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RESUMO

InfeccBes por Zika virus geralmente estdo associadas a malformacdes fetais e
complicacBes neurologicas em adultos, representando um risco a saude publica.
Apesar disso, ainda nao existem vacinas licenciadas para uso humano. Vacinas de
DNA sao plataformas altamente adaptaveis, eficientes, seguras e possuem rapida
producédo e bom custo-beneficio, sendo opg¢des interessantes para o desenvolvimento
de estratégias vacinais. Neste trabalho, desenvolvemos dois candidatos a vacina de
DNA contra o ZIKV, e avaliamos a imunogenicidade dessas em modelos murinos.
Para tanto, foram utilizados 14 epitopos presentes nas proteinas do Envelope e NS1
do Zika virus, preditos in silico como indutores de respostas mediadas por células T e
B. O peptideo sinal ssPGIP foi adicionado a um dos candidatos, como estratégia de
otimizacao da imunogenicidade vacinal. As sequéncias multiepitopos e ssPGIP foram
clonadas no vetor de pVAX1 para expressdo em mamiferos e utilizadas para a
imunizacdo de camundongos Balb/c. Apés o término do periodo de imunizacao (21
dias), o sangue e o0 baco dos animais foram coletados para andlises bioguimicas,
hematoldgicas e imunoldgicas. Até o presente momento, temos indicios que as duas
vacinas de DNA testadas (pVAX_EnvNS1l e pVAX_ssEnvNSl) foram capazes de
ativar linfocitos T CD4+ e T CD8+, bem como gerar resposta imune humoral de perfil
Thl. Os dados obtidos indicam que a imunizagdo com pVAX_sSsSEnvNS1 resulta em
um perfil polifuncional de producédo de citocinas Thl, Th2 e Th17. Por outro lado, a
ativacao de células T CD4+ e CD8+ com o constructo pVAX_EnvNS1 foi mais robusta

e persistente.

Palavras-chave: Vacinas de DNA; ZIKV; Peptideos sinais; Sequéncias sinalizadoras;

Modelo murino.



ABSTRACT

Zika virus infections are usually associated with fetal malformations and neurological
complications in adults, representing a risk to public health. Despite this, there are still
no vaccines licensed for human use. DNA vaccines are highly adaptable, efficient, safe
platforms with rapid production and good cost-effectiveness, which are interesting
options for developing vaccine strategies. In this work, we developed two DNA vaccine
candidates against ZIKV and evaluated their immunogenicity in murine models. For
this purpose, 14 epitopes present in the Zika virus Envelope and NS1 proteins,
predicted in silico as inducers of responses mediated by T and B cells, were used. The
ssPGIP signal peptide was added to one of the candidates, as a strategy to optimize
vaccine immunogenicity. The multiepitope sequences and ssPGIP were cloned into
the pVAX1 vector for expression in mammals and used for immunization of Balb/c
mice. After the end of the immunization period (21 days), the blood and spleen of the
animals were collected for biochemical, hematological and immunological analyses.
So far, we have evidence that the two tested DNA vaccines (pVAX_EnvNS1 and
pVAX_ssEnvNS1) were capable of activating CD4+ and T CD8+ lymphocytes, as well
as generating a Th1-profile humoral immune response. The data obtained indicate that
immunization with pVAX_ssEnvNS1 results in a polyfunctional profile of Thl, Th2 and
Th17 cytokine production. On the other hand, activation of CD4+ and CD8+ T cells
with the pVAX_EnvNS1 construct was more robust and persistent.

Keywords: DNA vaccines; ZIKV; Signal peptides; Signal sequences; Murine model.
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1 INTRODUCAO

O Zika virus (ZIKV), € um membro reemergente da familia Flaviviridae. Esta
familia engloba ainda outros virus de importancia médica como os virus da Dengue e
da Febre Amarela. De maneira geral, esses virus tém como principal forma de
transmissdo a picada de mosquito do género Aedes, 0 que também ¢é aplicado ao
ZIKV. Contudo, este pode ainda ser disseminado por vias alternativas como materno-
fetal, transfusdo sanguinea e relagbes sexuais. Desde a recente epidemia do ZIKV
em 2015-2016, a infeccdo por este virus foi recentemente associada ao
desenvolvimento de malformacdes congénitas, e em adultos a complicacGes
neurologicas graves, como a Sindrome de Guillain-Barré.

Desse modo, mesmo com o declinio de novos casos notificados nos anos
subsequentes a epidemia, a associacdo do ZIKV a estas complicacdes 0 mantém
como um problema perene de salde publica e, apesar dos esfor¢os continuos para o
desenvolvimento de estratégias profilaticas e terapias antivirais, ainda ndo ha nenhum
tratamento ou profilaxia disponivel contra a infec¢éo por ZIKV.

Em relac@o ao desenvolvimento de vacinas contra o ZIKV, diversas estratégias
vém sendo testadas, desde abordagens mais classicas como o uso de virus inativados
ou atenuados a estratégias que utilizam acidos nucléicos (vacinas de DNA e RNA) e
gue tem com principais antigenos as proteinas virais do prM, Envelope viral e NS1,
por serem alvos importantes da resposta imunoldgica durante a infeccao por ZIKV.

Vacinas de DNA oferecem algumas vantagens importantes como flexibilidade
na elaboracao e selecéo de antigenos, rapidez de obtencao e avaliacao de candidatos
vacinais, producao eficiente, e estabilidade térmica e estrutural de suas moléculas.
Uma vez que essas vacinas permitem a utilizacdo de sequéncias sintéticas como
antigenos, é possivel selecionar epitopos imunogénicos especificos como uma
alternativa mais eficiente de induzir respostas mediadas por células B e T.

Neste contexto, o presente estudo propds a utilizacdo de uma sequéncia
composta por epitopos derivados das proteinas do Envelope e NS1, preditos como
indutores de respostas mediadas por células B e T como antigeno, na forma de uma
vacina de DNA. Como versao alternativa a esta vacina, adicionamos a construcao
inicial uma sequéncia sinalizadora (ssPGIP) para avaliar a possibilidade de

potencializacdo de resposta imunolégica a construcdo. A avaliacdo da
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imunogenicidade destes candidatos vacinais foi realizada em ensaio pré-clinico em
camundongos imunocompetentes Balb/c.

Os resultados obtidos apdés a imunizacdo indicam que as vacinas de DNA
testadas, pVAX_EnvNS1 e pVAX_ssEnvNS1, foram capazes de induzir a proliferagcéo
de linfocitos T CD4+ e T CD8+, bem como gerar resposta imune humoral de perfil Th1.
A adicao da sequéncia sinalizadora ssPGIP ao candidato vacinal, 0o pVAX_ssEnvNS1,
levou ao estabelecimento de um perfil polifuncional com producéo de citocinas dos
perfis Thl, Th2 e Thl7, enquanto que a imunizagdo por pVAX_EnvNS1 resultou na
ativagdo de células T CD4+ e CD8+ de maneira mais robusta e persistente.
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2 REVISAO DE LITERATURA

2.1 O ZIKA VIRUS
2.1.1 Epidemiologia do Zika virus

O Zika virus foi primeiramente isolado a partir de um macaco rhesus febril,
durante uma pesquisa de monitoramento de Febre Amarela no ano de 1947, em uma
floresta da Uganda (DICK; KITCHEN; HADDOW, 1952). Casos de infecgao pelo ZIKV
em humanos foram identificados nos anos seguintes, mas por décadas permaneceu
como uma doenca de pouca relevancia. Entretanto, estudos soroldgicos
demonstraram incidéncia moderada de casos em alguns paises da Africa e Asia neste
periodo (FAGBAMI, 1979; GESER; HENDERSON; CHRISTENSEN, 1970; MONLUN
et al., 1993; OLSON et al., 1981; SIMPSON, 1964). A primeira epidemia relevante
ocasionada pelo ZIKV ocorreu no ano de 2007, na ilha Yap, Micronésia (LANCIOTTI
et al., 2008), com soroprevaléncia local estimada acima de 73% da populacdo (DUFFY
et al., 2009). Nos anos seguintes, pequenos surtos foram observados em territérios
proximos, até o ano de 2013 onde ocorreu a segunda epidemia, agora na Polinésia
Francesa, com casos da Sindrome de Guillain-Barré associados a infeccdo em
adultos (CAO-LORMEAU et al., 2014).

Como principal afetado pelo surto de casos de ZIKV, o Brasil teve seus
primeiros casos confirmados no segundo trimestre do ano de 2015 (KINDHAUSER et
al., 2016). Entretanto, estima-se que a entrada do virus no pais tenha ocorrido entre
o fim de 2013 e inicio de 2014, através do fluxo de pessoas vindas da Polinésia
Francesa (FARIA et al., 2017; MASSAD et al., 2017). No ano de 2016, o Brasil firmou-
se como epicentro dos casos, sendo polo de disseminacédo do virus para outros paises
da América (FARIA et al., 2017; METSKY et al., 2017; VANNICE et al., 2019). Neste
mesmo ano, o rapido alastramento do virus em paises e territérios em todo mundo, e
o relato crescente de casos de microcefalia e malformacdes congénitas, atualmente
classificadas como Sindrome Congénita do Zika (SCZ), associados a infeccao por
ZIKV nas Ameéricas levou a Organizacdo Mundial da Saude (OMS) declarar a
epidemia do ZIKV como Emergéncia de Saude Publica de Interesse Internacional
(WILDER-SMITH; OSMAN, 2020).

O declinio da epidemia no Brasil e em outros paises afetados ocorreu apenas
entre 2017-2018, possivelmente devido as campanhas de controle aos vetores virais

e aquisicdo de imunidade em grande parte da populagcdo (BRITO et al.,, 2021;
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VANNICE et al., 2019). Desde entdo, pequenos surtos ocorreram em paises como a
india e Vietna (BISWAS et al., 2020; NGUYEN et al., 2020). Mesmo com a diminui¢&o
de novos casos e fim da epidemia, o ZIKV passou a integrar em 2018 a lista de
doencas prioritarias da OMS, que tem por objetivo incentivar pesquisas e solucdes
para doencas com potencial de causar emergéncias a saude publica(JONKMANS;
D’ACREMONT; FLAHAULT, 2021). Um relatério disponibilizado em julho de 2019 pela
OMS, informou que 87 paises das Américas, Asia, regido do Pacifico e Africa
registraram casos de Zika em seus territérios (OMS, 2019), como mostra 0 mapa
mundial de areas de risco do Centro de Controle e Prevencao de Doencas (Centers

for Disease Control and Prevention - CDC) na Figura 1.

