was
calculated as the mean + s.d. for each group as individual data points using the relative
expression (fold change over Healthy) by the 224t method and groups were compared
by a non-parametrical Kruskal Wallis test. Figure 6B shows that among the enriched
canonical pathways identified for miR-142-3p targets are pathways related to
endocytosis mechanisms: Clathrin-mediated Endocytosis signaling and Virus entry via
Endocytic pathways indicating that this microRNA can potentially regulate targets
related to intracellular trafficking and ZIKV+ entry pathways. Figure 7 shows the
molecules are experimentally validated targets of miR-142-3p within the Virus entry via
endocytic pathway: Clathrin, Rac family small GTPase 1 (RACL1), Integrin b, CXADR
Ig-like cell adhesion molecule (CAR) and Protein kinase C (PKC). The prediction
analysis showed that the downregulation of miR-142-3p induced by ZIKV infection will
interfere with the endocytic network activating process related to the virus intracellular

trafficking incoming mechanism (in orange).
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DISCUSSION

MiRNAs are crucial post transcriptional regulators which promote target
messenger RNA decay or translational inhibition. In the past years different studies
have shown their biological importance during health and disease. It also known that
these small RNAs can be actively or passively present in different biofluids, including
serum and plasma due cell secretion or upon tissue damage, respectively. They can act
as hormones mediating tissue crosstalk during physiological and pathogenic conditions
and the study of circulating miRNAs profiles can potentially reveal new biological
mechanisms as well as disease biomarkers. Although miRNAs have been studied during
Zika in vitro and in vivo infection, to best of our knowledge, there is no study providing
miRNA circulating profiling during Zika infection. In this study, we compared plasma
miRNA profiles from Zika infected patients during acute (ZIKV+) and recovery phase
of infection (RECZIKV+) compared to the one of healthy individuals. Our results
demonstrated that Zika infected patients have a differential plasma miRNA expression
profile compared to healthy individuals, characterized as a major downregulation of
most of the miRNAs analyzed. Some recent studies have also shown a global miRNA
downregulation in ZIKV-infected neurons in vitro, with few upregulated [16]. Here, we
found that ZIKV+ patients showed 22 downregulated and only two miRNAs
upregulated (miR-340 and miR-365-3p) in their plasma. Dysregulation in miRNA
expression has been previously shown to play critical roles during viral infections,
controlling virus replication and modulating anti-viral immunity [17; 18]. ZIKV in vitro
infection of human astrocytes was able to downregulate a great number of miRNAs
including from the miR-30 family and miR-17-5p leading to deregulation of biological
processes related to unfolded protein response pathway and interferon (IFN)-p

production [19]. MiR-340-5p, was previously described downregulated in vitro
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infection with influenza A virus and mediates a regulatory feedback loop during host-
virus interactions to control both antiviral responses and infection [20]. MiR-365-3p can
negative regulate interleukin 6 (IL-6) gene expression [21], a central cytokine during
acute phase response and associated in central nervous system protection during viral
infections [22]. MiR-146 downregulated in the comparison between ZIKV+ and
RECZIKV+ with Healthy group has an important role in IFN signaling. Wangs et al.
have shown that miR-146 was able to suppress STAT1 dependent expression of type 1
and 2 interferons during HBV proliferation [23]. Another important miRNA, miR-199
is downregulated in ZIKV+ group, a miRNA described as key during HCV replication
as its upregulation is related to increased viral replication [24; 25]. Here we observed by
the clustering analysis of miRNA profiling that when the patients pass from the acute to
convalescent phase, their plasma miRNA expression profiles are similar to the ones of
the healthy group, despite still having dysregulated miRNAs in common with the
ZIKV+ group. Computational analysis revealed that senescence signaling is a potential
canonical pathway modulated by the dysregulated miRNAs observed in ZIKV+
patients. Cellular senescence is described as a signaling pathway with dual opposite
roles during cellular stress like viral infections. It can induce a proinflammatory
phenotype and cell host protection [26] but also can be used by the pathogen, like
viruses, as a strategy to escape from cellular antiviral system. The built network with
targets of DEMs from ZIKV+ group showed as a central node the Embryonic Lethal
Abnormal Vision (ELAVL1), an RNA binding protein (RBP) that is responsible for the
stabilization mRNAs of different types of genes, including the ones related to apoptosis
and rapid inflammatory and stress response. ELAVL1 also named HUR was previously
shown to be an experimentally validated target of miR-125b-5p [27; 28] a miRNA that

we observed to be downregulated in plasma of ZIKV+ patients. The importance of this
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RNA binding protein and miRNA-125 was previously highlighted during in vitro HCV
infection, where it was observed that cells transfected with antagomirs for mir-125,
causing its downregulation had an increased ELAVL1 protein abundance in the cell
cytoplasm what is correlated to an increase in HCV replication. This may be related to
another described function of ELAV1 as an IFN-[] abundance regulator. ELAVL1
strongly interacts with IFN-[] that like most of cytokines contain adenylate-uridylate
(A/U)-rich elements (ARES), that make them highly unstable. Based on that, reduced
expression of ELAVL1 downregulated type 1 IFN secretion and the first response to
viruses [29]. For the RECZIKV+, miR-125 doesn’t appears in the list of significantly
dysregulated miRNAs, and Interferon signaling is among the enriched canonical
pathways for this group. The top 2 most enriched pathways for RECZIKV+ are
Oncostatin M signaling and Role of JAK family kinases in IL-6-type cytokine signaling,
both cytokines are members of the same cytokine family who share related receptor
complexes and mediate communication between the central nervous system and the
immune system. Among the targets identified for miR-30a-5p which is downregulated
in both groups (ZIKV+ and RECZIKV+) compared to Healthy is JAK1 within the
Oncostatin signaling pathway. In response to viral infections, the JAK/STAT signaling
pathway is essential in the regulation of local inflammation [30]. Oncostatin was
described to play important roles during physiological and pathological conditions by
maintaining neural precursor cells homeostasis and having neuroprotective action,
respectively [31]. Among the enriched canonical pathways enriched in the list of shared
DEMs targets are the ones related to immune response, and inflammation. e.g.
Neuroinflammation, Toll-like receptor, Role of PRRs in recognition of viruses and IL-6
signaling. Finally, we highlighted the importance and previously described functions of

miR-142-3p in the context of viral infections. This microRNA was first described by
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Chen et al. in 2004 as specifically expressed in embryonic and adult hematopoietic
tissues and is required for hematopoietic lineages development and function [32]. MiR-
142-3p was also shown targeting cytokines like IL-6 and ITGAV. Importantly, this
miRNA interferes in viral replication, as previously showed in ZIKV-infected human
umbilical cord mesenchymal stem cells assays [33]. Besides confer an anti-viral defense
as report by Berrien-Elliott et al 2019 for maintaining homeostasis and function of type
I innate lymphoid cells [34]. Enrichment analysis showed potential canonical pathways
regulated by miR-142-3p, among them we observed pathways related to endocytosis
mechanisms: e.g. Clathrin-mediated Endocytosis signaling and Virus entry via
Endocytic pathways indicating that this microRNA can potentially regulate targets
related to intracellular trafficking and virus entry pathways. Among the high predicted
and experimentally validated targets of miR-142-3p are: Clathrin, Rac family small
GTPase 1 (RAC1), Integrin b, CXADR Ig-like cell adhesion molecule (CAR) and
Protein kinase C (PKC). The prediction analysis showed that the downregulation of
miR-142-3p induced by viral infection will interfere with the endocytic network
activating process related to the virus intracellular trafficking incoming mechanism. Our
results showed a major downregulation of miRNAs in plasma infected with ZIKV,
importantly we further validated miR-142-3p downregulation in a bigger cohort. By
identifying the targets of the DEMs we listed important pathways potentially regulated
by the dysregulated miRNAs and by building DEMs-targets networks we could identify
specific central molecules for acute and recovery phase of ZIKV infection. We think
that further study of these molecules may translate in the identification of novel

therapeutic targets and biomarkers of infection recovery.
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FIGURE LEGENDS