Figura 1- Distribuicdo mundial de &reas de risco para infeccao por ZIKV.

Legenda

- Pais ou territério com casos notificados de ZIKV (passados ou atuais)
Areas com baixa probabilidade de infeccéo por ZIKV devido a elevacio geografica ( acima de 2000 metros)
Pais ou territério com mosquito, mas sem casos de ZIKV notificados

Pais ou territdrio sem maosquito transmissor de ZIKV

Fonte: Adaptado de Centers for Disease Control and Prevention — CDC (2021).
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No Brasil, a ampla distribuicdo dos principais agentes transmissores do ZIKV,
mosquitos do género Aedes infectados, auxiliou a transicdo do ZIKV de epidémico a
endémico em todas as regifes do pais (TUNALI et al., 2021). Segundo dados da
Secretaria de Vigilancia em Saude (SVS), até a 222 semana epidemioldgica (junho de
2022), foram registrados 5.699 casos provaveis de ZIKV, com uma taxa de incidéncia
de 2,7 casos a cada 100 mil habitantes no pais. Em relacdo ao mesmo periodo em
2021, esses dados representam um aumento de 118,9% no numero de casos no pais
(SVS, 2022).

Em relacdo a casos de SCZ no pais, entre o periodo de 2015-2020 foram 3.577
confirmados, com pico de casos (2.554) observado entre os anos de 2015-2016, com
maior ocorréncia na Regido Nordeste do pais. Apesar da menor incidéncia de novos
casos, para o ano de 2020, 1.007 novos casos foram notificados, dos quais 35 foram
confirmados e 597 estdo em investigacao (SVS, 2021). Esta diminuicdo progressiva
de novos casos confirmados de infecgcédo por ZIKV, e consequentemente de SCZ,
pode ser relacionada ao menor nimero de casos de ZIKV ocasionado em grande parte
pela existéncia de imunidade coletiva da populagédo. Embora o aumento progressivo
da populacédo ndo exposta e o decaimento da memdéria imunolégica sejam possiveis
explicagbes para essa diminuicdo (RIBEIRO et al., 2020), o0 aumento expressivo
gquanto ao percentual de casos entre os anos de 2021 e 2022 pode estar relacionado
com a subnotificacdo de novos casos em virtude da pandemia do coronavirus e

restricbes associadas.

2.1.2 Transmissdo e manifestacdes clinicas

Assim como observado para outros arbovirus endémicos ao Brasil, como o
virus da Febre amarela (YFV), o virus da Dengue (DENV) e o virus Chikungunya, a
principal forma de transmisséo do ZIKV é a picada por mosquitos do género Aedes
infectados (PETERSEN et al., 2016a). Entretanto, outras formas de transmissdo nao
vetorial do ZIKV foram identificadas, como por transfusdo sanguinea, relacdes sexuais
e materno-fetal, esta ultima considerada relevante devido ao desenvolvimento de
malformacodes fetais (MAGNUS et al., 2018; MUSSO et al., 2014; PETERSEN et al.,
2016b; SHARMA et al., 2020).

Estima-se que aproximadamente 80% das infec¢cdes por ZIKV sejam

assintomaticas (DUFFY et al., 2009). Entretanto, quando presentes, as manifestacées
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clinicas séo similares aquelas observadas em infecgbes leves por Dengue e
Chikungunya, e tem como principais sintomas relatos de febre baixa, dor de cabeca,
exantema maculopapular, mialgia, conjuntivite, dor retro-orbital e artralgia. Estas
manifestaces tém inicio entre 2 a 7 dias apds a infeccdo, e desaparecem dentro de
uma semana (SHARMA et al., 2020).

No entanto, apesar de ser uma doenca majoritariamente inofensiva, a
associacao da infeccdo a malformacdes congénitas e distarbios neuroldégicos tornou
a larga circulacdo do ZIKV um sério problema de saude publica (PETERSEN et al.,
2016a). Os primeiros casos de microcefalia a serem associados ao ZIKV ocorreram
no Brasil em 2015, embora analises retrospectivas de infeccdes ocorridas durante a
epidemia de 2013-2014 na Polinésia Francesa tenham identificado casos anteriores
de microcefalia e malformacdes neuroldgicas congénitas (BESNARD et al., 2016;
CAUCHEMEZ et al., 2016). Com a evolu¢cdo da epidemia nas Américas, foram
notificadas outras desordens congénitas associadas a infec¢ao tais como hipoplasia
ou atrofia do sistema nervoso central, calcificacdes cerebrais, malformacdes e/ou
baixa acuidade ocular (FREITAS et al., 2020; MOORE et al., 2017).

Em adultos, a infecgdo por ZIKV pode desencadear a Sindrome de Guillain-
Barré, uma doenca autoimune caracterizada pela rapida perda de tbnus muscular e/ou
paralisia (KATZ; GILBURD; SHOVMAN, 2019; LEONHARD et al., 2020). Enquanto a
maior parte dos individuos afetados pela SGB se recuperam sem complicacdes,
estima-se que 40% dos afetados necessitem de atendimento hospital intensivo
(LEONHARD et al., 2020). Uma estimativa de custos financeiros diretos e indiretos
dos casos de SGB ocorridos no Brasil no ano de 2016 alcangou um valor aproximado
a 12 milhdes de ddlares, evidenciando a necessidade de monitoramento e prevencao
da infeccéo por ZIKV (PEIXOTO et al., 2019).

2.1.3 Aspectos filogenéticos, Genoma e Ciclo viral

Assim como outros virus de importancia médica como o DENV, o YFV, o virus
da Encefalite japonesa (JEV), o virus do Oeste do Nilo (WNV) e o virus da Encefalite
do carrapato (TBEV), o Zika virus (ZIKV) é membro da familia Flaviviridae,
(SIMMONDS et al., 2017). Entretanto, o ZIKV integra o sorocomplexo Spondweni,
junto ao virus que nomeia 0 grupo e cuja infeccdo em humanos resulta em

manifestacdes clinicas similares aos presentes na infec¢ao por ZIKV (HADDOW et al.,
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2016). Analises genbmicas e filogenéticas do ZIKV classificam as cepas circulantes
em duas linhagens, a Africana e a Asiatica, que divergem geneticamente em
aproximadamente 11%, e s&o reconhecidas como um unico sorotipo (LANCIOTTI et
al., 2008; NUNES et al., 2020). Cepas da linhagem Asiatica foram responsaveis pelos
surtos ocorridos na Asia, Oceania e Américas entre os anos de 2013 e 2016, e
sequenciamentos de isolados demonstraram divergéncias genéticas suficiente para
separa-las em duas sublinhagens: a Americana e Pacifica (HU et al., 2019).

Como outros virus pertencentes ao género flavivirus, o ZIKV possui cerca de
50 nandmetros de didmetro, e estrutura icosaédrica envolta por uma camada lipidica
(HASAN et al., 2018). Seu genoma € composto por RNA de fita simples e senso
positivo, de aproximadamente 10.800 pares de bases, e cujo Unico quadro aberto de
leitura é flanqueado por regides nado traduzidas (NTRs) em cada extremidade
(SHARMA et al., 2020). A poliproteina codificada pelo genoma do ZIKV é clivada por
proteases virais e do hospedeiro e apresenta trés proteinas estruturais e sete nao
estruturais: capsideo (C), precursor da membrana/membrana (prM/M) e envelope (E),
NS1 (non-structural protein 1 — proteina nao-estrutural 1), NS2a, NS2b, NS3, NS4a,
NS4b e NS5 (Figura 2) (HASAN et al., 2018; LINDENBACH; RICE, 2003).

Figura 2 - Genoma do ZIKV e proteinas ap6s processamento. (A) Processamento da poliproteina viral
mediada por proteases virais e do hospedeiro. (B) Modelo proposto da topologia da poliproteina na
membrana do Reticulo Endoplasmatico.
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Fonte: Adaptado de Shi e Gao (2017).
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O arcabouco que acomoda o genoma viral do ZIKV é composto por 180 copias
de cada uma das proteinas do capsideo e envelope, que circundam multiplas copias
da proteina do capsideo contidas em uma camada bilipidica (HASAN et al., 2018). As
proteinas ndo-estruturais, por sua vez, estdo envolvidas nos processos de transcricdo
e replicacédo viral, processamento da poliproteina e evasdo da resposta imunologica
do hospedeiro (Tabela 1) (PIERSON; DIAMOND, 2018).

Tabela 1 - Principais func¢des atribuidas as proteinas ndo-estruturais dos Flavivirus.
Proteina Funcbes Referéncias
Age na formacéo do complexo de replicacéo viral.

NS1 Participa da montagem e amadurecimento viral. Antagonista ~ (CARPIO; BARRETT,
do sistema complemento. 2021)

Inibe respostas mediadas por Interferons (IFN) tipo | e Il
NS2A Recrutamento do RNA gendémico. (FANUNZA et al., 2021;
) ZHANG et al., 2019)
Montagem viral.
NS2B Atua como cofator da por¢do protease de NS3. (XING et al., 2020)

N-terminal tem atividade serino-protease.

NS3 C-terminal desempenha atividade helicase, RNA 5'- (LI; KANG, 2021)
trifosfatase (RTPase) e nucleosideo trifosfatase (NTPase).
NS4A Induz rearranjos de membrana. (KUMAR; KUMAR,;
GIRI, 2020)

Participa da formacéo do complexo de replicacéo.

NS4B Auxilia a formacdo do complexo de replicacdo. Inibe (ZMURKO; NEYTS;
sinalizagdo por IFN tipo I. DALLMEIER, 2015)

Parte do complexo de replicacéo.

NS5 Possui dominios metiltransferase (MTase) e RNA (ZHAO et al., 2019)
polimerase RNA dependente (RdRp).

Suprime respostas IFN tipo I.

Fonte : A autora (2022).

Assim como observado em outros flavivirus, as regides NTRs 5 e 3’ do RNA
do ZIKV se arranjam em estruturas secundarias, que desempenham funcdes
importantes durante a replicacao e traducao da proteina viral (NICOLAS CALDERON;
FABIAN GALINDO; BERMUDEZ-SANTANA, 2021). A primeira etapa do ciclo viral
observado no ZIKV ocorre mediante a ligagdo do virus, por meio da proteina Envelope,
a receptores de membrana presentes na superficie de células dos hospedeiros, que

leva a entrada na célula por meio de endocitose (HASAN et al., 2018). Varios
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receptores celulares como DC-SIGN, TAM, TIM, AXL, NMR e glicosaminoglicanos
(GAGs) foram identificados como possiveis alvos de interagdo com o ZIKV, com usos
diferenciais observados em tipos celulares distintos (FERRARIS et al., 2021). As

etapas do ciclo viral dos flavivirus acima descritas estao representadas na Figura 3.