Figure 1A-B - Workflow and unsupervised analysis of miRNAs. (A) Sample
collection, distribution of the studied groups, data processing and analysis of miRNA
expression profiles in Zika acutely infected patients (ZIKV+; yellow dots) and at the
recovery phase of infection (RECZIKV+; magenta dots) compared to Healthy
individuals (Healthy; green dots) corresponds to the group of people not infected
with the zika virus.(B) Principal component analysis (PCA) of miRNA based on all
samples and 113 differentially expressed miRNA (DEMs) by using a median
centering of the data set. Heatmap and hierarchical clustering was performed with on
all the samples using Manhattan distance and average linkage for columns and
correlation distance and average linkage for rows and, represented as a heatmap with
ACt values for 113 miRNAs (rows) and 18 columns (samples). The color scale
illustrates the fold change in microRNAs expression relative to all groups; red and

blue represents upregulation and downregulation respectively.

Figure 2 A to D - Profiling of differentially expressed miRNA in ZIKV+,
RECZIKV+, healthy individuals and their targets numbers. (A-B) Volcano plot
of altered microRNAs from the samples of ZIKV+ versus Healthy group and
RECZIKV+ versus healthy group. The color scale illustrates the log2 fold change in
microRNAs expression relative to all groups; red and blue represents upregulation
and downregulation respectively. (C) Venn diagram demonstrated the number of
DEMs from each group and six miRNAs are common between the ZIKV+ and
RECZIKV+, all of them are downregulation. (D) Venn diagram of the putative
RNAs targets predicted for up- and downregulated miRNAs in ZIKVV+ and

RECZIKV+,
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Figure 3 - Ingenuity Pathway Analysis (IPA) canonical pathways most
significantly enriched in the ZIKV+ (blue color); RECZIKV+ (yellow color);
Both groups (green color). The stacked bar chart displays the percentage of target
DEMs molecules present in each pathway. The numerical value in the right in front
each pathway name represents the total number of molecules in that canonical
pathway. The Benjamini-Hochberg method was used to adjust the right-tailed

Fisher’s exact test P-value, which was always (<0.05).

Figure 4 - DEMs and molecules networks related to Senescence pathway
regulation in ZIKV+. Network were built using IPA software. Each molecule
was represented as nodes, and the biological relationship between two nodes is
represented as an edge (line). All edges are supported by at least one reference from
the literature or from canonical information stored in the Ingenuity Knowledge Base
(IKB). The central nodes connected to multiple other molecules. The ZIKV+
network showed some molecules as central nodes: interferon alpha, CXCL10,
Interferon gamma (IFNG), interferon regulatory factor 1 (IRF1), miR-125a-5p and
its experimentally validated target ELAV like RNA binding protein 1 (ELAV1). The
molecules are represented in graduation of orange and blue based on the state

prediction, activated or inhibited, respectively.

Figure 5 - DEMs and molecules networks related to Oncostatin M pathway
regulation in RECZIKV+. Network were built using IPA software. Each
molecule was represented as nodes, and the biological relationship between two
nodes is represented as an edge (line). All edges are supported by at least one
reference from the literature or from canonical information stored in the Ingenuity
Knowledge Base (IKB). The molecules network is directly or indirectly related to the

oncostatin M signaling canonical pathway. MiR-30a-5p is a central node targeting
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some other node molecules like signal transducer and activator of transcription 1
(STAT1) and 3 (STATQJ), activator protein 1 (JUN), and neuronal differentiation 1

(NEURODL).

Figure 6 AB - Evaluation of miR-142-3p in the ZIKV +, RECZIKV + and
Healthy group. (A) The gPCR validation in a bigger cohort was performed with
ZIKV+ patients (n=22) and Healthy individuals (n=16) and the same 6 previously
analyzed 6 RECZIKV+ patients. MiR-142-3p is significantly downregulated in
ZIKV+ compared to Healthy individuals (* p<0.05) and RECZIKV+ (¥**p<0.005).
The expression was calculated as the mean + s.d. for each group as individual data
points using the relative expression (fold change over Healthy) by the 2—AAct
method and groups were compared by a non-parametrical Kruskal Wallis test. (B)

Enriched canonical pathways identified for miR-142-3p targets using IPA software.

Figure 7 — Targets potentially regulated by MiR-142-3p within the Virus Entry
via Endocytic canonical pathway. Molecules high predicted and experimentally
validated as targets of miR-142-3p within the Virus entry via endocytic pathway are
shown as nodes with each node shape representing one type of molecule as indicated
in the figure: Clathrin, Rac family small GTPase 1 (RAC1), Integrin b, CXADR Ig-
like cell adhesion molecule (CAR) and Protein kinase C (PKC). Molecules and
functions are colored based on their predicted activation state: activated (orange) or
inhibited (blue) or when available in graduation of green or red based on their fold

change in expression, downregulated or upregulated, respectively.



59

Table 1- Characteristics of individuals/patients from the miRNA profiling

cohort.
Patient Code | Group Sex (ngs) Dayf)r(lfgt.r?g o qp(%ll:\_)l_%lfv
sampling)

H1 Healthy F 34 None N.A

H2 Healthy F 36 None N.A

H3 Healthy F 39 None N.A

H4 Healthy F 36 None N.A

HS5 Healthy F 53 None N.A

Hé6 Healthy F 37 None N.A

ZIKV+1 | ZIKV+ F 36 4 38.92

ZIKV+2 | ZIKV+ F 34 3 31.25

ZIKV+3 | ZIKV+ F 49 4 35.82

ZIKV+4 | ZIKV+ F 36 2 35.85

ZIKV+5 | ZIKV+ M 33 9 29.28

ZIKV+6 | ZIKV+ M 28 2 27.21

ZIKV+7 | ZIKV+ M 24 3 37.88

RECZIKV+1 | ZIKV+ F 39 >15 N.A

RECZIKV+2 | ZIKV+ F 36 >15 N.A

RECZIKV+3 | ZIKV+ F 36 >15 N.A

RECZIKV+4 | ZIKV+ F 34 >15 N.A

RECZIKV+5 | ZIKV+ F 49 >15 N.A

Legend: Sex: F = female; M = male; C.T = cycle threshold; None = no symptoms;
N.A = not amplified. Samples used for miRNA profiling: 6 healthy individuals
(Healthy), 7 ZIKV+ and 5 RECZIKV+ patient samples. Blood samples were

collected into EDTA-coated.
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Figure 1A-B - Workflow and unsupervised analysis of miRNAs.
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Figure 2 A to D - Profiling of differentially expressed miRNA in ZIKV+,
RECZIKV+, healthy individuals and their targets numbers.
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SUPPLEMENTARY MATERIALS