Figura 3 - Ciclo de replicacéo viral dos Flavivirus. A entrada dos virus ocorre mediante interagcdo de
receptores de membrana das células do hospedeiro e proteinas do envelope viral. Com a endocitose,
mudancas no pH levam a liberacdo do genoma viral no citoplasma celular. Apds a traducdo do mRNA
viral, e subsequente formacao de proteinas virais, ocorre a replicacdo e montagem viral no RE. A
passagem de particulas imaturas pela rede trans-Golgi induz a maturacdo viral em maneira pH
dependente. Os virus maduros sédo entdo liberados ao meio extracelular.
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Resumidamente, o pH &cido do endossomo ocasiona mudancas
conformacionais nas proteinas do envelope viral que se fusiona a membrana
endossOmica, o que leva a liberacdo do RNA viral no citoplasma celular. Assim, nas
membranas do reticulo endoplasmético (RE), o mRNA viral é traduzido em uma Unica
poliproteina que apos processamento pés-traducional origina as proteinas estruturais
e nao-estruturais (HASAN et al., 2018). A montagem das particulas virais ocorre no
limen do reticulo endoplasmatico, com a formacéo de particulas virais imaturas, nao
infecciosas, com multiplos trimeros das proteinas E e prM, membrana lipidica e
nucleocapsideo presentes, protegendo o RNA viral (HEINZ; STIASNY, 2017). As
particulas virais imaturas séo transportadas para a rede trans do aparelho de Golgi, e
o baixo pH local induz a novas mudancas conformacionais nas proteinas do envelope,
e entdo proteases celulares clivam prM, separando a proteina M dos peptideos pr.
Esses peptideos sdo responsaveis pela inibicdo da atividade fusogénica das proteinas
do envelope, e sua remogao origina particulas virais maduras, que sdo entao liberadas

para o meio extracelular (HASAN et al., 2018).

2.1.4 Tropismo e patogénese viral

A heterogeneidade nas manifestacdes clinicas observada em decorréncia da
infeccao por ZIKV pode ser atribuida a capacidade do virus de se replicar em diversos
tipos celulares e tecidos. A diversidade de receptores celulares possivelmente
utilizados pelo ZIKV para entrada celular, como os receptores de fosfatidilserina das
familias TIM e TAM (TIM-1, TIM-4, Tyro3, Axl e Mer), um receptor de lectina do tipo C
(DC-SIGN) e glicosaminoglicanos (Heparan sulfato), fornece indicios sobre o uso
alternado de mecanismo de entrada celular a depender do tipo celular a ser infectado
(FERRARIS et al., 2021; PIERSON; DIAMOND, 2020). De fato, o carater pantropico
do ZIKV é corroborado por diversas publica¢cdes que evidenciam a infec¢ao por esses
virus em diversos tipos celulares em humanos. A infeccao por ZIKV ja foi descrita em
fibroblastos, queratindcitos e células dendriticas imaturas (HAMEL et al., 2015), em
células do sistema nervoso como oligodendrécitos, microglias e astrocitos
(CHRISTIAN; SONG; MING, 2019; SHER; GLOVER; COOMBS, 2019).

No contexto de tecidos e células envolvidos durante a gestacdo, o ZIKV foi
detectado em células endoteliais, deciduais, citotrofoblastos, sinciciotrofoblastos,

células Hofbauer, e ainda em macrofagos maternos (BHATNAGAR et al., 2017,
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MARTINES et al., 2016; PARKER et al., 2020). A habilidade do ZIKV de atravessar as
barreiras transplacentarias, e hemato-cefalica dos fetos de maes infectadas podem
ocasionar danos diretos ao desenvolvimento neuromotor fetal, entretanto ndo se
podem ser desconsiderados efeitos negativos no desenvolvimento neuroldgico de
criangas aparentemente ndo afetadas expostas ao virus (BHATNAGAR et al., 2017,
MERCADO-REYES et al., 2021).

Alguns estudos demonstraram a persisténcia do ZIKV e RNA de interferéncia
virais no sémen e suas fracbes celulares, e a replicacdo do virus em células
testiculares germinativas humanas, o que sugere o testiculo e epididimo como
possiveis reservatoérios virais no trato reprodutivo masculino (JOGUET et al., 2017;
KURSCHEIDT et al., 2019; MAHE et al., 2020). De maneira similar, o RNA viral ja foi
identificado em mulheres né&o-gestantes em amostras endocervicais e vaginais,
embora pouco se conheca sobre os possiveis reservatorios no trato reprodutivo
feminino humano (DA CRUZ et al., 2019; MURRAY et al., 2017; NICASTRI et al.,
2016; VISSEAUX et al., 2016). Sendo assim, é possivel que a persisténcia da infec¢cao
ZIKV nestes sitios colabore com os eventos de transmissao sexual do ZIKV.

O mRNA viral dos flavivirus, incluindo o do ZIKV, ndo € o Unico a contribuir para
a patogenicidade observada durante o periodo de infeccdo. Os RNAs subgendmicos
gerados por flavivirus (sfRNAs) estédo envolvidos na inibicdo da resposta mediada por
IFN-1 (Nicolas Calderon et al, 2021). O ZIKV produz ainda moléculas de RNA
subgendmico resistentes a exonuclease 5-3’ Xrn1 (xrRNAs), cuja resisténcia esta
associada a sua estrutura em nd, e essas moléculas acumuladas nas células
infectadas aumentam a patogenicidade viral ao interagir com proteinas do hospedeiro
afetando atividades celulares normais (AKIYAMA et al., 2016; ZHAO; WOODSIDE,
2021).

2.1.5 Desenvolvimento vacinal e aspectos imunolégicos

Como consequéncia da recente ressurgéncia do ZIKV e os efeitos nocivos
associados a infec¢éo, o desenvolvimento de estratégias farmacologicas e profilaticas
foi amplamente incentivado por 6rgédos de saude internacionais (FERRARIS; YSSEL;
MISSE, 2019). Tratando-se de medidas profilaticas, diversos tipos e estratégias
vacinais foram desenvolvidas, incluindo apresentacées como virus atenuados e

inativados, vetores virais, particulas semelhantes a virus (VLPS), e acidos nucleicos
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(PATTNAIK; SAHOO; PATTNAIK, 2020). Algumas das estratégias desenvolvidas e

seus principais resultados estao descritos na Tabela 2.

Tipos de
vacinas

DNA

DNA

DNA

Subunidade

Subunidade

Virus
atenuado

Vetor viral

Virus inativado

Antigenos

prMe E

prMe E

NS1

Envelope

Fragmentos do
Dominio Il do
Envelope

(E 296-406;
E 298-409;
E 301-404)

NS1 (com
mutacdes que
removeram sitios

de N-glicosilacéo)

prMeE

Tabela 2 - Estratégias vacinais em estagio pré-clinico contra o ZIKV.

Imunogenicidade

Forte inducéo de resposta celular e
humoral.

Imunizacdo materna durante a gestacao
levou a producéo de anticorpos
neutralizantes de longa duracéo contra o
ZIKV capazes de oferecer imunidade
passiva a fetos.

Inducéo de imunidade protetora contra
trés isolados de ZIKV.

A vacina codificante de NS1 secretada,
devido ao uso de um peptideo sinal,
induziu respostas humorais e T-
dependentes robustas, capazes de
oferecer protecdo sistémica com a
infeccao por ZIKV.

Inducéo de producéo de altos niveis de
anticorpos neutralizantes, que ofereceram
protecéo completa contra viremia em
camundongos imunocompetentes

Anticorpos especificos contra E 298-409
ofereceram protecdo passiva contra o
ZIKV em camundongos
imunocomprometidos recém-nascidos e
adultos.

Protec&o contra danos a placenta e
mortes fetais em modelo rhesus.

Reducéo da viremia em camundongos, e
resposta protetiva de longa duracao

Protecdo completa em desafio letal em
camundongos imunocompetentes apés

Referéncias

(WANG et al.,
2018)

(HRABER et
al., 2018)

(GRUBOR-
BAUK et al.,
2019)

(TO etal.,
2018)

(TAl et al.,
2018)

(RICHNER et
al., 2017)

(LOPEZ-
CAMACHO et
al., 2018)

(BALDWIN et
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duas doses al., 2018)

prM e E Inducéo de resposta celular e de
(produzidas em anticorpos neutralizantes

VLPs baculovirus) (DAl et al.,
2018)
Forte resposta celular e humoral com
uma dose baixa da vacina em multiplos
MRNA prMe E modelos murinos. (ZHONG et
al., 2019)

Fonte: Adaptada de Zhou et al (2021).

Embora alguns candidatos vacinais tenham avancado a fases clinicas, até o
presente momento ndo ha vacinas aprovadas para uso humano contra a infeccao por
ZIKV (HAN et al., 2021; SALISCH et al., 2021; TEBAS et al., 2021; ZHOU et al., 2021).
Entretanto, os resultados obtidos nos ensaios pré-clinicos e clinicos forneceram dados
importantes sobre o estabelecimento da imunidade protetora contra a infeccédo. As
estratégias desenvolvidas contra o ZIKV utilizaram as bases estabelecidas por
pesquisas a outros Flavivirus de importancia médicas, como o DENV e YFV, que tem
como principais antigenos as proteinas prM, Envelope e NS1 por serem capazes de
elicitar resposta humoral (PIERSON; GRAHAM, 2016).

Um dos aspectos considerados necessarios para o estabelecimento de
resposta protetora duradoura contra infec¢cdes por Flavivirus é a produgcdo de
anticorpos com atividade neutralizante, o que é verdadeiro para infec¢des por ZIKV,
sendo a proteina do Envelope o principal alvo desta resposta (SAPPARAPU et al.,
2016; WANG et al., 2016). Esses anticorpos séo capazes de impedir a ligagao e
entrada de flavivirus nas células, e tém papel importante na protecdo sorotipo-
especifica, dado que anticorpos capazes de reconhecer multiplos flavivirus podem
atuar como potencializadores de infeccdo mediante interacdo com células que
expressam receptores Fc—y em suas superficies, em um mecanismo conhecido como
aprimoramento dependente de anticorpos (ADE - Antibody-dependent enhancement)
(PIERSON; DIAMOND, 2020).

Anticorpos ndo neutralizantes, no entanto, podem exercer outros papéis na
resposta imunoldgica contra flavivirus (RATHORE; ST. JOHN, 2020). A exemplo,
anticorpos contra NS1, que nao apresentam atividade neutralizante, podem ativar
respostas dependentes e independentes de interacdo com receptores Fc, como a
citotoxicidade celular dependente de anticorpos (ADCC) e fagocitose celular

dependente de anticorpos (ADCP), respostas importantes para eliminacéo de células
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infectadas. Além disso, esses anticorpos ndo sao, aparentemente, capazes de causar
a resposta ADE, como observada em infec¢cdes causadas por virus que possuem
multiplos sorotipos, como o DENV (BAILEY et al., 2019; SANCHEZ VARGAS et al.,
2021; YU et al., 2021).

Outro elemento importante a ser considerado € o papel de respostas T
celulares anti-ZIKV, como demonstrado em estudos realizados com camundongos,
primatas ndo humanos e humanos infectados (BADOLATO-CORREA et al., 2021;
DUDLEY et al., 2016; ELONG NGONO et al., 2019; OSUNA et al., 2016; PARDY et
al., 2017). O papel protetor de células T CD8+ foi demonstrado em um estudo onde
situacOes de deplecdo e auséncia genética para esta resposta em camundongos
ocasionaram maiores niveis de replicacdo viral e mortalidades nos animais. A
transferéncia passiva de células T CD8+ impediu o estabelecimento da infeccao
(ELONG NGONO et al., 2017). Resultados similares foram observados em animais
imunocompetentes (HUANG et al., 2017). Células T CD4+ polifuncionais
desempenham um papel relevante na protecdo contra danos neurolégicos em
camundongos, e a auséncia dessa resposta celular resultou em altos niveis de
proliferag&o viral no sistema nervoso central dos animais (HASSERT et al., 2018). Em
avaliacbes com camundongos deficientes para receptores de IFN tipo I, a
transferéncia passiva de células T CD4+ ofereceu prote¢cdo contra modelos letais de
infeccdo (ELONG NGONO et al., 2019; HASSERT et al., 2018).

Um estudo elaborado por Grubor-Bauk et al (2019), realizou a deplecéo de
células T CD4+ e T CD8+ em camundongos Balb/c vacinados com uma vacina de
DNA expressando NS1, e foi observado que anticorpos anti-NS1 ndo oferecem
protecdo na auséncia de respostas celular apés desafio viral (GRUBOR-BAUK et al.,
2019). esses estudos indicam que a elaboracao de estratégias vacinais contra o ZIKV
devem considerar a capacidade de induzir respostas mediadas tanto por anticorpos
guanto por células T CD4+ e T CD8+ para estabelecimento de respostas protetoras
duradouras (PATTNAIK; SAHOO; PATTNAIK, 2020).

Os esforcos implementados permitiram avancos importantes para a
compreensao de aspectos imunologicos do ZIKV. Entretanto, as variagdes nos
modelos utilizados, tais como antigenos, plataformas vacinais e avaliagbes das
respostas imunolégicas obtidas tornam dificil a definicAo de padrbes de protecéo
imunolégica comuns a todas as estratégias vacinais avaliadas contra o ZIKV
(DIAMOND; LEDGERWOOD; PIERSON, 2019). Outro aspecto a ser considerado &
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gue com o declinio de novos casos, a avaliagdo da eficacia de vacinas contra o ZIKV
em testes clinicos tornou-se dificil de ser realizada. O que torna ainda mais evidente
a necessidade da definicdo clara de indicadores imunolégicos de protecao para que
seja possivel a disponibilizacdo de vacinas para uso humano (PATTNAIK; SAHOO;
PATTNAIK, 2020).Vacinas eficientes contra o ZIKV devem induzir respostas
imunolégicas de longa duracdo, capazes de impedir a replicacéo, disseminacéo e
patogénese viral, em adultos, criancas, e serem adequadas para imunizacdo de
mulheres gravidas, para a protecdo dos fetos em gestacdo (DIAMOND;
LEDGERWOOD; PIERSON, 2019).

2.2 ESTRATEGIAS VACINAIS DO PRESENTE ESTUDO
2.2.1 Vacinas de DNA

A utilizacdo de vacinas de DNA vem sendo amplamente explorada desde sua
concepcao no inicio dos anos 1990 (HOBERNIK; BROS, 2018; TANG; DEVIT;
JOHNSTON, 1992). Essa tecnologia ganhou destaque por empregar antigenos
especificos, representados por suas sequéncias génicas naturais ou sintéticas, ndo
sendo necessario o uso patégeno em sua integralidade. Em virtude de se utilizar uma
sequéncia de DNA, o processamento nativo do antigeno pelo imunizado mimetiza a
producdo do peptideo antigénico e resposta imunoldgica gerada por patdégenos ou
antigenos tumorais (KUTZLER; WEINER, 2008; ULMER et al., 1993). Este processo
encontra-se resumido na Figura 4.

Vacinas de DNA oferecem vantagens importantes como formulacéo e producao
rapidas que associadas a reprodutibilidade da producéo e isolamento das moléculas
em larga escala, permitem a rapida disponibilizacdo de vacinas. Esses elementos sao
importantes em momentos de surtos e epidemias. S&o consideradas seguras por nao
utilizarem patégenos integros, ou tratados com produtos possivelmente toxicos como
virus inativados. Apresentam estabilidade em temperatura ambiente, ndo sendo
necesséria a utilizacdo de armazenamento e transporte em temperatura negativa. E
demonstram ser capazes de induzir respostas celular e humoral em modelos animais.
No entanto, testes em humanos demonstraram baixa eficiéncia em induzir respostas
imunoldgicas robustas (KUTZLER; WEINER, 2008; SAADE; PETROVSKY, 2012).

Desse modo, diversas estratégias para a otimizacao da resposta imunologica

gerada pela imunizagdo por DNA vém sendo desenvolvidas. Estas estratégias podem
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ser realizadas na estrutura da vacina de DNA, ou quanto ao proprio antigeno, como a
otimizacdo de codons, selecdo e utilizacdo de epitopos de MHC-1 e MHC-II,
especificos aos patégenos de interesse com o0 auxilio de ferramentas de
imunoinformatica (OLI et al., 2020). Podem ainda ser referentes ao préprio vetor
plasmidial e ao promotor utilizado, como adi¢ao de oligodeoxinucleotideos CpG, sinais
de localizacao celular e promotores hibridos. Sequéncias adjuvantes como peptideos
sinais, imunomoduladores, e codificantes para citocinas ou quimiocinas estimuladoras
de células T e APCs também podem ser utilizadas (HOBERNIK; BROS, 2018).

Além dessas modificagBes na molécula de DNA, a forma de carreamento e
introducéo celular como nanocarreadores lipidicos e proteicos, e eletroporacao podem
otimizar o nimero de moléculas que efetivamente entram nas células e auxiliar a
montagem de respostas celulares robustas (JORRITSMA et al., 2016).

A eletroporacdo é uma técnica que consiste na aplicacdo local de pulsos
elétricos de curta duragdo que permeabilizam a membrana celular por meio da
formacdo de poros que permitem a entrada de moléculas (SARDESAI; WEINER,
2011). Essa técnica tem recebido destaque por aumentar expressivamente o nimero
de moléculas transfectadas, e o dano local moderado causado leva ao recrutamento
de células inflamatérias que contribuem com a duracdo e intensidade da resposta
imunologica gerada pela imunizacdo (LAMBRICHT et al., 2016).

Os esforcos continuos e os avancos obtidos para o melhoramento da
imunogenicidade de vacinas de DNA tém sido avaliados em ensaios clinicos para o
desenvolvimento de estratégias profilaticas e terapéuticas para diversas doencas,
para humanos e animais, sendo possivel a disponibilizacdo de novas vacinas nos
proximos anos (GARY; WEINER, 2020). Atualmente, existem 4 vacinas de DNA
licenciadas para uso veterinario, duas para peixes, sendo uma para a doenca do
pancreas em salmdes e outra para o virus da necrose hematopoiética; uma para o
tratamento imunoterapico de cancer em cachorros; e uma contra o WNV em cavalos
(LIU, 2019). Recentemente, foi aprovada a primeira vacina de DNA para uso humano
contra a infec¢ao por SARS-CoV-2 (DEY et al., 2021; MOMIN et al., 2021).

Figura 4 - Inducdo de imunidade celular e humoral por vacinas de DNA. A sequéncia antigénica de
interesse € inserida em um vetor plasmidial por meio de reagfes enzimaticas e, unidos, esses
elementos compdem a vacina de DNA. Apds a expansdo e purificacdo da vacina, ela pode ser
inoculada por vias como a cutanea, subcutanea e muscular, onde células locais séo transfectadas. 1-
2. A exemplo de transfecgdo intramuscular, pode ocorrer transfeccao direta de miécitos e células
apresentadoras de antigeno (APCs). Utilizando o aparato celular das células hospedeiras, a vacina de
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DNA no nucleo das células é transcrita a mRNA, que no citosol é traduzido a proteina e passa por
modificacdes pds-traducionais. 3-4. Essas proteinas sdo processadas a peptideos que séao
apresentados por moléculas dos MHC-I e MHC-IIl. APCs podem apresentar peptideos endégenos
resultantes de transfeccao direta, ou exdgenos resultantes. 5-6. APCs apresentadoras de antigenos
migram para linfonodos locais onde interagem via MHC com o receptor de célula T (TCR) naive com
auxilio de outras moléculas estimulatérias. Células T CD4+ ativadas liberam citocinas enquanto ligadas
a moléculas co-estimulatorias necessarias a ativagédo de células B. 7. Antigenos exdgenos podem ser
captados por receptores de célula B (BCR) presentes em células B que por sua vez podem apresentar
o antigeno processado via MHC Il a células T CD4+ naive. 8. Os linfocitos ativados deixam o linfonodo
e em conjunto mediam respostas celulares e humorais.
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2.3 PEPTIDEOS SINAIS

2.3.1 Peptideos sinais e suas aplicactes

Peptideos sinais (SPs), também conhecidos como sequéncias sinalizadoras
(SSs), sdo peptideos com tamanhos entre 13-36 aminoacidos, presentes no N-
terminal de proteinas, cuja funcdo € auxiliar no direcionamento de polipeptideos
nascentes ao RE (EMANUELSSON et al., 2007; M@LH@J; DEGAN, 2004). Esses
peptideos ndo apresentam sequéncias consenso com alto grau de conservacao, mas
exibem organizac¢fes estruturais comuns entre si. O peptideo sinal pode ser dividido
em trés regides: a regido N, localizada no N-terminal da estrutura, positivamente
carregada; a regido H, composta por aminoacidos apolares; e a regiao C, localizada
na porcao C-terminal da estrutura, e que contém o sitio de clivagem do SP (VON
HEIINE, 1990) (Figura 5).