Supplementary Table 1 - Clinical characteristics of the cohort study subject

SUJECT CODE SEX AGE (YEARS) GROUP
H1# F 34 Healthy
H2# F 36 Healthy
H3* F 39 Healthy
H4# F 36 Healthy
H5* F 53 Healthy
H6* F 37 Healthy
H7& M 29 Healthy
H8& M 27 Healthy
H9& F 29 Healthy
H10 M 58 Healthy
H11%& M 34 Healthy
H12 F 32 Healthy
H13% M 27 Healthy
H14% M 31 Healthy
H15% M 39 Healthy
H16 M 35 Healthy
H17% F 30 Healthy
H18& M 30 Healthy
H19& M 42 Healthy
H20% F 44 Healthy
H21& M 56 Healthy
H22% M 58 Healthy
H23& M 31 Healthy
H24% M 26 Healthy
H25% M 42 Healthy
RECZIKV+1#& F 39 RECZIK+
RECZIKV+2#& F 36 RECZIK+
ZIKV+1/RECZIKV+3% F 36 RECZIK+/ZIKV+
ZIKV+2/RECZIKV+4% F 34 RECZIK+/ZIKV+
ZIKV+3/RECZIKV+5% F 49 RECZIK+/ZIKV+
ZIKV+4* F 36 ZIKV+
ZIKV+5* M 33 ZIKV+
ZIKV+6* & M 28 ZIKV+
ZIKV+7# M 24 ZIKV+
ZIKV+8& F 53 ZIKV+
ZIKV+9& F 23 ZIKV+
ZIKV+10% F 47 ZIKV+
ZIKV+11& F 25 ZIKV+
ZIKV+12& F 40 ZIKV+
ZIKV+13& M 61 ZIKV+
ZIKV+14& M 22 ZIKV+
ZIKV+15& F 56 ZIKV+
ZIKV+16& F 28 ZIKV+
ZIKV+17% F 41 ZIKV+
ZIKV+18& M 18 ZIKV+
ZIKV+19& M 10 ZIKV+
ZIKV+20& F 37 ZIKV+
ZIKV+21& F 62 ZIKV+
ZIKV+22& F 30 ZIKV+
ZIKV+23& F 34 ZIKV+
ZIKV+24& F 38 ZIKV+
ZIKV+25& F 37 ZIKV+

Legend: SEX: F = female; M = male CONT = Individuals in the control group; ZIKAV+ = Patients
infected with Zika virus; REC-ZIKV+ = Zika-infected patients in convalescence phase. # Samples
used for miRNA profilling. & samples used for miR-142-3p gPCR.



Supplementary Table 2 - List of DEMs in ZIKV+ vs Healthy
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Supplementary Table 3 - List of DEMs in RECZIKV+ vs Healthy

MicroRNA symbol/seed sequence Mirbase ID p value fold change log2 fold change
miR-365-3p (and other miRNAs w/seed AAUGCCC) MIMAT0000710 0.034
miR-340-5p (miRNAs w/seed UAUAAAG) MIMAT0004692 0.007
miR-342-3p (miRNAs w/seed CUCACAC) MIMATO000753 0.032 2,69 -1,43
miR-30c-5p (and other miRNAs w/seed GUAAACA) MIMAT0000244 0.002 2,79 -1,48
let-7a-5p (and other miRNAs w/seed GAGGUAG) MIMATO0004 14 0.011 -2,90 -1,54
let-7e-5p (and other miRNAs w/seed GAGGUAG) MIMATO000066 0.015 -2,99 -1,58
miR-146b-5p (and other miRNAs w/seed GAGAACU) MIMAT0002809 0.005 -3,22 -1,68
miR-126a-3p (and other miRNAs w/seed CGUACCG) MIMAT0000445 0.007 3,25 -1,70
miR-139-5p (miRNAs w/seed CUACAGU) MIMAT0000656 0.007 -3,28 -1,71
miR-19b-3p (and other miRNAs w/seed GUGCAAA) MIMATO000074 0.034 -3,31 -1,73
miR-24-3p (and other miRNAs w/seed GGCUCAG) MIMAT0000080 0.023
miR-320b (and other miRNAs w/seed AAAGCUG) MIMAT0000510 0.014
miR-146a-5p (and other miRNAs w/seed GAGAACU) MIMAT0000449 0.028
miR-186-5p (miRNAs w/seed AAAGAAU) MIMAT00004586 0.006
miR-142-3p (and other miRNAs w/seed GUAGUGU) MIMAT0000434 0.032
miR-30b (and other miRNAs w/seed GUAAACA) MIMAT0000420 0.001
miR-199a-3p (and other miRNAs w/seed CAGUAGU) MIMAT0000232 0.024
miR-125b-5p (and other miRNAs w/seed CCCUGAG) MIMAT0000443 0.002
miR-191-5p (and other miRNAs w/seed AACGGAA) MIMAT0000440 0.006
miR-223-3p (miRNAs w/seed GUCAGUU) MIMAT0000280 0.035
miR-344a-5p (and other miRNAs w/seed CAGGCUC) MIMAT0002174 0.007
miR-28-3p (and other miRNAs w/seed ACUAGAU) MIMAT0004502 0.013
miR-150-5p (and other miRNAs w/seed CUCCCAA) MIMAT0000451 0.019
miR-130a-3p (and other miRNAs w/seed AGUGCAA) MIMAT0000425 0.014