Figura 5 - Estrutura geral de um peptideo sinal. O peptideo sinal apresenta 3 regifes distintas. A regido

N, carregada positivamente. a regido H, com amino&cidos apolares, e a regido C, onde esté localizado
o sitio de clivagem do SP.

NH2 y 3 3 Yolol¥
<«Regido N { Regiao H . Regiao C
el N SRR IR
7 \’\/\ Ry 7 i
Arg Lys (LeubLeLf.‘rGI (Leul)Leu) Ala) X (JAla
NN INCINE I

Val

I G
Sitio de clivagem

Fonte: Adaptado de Owiji et al (2018).

Em eucariotos, o reconhecimento de um peptideo sinal € realizado por uma
particula de reconhecimento de sinal (SRP), e ocorre co-traducionalmente. Apos se
ligar ao peptideo sinal, a SRP passa por alteracbes conformacionais que afetam a
ligacdo de fatores de alongamento, e ocasiona a parada temporaria da traducdo
proteica. Esta interrupcdo exerce papel importante, pois impede o acumulo de
proteinas secretadas com possivel acdo nociva a célula no citosol, bem como previne
o dobramento inapropriado das proteinas nascentes no citosol (HEGDE; BERNSTEIN,
2006; KARAMYSHEV; TIKHONOVA; KARAMYSHEVA, 2020).

O complexo formado pela unido da SRP-ribossomo permite o enderecamento
e ligagdo deste complexo ao receptor de SRP presente na membrana do reticulo
endoplasmatico que participa da transferéncia do complexo para o translocon, um

complexo proteico da membrana do RE responsavel pela translocacdo do
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polipeptideo nascente para o0 RE (GEMMER; FORSTER, 2020). A ligagdo entre o
ribossomo e o translocon libera a SRP permitindo a retomada da traducéo proteica e
0 polipeptideo em formacdo é translocado para o limen do RE. Durante este
processo, o peptideo sinal é clivado por sinal-peptidases presentes na membrana do
RE (KARAMYSHEV; TIKHONOVA; KARAMYSHEVA, 2020). Os eventos descritos

acima estéao ilustrados na Figura 6.

Figura 6 - Direcionamento por SRP de um ribossomo para a membrana do RE durante a sintese
proteica. Em eucariotos, a SRP reconhece e se liga ao peptideo sinal presente no N-terminal do
peptideo em tradugéo pelo ribossomo. O complexo ribossomo-SRP € direcionado & membrana do RE,
onde se liga ao receptor de SRP que direciona o complexo ao translocador presente na membrana do
RE. O SRP e seu receptor se dissociam do ribossomo, agora associado ao translocador. O peptideo
sinal e o polipeptidio sdo inseridos na membrana do RE. Durante o processo, o peptideo sinal é clivado
por sinal-peptidases. Ao fim da translocacao, o polipeptidio maduro é liberado do translocon.
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causa uma interrupgdo na tradugio
Sequéncia
sinalizadora no _——
peptideo nascente

RECONHECIMENTO )
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membrana do RE rugoso a
-
d Polipeptideo maduro

Fonte: Adaptado de Alberts et al (2015).

Embora a presenca de um peptideo sinal seja comumente associada a
secrec¢do da proteina por ele marcada para o meio extracelular, isto ndo € determinado
apenas pela presenca do mesmo, sendo possivel o direcionamento para localizacbes
intracelulares devido a presenca de sequéncias de localizacdo na estrutura
polipeptidica (KELLOGG et al., 2021; M@LH@J; DEGAN, 2004).

Entretanto, o direcionamento de proteinas a serem secretadas ao reticulo
endoplasmatico por acdo de SPs ndo apenas permite o transito eficiente destas
proteinas para o Complexo de Golgi e subsequente liberacdo para o meio extracelular,
como também pode impedir a degradacdo precoce ou dobramento incorreto da
proteina produzida no citosol (KARAMYSHEV; TIKHONOVA; KARAMYSHEVA, 2020;
WESTERS; WESTERS; QUAX, 2004).
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A importancia funcional de SPs se estende a outros processos biolégicos e
encontra aplicacfes nos mais diversos organismos, como exemplificado na Tabela 3.
Essas aplicacbes podem gerar impactos positivos para o0 desenvolvimento

biofarmacéutico, auxiliando na producéo de novos farmacos e estratégias terapéuticas

e profilaticas de diversas doencas.

Tabela 3 - Aplicacdes e achados relativos a utilizagédo de peptideos sinais.

Aplicacéo

Producéo de
proteinas re-
combinantes

Alvo de drogas

Terapia génica

Retardo do eno-
velamento de
proteinas por
utilizar cédons

nao usuais

Controle da tra-
ducéo e trans-
cricdo

Candidatos va-
cinais

Origem do SP

BiP (proteina de
ligacdo a imuno-
globulina) de Dro-
sophila

CD4 humana

IL-2

B-lactamase e
MBP (proteina de
ligacdo a Maltose)

Interferon-12b de
Escherichia coli

Peptideos tumo-
rais e bacteria-
nos; calreticulina
humana; elemen-
tos do MHC

Achados

Aumento relevante da producéo de
proteinas recombinantes.
Impedimento da formacao de corpos
de inclusdo e da degradacéo proteica
por proteases

Alvos da droga ciclotriazadissulfona-
mida, inibindo a producéo de CD4 nos
timécitos humanos, apresentando po-
tencial contra infeccéo pelo Virus da
Imunodeficiéncia Humana.

A utilizacdo de um SP otimizado levou
ao aumento do nivel sérico da molé-
cula terapéutica

Reducédo expressiva de proteinas se-
cretadas devido a substituicdo de co-
dons ndo usuais naturais por otimiza-
dos

Modificacéo da estrutura secundaria
do mRNA e o inicio da traducéo de-
vido a alteragdo dos cédons presentes
no SP.

Ativacé@o da imunidade inata e as res-
postas mediadas por células.

Atuacdo independente do transporta-
dor associado ao processamento de
antigeno.

Direcionamento efetivo do antigeno ao
RE, evitando acumulo de proteinas he-
ter6logas no citosol e auxiliando a ho-
meostase celular.

Referéncias

(MERGULHAO;
SUMMERS;
MONTEIRO,

2005; OHMURO-

MATSUYAMA;

YAMAJI, 2018)

(VERMEIRE et
al., 2014)

(ZHANG,; LENG;
MIXSON, 2005)

(KANG et al.,
2014; ZALUCKI;
BEACHAM;
JENNINGS,
2009)

(RAMANAN et al.,
2010)

(ALADIN et al.,
2007; KOVJAZIN;
CARMON, 2014;

PEREZ-TRU-

JILLO et al.,
2017)

Fonte: Adaptado de Owiji et al (2018).

Diversos estudos demonstraram que aplicacdo de SPs heterdlogos a espécie
produtora das proteinas recombinantes pode ser eficaz, resultar em uma maior
eficiéncia na traducdo proteica e consequentemente maior biodisponibilidade e
producéo da proteina de interesse (HEMMERICH et al., 2016; KOBER; ZEHE; BODE,
2013; OHMURO-MATSUYAMA,; YAMAJI, 2018). Esta capacidade foi explorada para
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o desenvolvimento de vacinas de DNA profilaticas e terapéuticas contra o HPV-16
utilizando um peptideo sinal derivado uma sequéncia sinalizadora derivada de
Phaseolus vulgaris, chamada ssPGIP, a mesma utilizada na presente pesquisa. No
trabalho conduzido por Massa e colaboradores (2017), a fusdo de ssPGIP ao N-
terminal das sequéncias sintéticas das proteinas L2 e E7 do HPV-16 resultou na forte
inducéo da resposta imune humoral em camundongos C57BL/6, sendo essa inducéo
considerada relevante uma vez que a producao de anticorpos por parte de vacinas de
DNA pode ser limitada (MASSA et al., 2017).



32

3 OBJETIVOS

3.1 OBJETIVO GERAL

Desenvolver e avaliar candidatos a vacina de DNA com base em sequéncias
das proteinas do Envelope e NS1 do Zika virus, tendo como antigenos construcées

multiepitopos.

3.2 OBJETIVOS ESPECIFICOS

1. Desenvolver vacinas de DNA multiepitopos associadas ou ndo ao peptideo
sinal ssPGIP para profilaxia da infecgéo por ZIKV;

2. Avaliar a resposta imune in vivo induzida pelas constru¢des vacinais, utilizando
camundongos Balb/c como modelo animal;

3. Avaliar se a adicdo de ssPGIP a construcdao multiepitopo induz resposta

imunoldgica diferenciada ao candidato sem o peptideo sinal.
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Resumo

A associagdo da infeccdo por Zika virus (ZIKV) ao desenvolvimento de alteracdes
congénitas que comprometem o desenvolvimento neuromotor de criancas afetadas
demonstra a necessidade do desenvolvimento de estratégias profilaticas contra este
virus, que permanece sem vacinas licenciadas para uso humano. Nesta pesquisa,
avaliamos o potencial imunogénico de uma vacina de DNA codificante de uma se-
guéncia multiepitopo com alvos em células T CD4, T CD8 e B derivada dos genes
Envelope e NS1, e de uma versdo da mesma fusionada ao peptideo sinal ssPGIP. A
imunizacdo de camundongos imunocompetentes Balb/c por duas doses das vacinas
de DNA avaliadas induziu a resposta T CD4+ e T CD8+, com produc¢ao de anticorpos
associados ao perfil Thl. A presenca de ssPGIP induziu a producgéo de citocinas do
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perfil Thl, Th2 e Th1l7, enquanto sua auséncia foi associada a um discreto aumento
de células T CD4+ e T CD8+ com pobre producéo de citocinas. Os resultados obtidos
indicam que estratégias focadas em epitopos podem ser uma alternativa segura para
inducdo de resposta imunologicas eficientes. A exploracdo de peptideos sinais tais
como o utilizado neste trabalho pode contribuir para a melhor expressao dos antige-

nos escolhidos com alvos imunoldgicos.

Palavras-chave: Zika virus. Vacina de DNA. Epitopos. T CD4+. T CD8+. Anticorpos.

Introducéo

Atualmente observamos poucos casos confirmados de infeccéo ZIKV nos pai-
ses previamente afetados pela epidemia de 2015-2016 [1],[2]. Isso pode ser atribuido
a auséncia de relatos de casos de reinfec¢do descritos na literatura, assim como pro-
tecdo cruzada conferida por infecgdes prévias por outros flavivirus [3]. No entanto,
diante dos casos de malformacdes congénitas e de Guillain-Barré em adultos obser-
vadas durante os surtos anteriores [4],[5], além da persisténcia de transmissao do
virus nas Américas [6], torna-se necessario a atencao quanto a possibilidade de novos
surtos epidémicos e estratégias profilaticas. Apesar dos esforgos direcionados ao de-
senvolvimento de vacinas contra o ZIKV, a diminuigdo dos casos notificados e com-
plicacbes associadas nos anos recentes reduziu o ritmo dos testes em curso. Conse-
guentemente, nenhuma vacina foi licenciada para uso em humanos [7].

Desde o principio do surto epidémico em 2016, uma parte significativa das es-
tratégias vacinais desenvolvidas para o ZIKV extrapolaram o ja conhecido potencial
de inducéo de anticorpos neutralizantes produzidos em resposta a epitopos presentes
em prM e E dos flavivirus [7],[8]. Algumas dessas estratégias utilizam vacinas de DNA
como plataforma de imunizacdo em estudos com modelos murinos e primatas nao
humanos que demonstraram a efetividade destes [9],[10],[11],[12],[13]. Entretanto, o
sucesso de vacinas de DNA em animais de pequeno porte é dificilmente replicavel em
humanos, exigindo a utilizacdo de mecanismos de melhoramento tais como a eletro-
poracao in vivo, técnica conhecida por melhorar a permeabilidade celular a entrada
de moléculas de DNA [14], e cuja inflamag&o local pode auxiliar e melhorar o estabe-
lecimento da resposta adaptativa [15,[16],[17]. De modo similar, quanto ao desenvol-

vimento de vacinas de DNA tem sido observado a aplicacdo de adjuvantes e
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potencializadores imunoldgicos, como imunoestimuladores e peptideos sinais, como
forma de otimizacéo da imunogenicidade [18], [19].

Em estudo anterior Massa e colaboradores [20] avaliaram os efeitos sobre o
processamento intracelular e de secre¢do de antigenos derivados do HPV-16 quando
fusionados ao peptideo sinal ssPGIP, um peptideo derivado do feijdo-vulgar, para o
desenvolvimento de vacinas de DNA terapéuticas. Neste estudo, observou-se uma
inducéo forte e duradoura na producéo de anticorpos em resposta a imunizagdo com
antigenos fusionados a ssPGIP, demonstrando seu potencial como melhorador da
resposta humoral para vacinas de DNA.

O potencial imunogénico de uma vacina multiepitopo baseada nas proteinas
N&o-Estrutural 1 (NS1) e do Envelope do ZIKV foi recentemente avaliada in vitro em
uma plataforma de levedura inteira [21]. Esta construcdo compreende oito epitopos
do Envelope e seis de NS1 preditos in silico como possiveis alvos de acéo de células
T CD4, T CD8 e B, uma vez que sdo componentes necessarios a resposta eficiente
contra infeccao por Zika virus [22],[23],[24], [25]. Neste estudo, nés avaliamos a imu-
nogenicidade de uma vacina de DNA contendo epitopos do Envelope e NS1 do ZIKV,
fusionado ao peptideo sinal ssPGIP e avaliamos sua eficiéncia em potencializar a res-

posta imunoldgica como estratégia contra o Zika virus

2. Materiais e Métodos

2.1 Consideracdes éticas

Este estudo foi aprovado pelo Comité de Etica para Utilizac&o de Animais do
Instituto Aggeu Magalhdes (IAM; Fundacdo Oswaldo Cruz — PE, Brasil) (Anexo 1).
Todos os experimentos animais foram desenvolvidos seguindo as diretrizes de bios-

seguranca e manejo animal do Biotério do Instituto Aggeu Magalhées.

2.2 Virus, células e reagentes

O isolado ZIKVpe243 (nUmero de referéncia no GenBank KX197192) foi provi-
denciado pelo Dr. Lindomar Pena (Instituto Aggeu Magalhdes, FIOCRUZ, PE). A pro-
pagacéao viral foi realizada em células VERO, segundo descrito por Baz, 2020 [26]. A
titulacao viral foi executada utilizando o método de sobreposi¢éo de agarose em placa

de 6 pocos [26]. As células HEK 293T utilizadas para transfeccéo foram cultivadas em
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meio DMEM (Sigma-Aldrich) suplementado com 10% de soro fetal bovino (Gibco) e

100 U/ml de penicilina-estreptomicina (Sigma-Aldrich).

2.3 Desenho e construcéo vacinal

Os epitopos do Envelope e NS1 do ZIKV utilizados neste trabalho foram previ-
amente descritos [21]. Inicialmente, foi feita a amplificacdo da sequéncia referente a
construcdo multiepitopo, intitulada EnvNS1, a partir do vetor pCloneEnvNS1 e inserida
no vetor pVAX1 (Invitrogen). O plasmideo pVAX-ss-L21-200-E7* (Massa et al, 2017),
contendo a sequéncia sinalizadora ssPGIP, foi gentilmente cedido pelo Dr. Aldo Venuti
(Instituto Nacional do Cancer Regina Elena, Roma, Italia) e utilizado com molde para
amplificacéo de ssPGIP (cuja sequéncia codifica o peptideo MTQFNIPVTMSSSLSIIL-
VILVSLRTALS) [20]. Esta sequéncia foi fusionada a por¢cado N-terminal da sequéncia
EnvNS1, e inserida no vetor pVAX1. Os DNAs plasmidiais foram transformados em
Escherichia coli TOP10. Todos os DNAs recombinantes foram digeridos por restricao
enzimatica e sequenciados pelo método de Sanger para confirmacao da acuracia das
sequéncias. Células de E. coli TOP10 contendo pVAX_EnvNS1 ou pVAX_sSEnvNS1
foram cultivadas sob agitacdo a 37°C em meio Luria Bertani com Canamicina
(50ug/ml) por 16 horas e extraidas com o kit PureLink™ Expi Endotoxin-Free Maxi

Plasmid Purification (Invitrogen).

2.4 Transfecc¢ao de células de mamifero e imunofluorescéncia

A expressédo dos candidatos vacinais foi detectada por meio de imunofluores-
céncia. Para isso, 1x10° de células HEK 293T foram distribuidas por poco em uma
lamina Nunc® Lab-Tek® Chamber Slide System (Thermo Fisher Scientific) de 8 pocos
e incubadas até o estabelecimento de 50% de confluéncia. As células foram entéo
transfectadas transientemente com as constru¢des vacinais (500 ng por pogo) e o
vetor vazio pVAX1 com o reagente de transfec¢éo Lipofectamine™ 3000 (Thermo Fis-
her Scientific) segundo as instru¢cdes do fabricante e incubadas por 24 horas em estufa
com 5% COza 37°C.

Para a realizacéo da microscopia de fluorescéncia, as células crescidas na la-
mina multi-camara foram lavadas 3 vezes com PBS pH 7.4 gelado, fixadas por 20
minutos com 4% paraformaldeido, permeabilizadas por 10 minutos com 0,1 % Triton
X-100 em PBS, e bloqueadas com a solucdo de bloqueio (1% BSA, PBS pH 7.6,

0,05% Tween 20 e glicina a 22,52 mg/ml) por 1 hora em temperatura ambiente (TA)
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sob agitacdo. Apoés o bloqueio, as células foram incubadas com uma diluicdo 1:3000
do anticorpo monoclonal Anti-6X His tag produzido em camundongo (Sigma-Aldrich)
em TA por 1 hora sob agitacéo. Apos a retirada do anticorpo primario, as células foram
incubadas com uma diluicdo de 1:5000 do anticorpo Anti-Mouse 1gG (whole mole-
cule)-FITC produzido em cabra (Sigma-Aldrich) por 40 minuto em TA sob agitacao.
Os nucleos celulares foram contrastados com 0,5 pg/ml de 4',6'-diamino-2-fenil-indol
(DAPI) (Sigma-Aldrich). As laminas foram analisadas com 0 microscopio Leica
DM2500 e as imagens foram obtidas com o programa CytoVision DM2500 sob au-
mento de 100 vezes.

2.5 Avaliacdo da imunogenicidade em camundongos

Camundongos BALB/c fémeas entre 6 — 8 semanas foram imunizados por in-
je¢ao intramuscular no musculo tibial anterior com 50 pg de pVAX_EnvNS1,
pPpVAX_ssEnvNS1, ou pVAX1 vazio (controle), duas vezes com intervalo de uma se-
mana entre as imunizacdes. Imediatamente apos cada imunizacao, realizou-se a ele-
troporacao do local de inoculagéo nas seguintes condi¢des: 175V/cm, 8 pulsos, 20 ms
(BTX Harvard - ECM® 830). Duas semanas ap0s a segunda dose vacinal, os animais
foram anestesiados (Cloridrato de Xilazina 10 mg/Kg e Cetamina 115 mg/Kg) e euta-
nasiados por deslocamento cervical. O sangue e bago dos animais foram coletados

para realizacao de ensaios imunologicos, bioquimicos e hematolégicos.

2.6 Isolamento de esplendcitos para ensaios imunolégicos

Os esplendcitos dos animais imunizados foram tratados com Ficoll-Paque
PLUS 1.077 g/mL (GE Healthcare Life Sciences) para o isolamento das células mo-
nonucleares. As células isoladas foram distribuidas em placas de 48 pogos com 106
células por poco. As células foram reestimuladas com 10° particulas virais de
ZIKVpe243 € cultivadas em meio RPMI 1640 (Sigma-Aldrich) suplementado com 10%

de soro fetal bovino (Gibco) por periodos de 24, 48 e 72 horas.