MicroRNA Symbol/seed sequence Mirbase ID p value fold change log2foldchange
miR-495-3p (and other miRNAs w/seed AACAAAC) MIMAT0002817 0,01100 H
miR-17-5p (and other miRNAs w/seed AAAGUGC) MIMATO0000103 0,01900 2,62 1,39
miR-146a-5p (and other miRNAs w/seed GAGAACU) MIMATO0002809 0,04100 -1,53 -0,61
miR-342-3p (miRNAs w/seed CUCACAC) MIMATO0000753 0,04400 -1,85 -0,89
miR-126a-3p (and other miRNAs w/seed CGUACCG) MIMATO0000445 0,01700 -1,93 -0,95
miR-150-5p (and other miRNAs w/seed CUCCCAA) MIMAT0000451 0,04600 -2,35 -1,23
miR-30c-5p (and other miRNAs w/seed GUAAACA) MIMAT0000244 0,00400 -3,26 -1,70
miR-30b (and other miRNAs w/seed GUAAACA) MIMAT0000420 0,00700 -3,29 -1,72

Supplementary Table 4 - List of DEMs in common between ZIKV+ and RECZIKV+

MicroRNA Symbol/seed sequence Mirbase ID |p value ZIKV+| p value RECZIKV+| fold change ZIKV+| fold change RECZIK+ | log2foldchange ZIKV+ | log2foldchange RECZIKV+
miR-126a-3p (and other miRNAs w/seed CGUACCG) | MIMATO000445 0,007 0,017 -3,25 -1,931 -1,70 -0,95
miR-146a-5p (and other miRNAs w/seed GAGAACU) | MIMAT0000449 0,028 0,041 -3,69 -1,529 -0,61

miR-150-5p (and other miRNAs w/seed CUCCCAA) | MIMAT0000451 0,019 0,046 5,32 -2,347 -1,23
miR-30c-5p (and other miRNAs w/seed GUAAACA) | MIMAT0000244 0,002 0,007 -2,79 -3,289 -1,48 -1,72
miR-342-3p (MiRNAs w/seed CUCACAC) MIMAT0000753 0,032 0,044 -2,69 -1,852 -1,43 -0,89
miR-30b (and other miRNAs w/seed GUAAACA) MIMAT0000420 0,001 0,007 -3,95 -3,289 -1,72
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ANEXO A
TERMO DE CONSENTIMENTO LIVRE E ESCLARECIDO

Vocé estd sendo convidado (a) para participar, como voluntario, em uma
pesquisa. Meu nome € Irmtraut Araci Hoffmann Pfrimer, sou a pesquisadora
responsavel pelo projeto e minha area de atuacdo é Imunologia de doencas
infecciosas. Ap0s ler com atencdo este documento e ser esclarecido (a) sobre as
informacdes a seguir, no caso de aceitar fazer parte do estudo, assine em todas as
folhas e ao final deste documento, que esta em duas vias e também serd assinado
por mim, pesquisadora, em todas as folhas. Uma delas é sua e a outra é do
pesquisador responsavel. Em caso de davida sobre a pesquisa, vocé podera entrar
em contato com o pesquisador responsavel, Dra Irmtraut Araci Hoffmann
Pfrimer, no telefone: (62) 3946-1346. Em caso de dlvidas sobre os seus direitos
como participante nesta pesquisa, vocé podera entrar em contato com o Comité
de Etica em Pesquisa da Pontificia Universidade Catdlica de Goias pelo telefone
(62) 3946-1071.