2.7 Citometria de fluxo

Os marcadores de superficie anti-CD4-FITC, anti-CD8-PE e anti-CD16/32-
FITC (BD Bioscience) foram utilizados para avaliar a proliferacéo das subpopulacdes
de células T CD4+, CD8+ e CD16+ presentes no sangue e esplendcitos reestimulados

in vitro. Resumidamente, os linfécitos foram centrifugados, lavados com PBS
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(suplementado com BSA 0,5% e azida 0,1%), e incubados com 0s anticorpos corres-
pondentes a cada marcador de superficie. A presenca de sete citocinas, interleucina-
2 (IL-2), IL-4, IL-6, IL-17, IL-10, interferon-y (IFN-y) e fator de necrose tumoral a (TNF-
a), foi avaliada a partir do soro e do sobrenadante da cultura dos esplendcitos dos
animais imunizados. Para isso foi utilizado o Cytometric bead array (CBA) mouse
TH1/TH2/TH17 cytokine kit (BD Biosciences), seguindo as instrucfes do fabricante. O
soro animal foi analisado para concentracdes relativas dos anticorpos IgG1, 1gG2a,
lgG2b, 1gG3, IgA, IgM e IgE por meio do kit Mouse Immunoglobulin Isotyping Cytome-
tric Bead Array (BD Biosciences, San Diego, CA) seguindo as instru¢cdes do fabricante
para a realizacdo do experimento. As andlises foram executadas nos citbmetros de
fluxo BD FACSCalibur™ e BD Accuri™ C6 Plus, e analisadas com os softwares

Flowing (Turku Biosciences) e BD Accuri C6 Software.

2.8 Andlises hematolégicas e bioquimicas

As amostras de sangue colhidas foram distribuidas em microtubos contendo
EDTA K2 (Hemstab), e centrifugadas a 500 x g por 10 minutos, para separagédo do
plasma. A avaliacdo hematoldgica consistiu em: niUmeros totais de heméacias, leuco-
citos e plaquetas; determinacdo do hematocrito (Ht), concentracdo de hemoglobina,
volume corpuscular médio (VCM) e concentracdo de hemoglobina corpuscular média
(CHCM). A contagem celular foi realizada na camara de Neubauer, e para a contagem
diferencial em laminas coradas foi utilizado o método Pandético Rapido [27]. O niumero
de plaquetas foi determinado pelo método de Fonio [28]. A concentracdo de hemoglo-
bina foi obtida por colorimetria utilizando espectrofotémetro.

Para os testes bioquimicos, ensaios enzimaticos colorimétrico de ponto final foi
empregado para obtencao dos niveis de glicose, ureia e creatinina presentes. Para a
deteccao da fosfatase alcalina foi utilizado o método cinético — colorimétrico Roy mo-

dificado, e para as transaminases hepaticas o método de Reitman - Frankel.

2.9 Analises estatisticas

Os gréficos e a analise estatistica foram gerados pelo GraphPad Prism verséo
9.0.0. O teste de andlise de variancia (ANOVA) foi aplicado para avaliar diferencas
estatisticas entre os grupos. Resultados com valor de p < 0,05 foram considerados
estatisticamente significativos (* P < 0.05, ** P < 0.01, *** P < 0.001, *** P < 0.0001).
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3. Resultados
3.1 Defini¢cao dos candidatos, clonagem no vetor pVAX1 e imunofluorescéncia
A sequéncia multiepitopo EnvNS1 e uma fusdo da mesma com o peptideo sinal
ssPGIP foram clonadas no vetor pVAX1 (Figura 1A). Os epitopos foram arranjados
em grupos de alvos imunolégicos, e separados com as sequéncias linker EAAAKE-
AAAKEAAAK (entre epitopos de células B), AEAAAKEAAAK (entre epitopos T CD4)
e AAY (entre epitopos T CD8) (Figura 1 B). A sequéncia multiepitopo finalizada esta
descrita Figura 1 C. Apés a clonagem dos candidatos EnvNS1 e sSEnvNS1 em pVAX1
foi realizada a digestédo enzimética pelas enzimas Nhel e Xhol para a confirmacéao dos
clones recombinantes referentes aos candidatos vacinais (Figura 1 D). A andlise de
imunofluorescéncia de células HEK 293T transfectadas com pVAX EnvNSl e
pVAX_ssEnvNS1 foi realizada para confirmacao da expresséo das proteinas codifica-
das pelos candidatos vacinais (Figura 1 E). Para as duas construcbes de DNA foi
observado a presenca de fluorescéncia no citoplasma e membranas intracelulares,

com destaque para fluorescéncia aumentada associada a expressao de ssEnvNS1.

3.2 Analise de citocinas Thl, Th2 e Th17 presentes no sangue

Apbs 14 dias da segunda dose dos imunizantes recolheu-se o sangue dos ani-
mais imunizados e do grupo controle pVAX1. A partir do soro obtido deste material
foi realizada a analise das citocinas induzidas sistemicamente. Nao houve deteccéo
significativa das citocinas dosadas nos animais do grupo pVAX_EnvNS1 quando com-
parado ao grupo pVAX. Para as andlises do pVAX_ssEnvNS1 observa-se uma pro-
ducdao significativa de IL-2, IL-4, IL-6, IFN-y, TNF-a, IL-17A e IL-10 (Figura 2 A, B, C,
D, E, F e G) quando comparado aos grupos pVAX e EnvNS1, com destaque para IL-
2, TNF-q, IL-4, IFN-y e IL-6 (Figura 2 A, C, D, F e G). A patrtir desses dados, observa-
mos um perfil misto de resposta Th1/Th2/Th17 no grupo imunizado por pVAX_SsEn-
VNS1.

3.3 Deteccdao de linfocitos circulantes ap6s duas doses vacinais

A analise percentual de linfécitos T CD4+, CD8+ e CD16+ ap0s a imunizagao
foi feita por citometria de fluxo. Um aumento significativo no numero de células CD4+
foi observado a partir das amostras derivadas dos animais imunizados com as duas
vacinas, com destaque naqueles referentes ao grupo imunizado com pVAX_EnvNS1

guando comparado com o grupo controle (Figura 3 A). Em relacdo a populacéo de
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células CD8+ foram observados niveis discretamente superiores para 0S grupos imu-
nizados com pVAX_EnvNS1 e pVAX_ssEnvNS1 em relacdo ao controle (Figura 3 B).
Em contrapartida, houve uma diminui¢céo no estimulo a producéo de linfocitos CD16+
no grupo ssEnvNS1 em relacdo aos grupos pVAX1 e pVAX_EnvNS1 que apresenta-
ram niveis similares de produc¢éo observados (Figura 3 C).

3.4 Citocinas produzidas por esplenécitos em resposta a estimulo viral

Para caracterizar a inducdo de uma resposta sistémicas, foram dosadas as ci-
tocinas secretadas pelos esplendcitos dos camundongos imunizados que foram esti-
mulados in vitro com ZIKV. Nao foram observados niveis significativos de IL-4, IL-2,
IFN-y e IL-17A nos periodos estabelecidos de estimulo. Entretanto, os esplendcitos
derivados do grupo pVAX_ssEnvNS1 apresentaram um pico de secrecao TNF-a (Fi-
gura 4 A) em 48 horas de estimulo, assim como elevacédo dos niveis de IL- 6 (Figura
4 B) em 48 e 72 horas, indicando um perfil pré-inflamatério de resposta. Os espleno-
citos derivados do grupo pVAX_EnvNS1 apresentaram um nivel de IL-6 (Figura 4 B)
similar ao grupo sseEnvNS1 em 72h, e producéo significativa de IL-10 (Figura 4 C) no
3 dia de estimulo. Assim, esses perfis indicam um tendéncias diferenciadas de res-
posta entre 0s grupos, com tendéncia de resposta Thl para o grupo pVAX_ssEnvNS1
e misto Th1l/Th2 para o grupo pVAX_EnvNS1.

3.5 Proliferacéo de células T CD4+, CD8+ e CD16+ em resposta a estimulo em
linfocitos isolados do bago

A ativacdo de linfocitos CD4+, CD8+ e CD16+ frente ao estimulo por ZIKV tam-
bém foi avaliada em periodos de 24h, 48h e 72h de cultura dos esplendcitos dos ca-
mundongos imunizados. Ao analisar a populacéo de células CD4+ (Figura 5 A) € pos-
sivel observar um discreto aumento no percentual celular ao longo dos periodos para
todos os grupos avaliados. No periodo de 24h, hda uma diferenca significativa entre
EnvNSL1 e os grupos pVAX_ssEnvNS1 e pVAX1 que apresentam niveis similares en-
tre si. No entanto, ha uma elevacéo no percentual observado de pVAX_ssEnvNS1 na
cultura de 48h frente a pVAX_EnvNS1 e pVAX1, e nota-se ainda uma diferencga signi-
ficativa entre esses dois Ultimos. Em contraste com o que se observou nos tempos de
24h e 48h, houve um aumento expressivo em 72h da resposta para pVAX_ssSEnvNS1
em relacdo aos niveis observados para pVAX1 e pVAX_EnvNS1l. Tratando-se das

avaliacdes para linfocitos CD8+ (Figura 5 B) observou-se um pico de resposta para
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pVAX_EnvNS1 na cultura de 24 horas, com forte significAncia em relacdo aos outros
dois grupos. No entanto, houve uma diminuicdo no nivel observado para pVAX_En-
VNS1 na cultura de 48 horas ainda que este se apresenta estatisticamente significante
em relacdo aos outros grupos. Para ambos grupos imunizados houve uma regulacao
negativa dos niveis analisados em 72 horas. Como um todo, ndo houve proliferacédo
significativa para as analises do grupo pVAX_ssEnvNS1. Nas anadlises referentes a
linfécitos CD16+ (Figura 5 C) o estimulo produzido em pVAX_ssEnvNS1 apresentou
um Unico pico de proliferacdo em 24h, significativamente superior aos grupos restan-
tes, porém seguiu em declinio continuo da resposta em 48h e 72h. pVAX_EnvNS1

por sua vez, demonstrou pico proliferativo em 48h, que nao foi mantido em 72h.

3.6 Deteccao de anticorpos no soro dos camundongos imunizados

A resposta humoral gerada em decorréncia da imunizagéao foi avaliada por meio
da isotipagem de anticorpos presentes no soro imunizado. Uma inducao robusta da
resposta imune inata representada pelo nivel de IgM foi observada nos animais imu-
nizados por pVAX_ssEnvNS1 (Figura 6 A). Ainda para este grupo, observaram-se ni-
veis significativos de 1gG3, IgG2a e IgG1 (Figura 6 B, C, D), 14 dias apds a dose de
reforco. Diferente ao observado para pVAX_ssEnvNS1, a imunizacao por pVAX_En-
VNS1 ndo ocasionou producgéo significativa de IgM, induzindo a producéo de 1gG3,
IgG2a, IgG1, 1gG2b e IgE (Figura 6 B, C, D, E e F). Nenhum dos grupos imunizados
levou a producéo de IgA (Figura 6 G).