INFORMACOES SOBRE A PESQUISA

Titulo do Projeto: “Perfil da expressdo génica em amostras de sangue de

individuos infectados pelo virus zika nas fases aguda e de convalescenga”.

O virus Zika (ZIKV) é transmitido principalmente pela picada de mosquitos
Aedes, e somente 20% dos individuos infectados com o virus apresentardo
sintomas da doenca. Além disso, existe apenas um tipo de virus circulante, mas
que pode apresentar alteracdes em sua estrutura de acordo com a regido em que

se desenvolve.

Em geral, os casos que apresentam sintomas exibem um quadro semelhante ao da
Dengue e Chikungunya, com as seguintes sintomatologias: febre, dor de cabeca,

dor articular e muscular, e manchas vermelhas espalhadas pelo corpo.

Nesse projeto pretendemos realizar um estudo capaz de identificar quais as
alteragfes no sistema imune que podem ser ocasionadas pela presenca do Zika
Virus e detectar qual o tipo de virus que o individuo com Zika esta infectado,

bem como se existe alteragdes na estrutura do virus que circula no Brasil.
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Assim, nossa hipotese € que ha a alteracdo no sistema imune de individuos que
estdo infectados com o Zika virus e que o virus circulante no Brasil ndo apresenta

muitas alteracGes em sua estrutura.

Acreditamos que a identificacdo das alteracGes no sistema imune e da estrutura
viral, serd Util para tratar o paciente, estratégias de controle de mosquitos e

diferenciar de outras doencgas também causadas pela picada de insetos.

Objetivos da pesquisa: Detectar a infeccdo pelo Virus Zika em individuos com
suspeita da doenca; Quantificar o virus Zika nos individuos infectados;
Determinar caracteristicas do sistema imune em infectados com o ZIKV e

estrutura viral do mesmao.

Duracdo do estudo: Esse estudo esta previsto para durar 2 anos. A sua
participacao nessa pesquisa serd o tempo gasto no momento da coleta de sangue e
coleta de informacGes para o preenchimento da ficha de investigacdo, com
duragéo de 15 a 20 minutos.

Procedimentos a serem seguidos durante o estudo: Sera preenchida uma ficha de
investigacdo e, se for necessario, seu prontuario médico também podera ser
observado, para que os resultados de todos 0s exames que vocé ja realizou sejam
avaliados pelos pesquisadores. Serdo colhidos 10 mL de sangue de sua veia para
realizacdo de testes que avaliardo se vocé esta com o Zika Virus, quanto de virus
h& em seu organismo, para que possamos compreender como 0 Vvirus age € como

pode ser combatido.

Desconfortos e riscos potenciais: Esta pesquisa por necessitar da obtencdo de
amostras de sangue, € considerada de risco méedio, porque gera desconforto, dor
durante a coleta, formacdo de manchas roxas no local da coleta de sangue e,
ainda, tonturas. Para minimizar tais problemas, sera utilizada nesta pesquisa, sala
reservada para entrevista e coleta de amostra; o profissional que realizara a coleta
de sangue é muito experiente e trabalha somente com coleta de sangue; todo o
procedimento antes e ap0s a coleta seguird os padrOes de seguranca e Boas
Préaticas Laboratoriais.

Beneficios que poderdo ser obtidos: Vocé recebera resultados de exames
laboratoriais (PCR para Zika e Chikungunya) sem qualquer custo. Também sera
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orientado quanto ao curso e desenvolvimento da doenca, serd aconselhado sobre
como proceder ap6s o recebimento dos resultados. Sua participagdo beneficiara
outras pessoas por promover melhor entendimento de fatores relacionados com a
origem, ao curso do Zika Virus e reacdes no organismo, tratamento e
desenvolvimento de vacinas, bem como cuidados relacionados ao combate do

mosquito.

Compensacdes e custos: Todas as consultas, procedimentos e testes laboratoriais
feitos especificamente para este estudo serdo fornecidos a vocé sem nenhum
custo.A equipe pesquisadora se dispde em oferecer a vocé assisténcia integral e
gratuita por danos diretos e indiretos, imediatos ou tardios em funcdo da sua

participacdo no estudo, afim de minimizar os transtornos causados.

Descontinuacdo do Estudo: Vocé podera deixar de participar deste estudo ou
retirar seu consentimento a qualquer momento que achar necessario sem
prejuizos em seu atendimento hospitalar e sem nenhum dano moral, ético, social,

financeiro, etc.
Esclarecimentos dados sobre garantias do participante da pesquisa:

[1 Vocé tera a garantia, a qualquer tempo de que recebera as informacdes sobre
0s procedimentos, riscos e beneficios relacionados a pesquisa, inclusive sobre o

esclarecimento de qualquer davida;

[1 Vocé tem liberdade para se recusar a participar ou retirar seu consentimento e
descontinuar sua participacdo a qualquer tempo. A participacdo é voluntaria e a
recusa em participar nao envolvera nenhuma penalidade ou perda de beneficios.
Recusa ou descontinuacdo ndo irdo de nenhuma forma colocar em risco seu

direito de receber tratamento.

[1 Seu médico e os demais investigadores desse estudo tratardo sua identidade
com padrdes profissionais de confidencialidade. Seus registros permaneceréo
confidenciais. Nomes de participantes ou materiais identificando participantes
ndo serdo publicados. Os participantes ndo serdo identificados em nenhuma
publicacdo que possa resultar deste estudo. Uma copia deste consentimento ficara

com esta equipe de pesquisa e uma sera dada a vocé.
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[J Todos os procedimentos e consultas deste estudo Ihe serdo fornecidos sem
nenhum custo. Assisténcia médica por danos causados direta e indiretamente
relacionados com este estudo serdo de responsabilidade desta equipe

pesquisadora.

Eu, )
RG/ CPF/ n° de prontuario/ n° de matricula ,

abaixo assinado, concordo em participar do estudo‘“Perfil da expressao génica em
amostras de sangue de individuos infectados pelo virus zika nas fases aguda e de
convalescenga”, sob a responsabilidade da Dr®. Irmtraut Araci Hoffmann Pfrimer,
como sujeito voluntario. Fui devidamente informado e esclarecido pela
pesquisadora Irmtraut Araci Hoffmann Pfrimer sobre a pesquisa, 0S
procedimentos nela envolvidos, assim como 0s possiveis riscos e beneficios
decorrentes de minha participacdo. Foi me garantido que posso retirar meu

consentimento a qualquer momento, sem que isto leve a qualquer penalidade.

Local e data:

Nome e Assinatura do

participante:

Assinatura Dactiloscopica:

Nome e assinatura do Pesquisador

Responsavel:
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o Anélise Metaboldmica e Lipidémica utilizando Espectrometria de Massas.
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Associated With Myocardial Dysfunction and Can Be Modulated by Hypertonic

Saline. 2021. Transplantation. DOI: 10.1097/TP.0000000000003779



82

* Integrative analysis of microRNA and mRNA expression profiles of monocyte
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HOFFMANN PFRIMER, JORGE KALIL3, SIMONE DA FONSECA, EDECIO
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downregulation of circulating microRNAs in Zika acutely infected patients:
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Conhecimento, Universidade Federal de Minas Gerais (2018).

0 Comissdao Avaliadora do “2° CONCURSO DO PITCH” na IV Mostra

Interativa da Pds-graduacdo, do 4° Encontro de Ciéncia, Ensino e Cultura do



84

ICB/UFMG”, dentro da Semana do Conhecimento da UFMG, Universidade
Federal de Minas Gerais (2018).

» Mesas redondas, programas de televisdo e eventos para divulgacdo da

ciéncia:
0 Percurso académico-profissional dos egressos da FAMINAS-BH, 2017.

0 As dificuldades dos cientistas no financiamento de suas pesquisas. Jornal da
UFMG, 2017
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