Através das analises das razdes calculadas entre os subtipos 1gG2a, Ig2b e
IgG1 é possivel indicar tendéncias do perfil de resposta imunoldgica associado a imu-
nizacao, sendo Thl (IgG2a) ou Th2 (IgG1 e IgG2b) [29]. Para esse fim, foram calcu-
ladas as razdes entre (IgG1/1gG2a) e (IgG2b/IgG2a), pelos quais valores menores que
1, sao considerados indicativos de resposta Thl (Tabela 1). Ambas vacinas apresen-
taram valores inferiores a 1, indicando a inducéo de um perfil de resposta Th1, com

valores discretamente menores observados para pVAX_sSEnvNS1.

3.7. Avaliacéo de reacOes adversas decorrentes da imunizacéo

O peso, grau aparente de atividade dos animais e os sitios de inoculacao e
eletroporacéao, foram observados para a notificacédo de alteragdes ao decorrer do cro-
nograma vacinal. Nao foram observadas alteracbes comportamentais significativas

tais como agressividade e letargia no periodo experimental. Os sitios de inoculacéo e
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eletroporacao ndo apresentaram danos. Todos os animais foram pesados antes dos
eventos de imunizacdo (1° e 7° dias) bem como no 21° dia, no qual foi realizada a
eutanasia dos animais. Na tabela 2 estdo descritas as médias por grupo em cada

pesagem realizada, e concluiu-se que ndo houve alteracdes significativas de peso.

3.8 Alteracdes clinicas

Para avaliar se o processo de imunizagado causou alguma alteragao clinica aos
camundongos vacinados, foram realizadas analises hematoldgicas e bioquimicas a
partir do sangue coletado ao final do cronograma vacinal. Em relagc&o aos parametros
hematoldgicos, ndo houve alteracdes significativas e os valores aferidos sao similares
entre os grupos (Tabela 3). No entanto, considerando-se os valores de referéncia uti-
lizados, todos os grupos apresentaram leucocitose caracterizada por neutrofilia e lin-
fopenia. Similarmente, n&o foram constatadas alteracdes significativas quando anali-

sados os parametros bioquimicos utilizados em todos os grupos (Tabela 4).

Discusséo

Nesta pesquisa, avaliamos a imunogenicidade de duas vacinas de DNA que
codificam como antigeno uma sequéncia contendo multiplos epitopos do Envelope e
NS1 do Zika virus, sendo uma delas fusionada ao peptideo sinal ssPGIP, e avaliada
guanto sua capacidade de melhoramento da imunogenicidade. O desenvolvimento de
vacinas de DNA multiepitopos apresenta um importante diferencial por possibilitarem
a utilizacao de epitopos cujos alvos imunoldgicos tais como células B e T, levando a
inducéo respostas humoral e celular, aliada as caracteristicas inerentes de uma vacina
de DNA, como estabilidade térmica, producéo rapida e barata [30].

O papel da resposta imunoldgica direcionada a epitopos presentes no Enve-
lope e NS1 tem sido descrito em alguns estudos de modelo ex vivo com PBMCs de
pacientes convalescentes da infeccao por Zika virus [31], [32], [33]. Alguns dos epi-
topos utilizados neste trabalho mostraram ser reconhecidos por células T CD4+ de
memoria em humanos, como LVTCAKFAC (Eii13121), VQLTVVVGS (NSlss-92),
WRLKRAHLI (NS1210-218) [31]. Além destes, trés epitopos selecionados para esta es-
tratégia estdo localizados no EDIII, conhecido como um dos principais alvos da res-
posta neutralizante por anticorpos durante a infecgéao por ZIKV [10], [34], [35]. Pesqui-
sas demonstram a inducéo de respostas celular e humoral robustas por parte de can-

didatos baseados na NS1 do ZIKV, e reforcam a importancia da ativacao de células T
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para estabelecimento de imunidade protetiva [13], [36], em linha com dados que indi-
cam que respostas seguras podem ser induzidas por proteinas nao estruturais [36].

Para avaliar a imunogenicidade das duas vacinas de DNA construidas neste
trabalho, pVAX_EnvNS1 e pVAX_ssSEnvNS1, realizamos a imunizagdo de camundon-
gos Balb/c. A analise de citocinas sistémicas presentes no soro dos animais ap6s 14
dias da dose de reforco indica que a imunizacédo por pVAX_EnvNS1 ndo € capaz de
induzir uma producao duradoura de nenhuma das citocinas avaliadas. Isto contrasta
diretamente com o observado para o grupo imunizado com pVAX_ssEnvNS1 o qual
levou a um aumento na producgao de todas as citocinas avaliadas. Apesar de induzir
resposta celular e humoral, como relatado em ensaios clinicos com humanos, vacinas
de DNA séao fracamente imunogénicas sendo este um dos desafios para sua utilizacao
[37]. Diversos eventos parecem estar envolvidos, dentre eles a rapida degradacéo da
molécula de DNA, a necessidade de seu deslocamento para nucleo celular para trans-
cricdo e localizacgédo final da proteina codificada [38],[39].

A adicdo de sequéncias que codificam moléculas com acdo adjuvante como
citocinas, ligantes de receptores Toll-like e peptideos sinais sdo empregadas como
potencializadores da imunogenicidade de vacinas de DNA [18],[19]. Nesta pesquisa,
utilizamos o peptideo sinal ssPGIP, previamente utilizado por Franconi e colaborado-
res (2006) e Massa e colaboradores (2017), em estudos para producéo de vacinas
terapéuticas e profilaticas contra o HPV-16 [20],[40]. A avaliacdo de seu efeito em
vacinas de DNA partiu da observacédo de que a ssPGIP assim como outros peptideos
sinais de eucariotos apresenta caracteristicas estruturais conservadas que possibili-
tam sua utilizacdo em mamiferos. Quando avaliados em desafio tumoral em camun-
dongos fémeas, as vacinas de DNA fusionadas a ssPGIP foram capazes de elicitar
respostas celular e humoral, com producéo de IgG marcadamente mais robusta do
gue aquelas observadas nas vacinas sem o peptideo sinal [20].

Os dados obtidos a partir das analises de imunofluorescéncia demonstram a
localizac&o citoplasmaética das proteinas codificadas pela sequéncia EnvNS1. E inte-
ressante observar, entretanto, a maior intensidade na fluorescéncia captada pelas cé-
lulas transfectadas com ssEnvNS1. Desse modo, € possivel que a fusdo de ssPGIP a
sequéncia multiepitopo possa ter direcionado a proteina nascente ao limen do RE,
possibilitando um processamento traducional e pés-traducional mais eficiente, permi-

tindo um maior nivel da proteina sintetizada [41].
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A andlise de citocinas produzidas em resposta a imunizacao por pVAX_ssEn-
VNS1 demonstrou producéo significativa de todas as moléculas avaliadas, indicando
um perfil multifuncional de producéo de células T. A imunizacéo por pVAX_ENVNS],
induziu uma discreta producgéo de IL-10 e TNF- a. Entretanto, esses resultados n&o
sao significativos quando comparado ao grupo controle pVAX1. Neste estudo, esple-
nécitos derivados dos animais imunizados foram estimulados in vitro com ZIKV para
deteccdo de citocinas produzidas em resposta. Para o grupo pVAX_ ssSENVNSI],
houve a producédo de TNF- a e IL-6, enquanto no grupo pVAX_ENVNS1 houve produ-
¢ao de IL-6 e IL-10. Embora discretamente diferenciadas, as citocinas produzidas in-
dicam tendéncias distintas de resposta com pVAX_ssENVNS1 apresentando tendén-
cia a Thl e pVAX_ssENVNS1 um perfil misto Th1/Th2.

Niveis elevados de citocinas derivadas de diversas subpopula¢cdes de células
T séo observadas durante a infec¢do aguda por Zika virus, com um balanco delicado
entre respostas pré e anti-inflamatérias presente na resposta inicial a infecgéo viral.
Citocinas associadas a perfis Thl, Th2, Th9 e Th1l7 como IL-1pB, IL-2, IL-6, IFN-y e
TNF-a (Th1), IL-4, IL-5, IL-10 e IL-13 (Th2), IL-9 (Th9) e IL-17 (Th17) s&o as mais
relatadas [42],[43],[44]. Enquanto na fase convalescente observam-se producdes de
TNF-a, IFN-y IL-18, IL-6, IL-8, IL-10 e IL-13 [42], [43]. Desse modo, visto que as vaci-
nas avaliadas no presente trabalho sdo compostas por multiplos epitopos originados
de duas proteinas do Zika virus, e que tem como alvos células T CD4+ e CD8+, este
direcionamento pode originar um perfil polifuncional de resposta imunoldgica.

O papel protetivo de células T CD4+ e T CD8+ efetoras contra a infecgcéo pelo
virus da Dengue é corroborado por pesquisas com humanos infectados [45], [46], [47].
De maneira similar, é provavel que a inducdo de uma forte resposta por células T seja
necessaria para o desenvolvimento de vacinas contra o Zika virus eficientes, mas ha
bastante pontos a esclarecer quanto aos papéis definidos dos subtipos celulares en-
volvidos na resposta imune protetora contra a infeccao [48], [49].

Como parte da caracterizacdo do perfil de imunogenicidade das vacinas de
DNA deste estudo foram realizadas analises das subpopulagces de células T CD4+,
T CD8+ e T CD16+. Estas analises foram feitas avaliando a presenca destas subpo-
pulagdes circulantes apds imunizacdo dos animais e por meio de estimulo dos esple-
nécitos dos animais imunizados, com o Zika virus. Entre as subpopulacfes analisadas

a partir do sangue, a maior proliferacdo foi observada para células T CD4+, para
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ambos 0s grupos imunizados, com maior percentual destas células observado no
grupo imunizado por pVAX_EnvNS1.

No entanto, os esplendcitos estimulados in vitro apresentaram um perfil dife-
rente, com ativacao dos linfécitos derivados do grupo pVAX_EnvNS1 apenas nas pri-
meiras 24 horas de cultivo. Para os esplendcitos do grupo pVAX_ssEnvNS1 o esti-
mulo ocorreu ao longo do periodo de cultura, com elevacdo progressiva até as 72
horas. Células T CD4+ tem papel fundamental na producdo e manutencdo duradoura
da resposta mediada anticorpos sendo, portanto, importante a sua ativacao mediante
a vacinagao [50], [51]. Ensaios em modelos animais demonstraram que a infec¢ao por
Zika virus induz a proliferacéo de células T CD4+ foliculares (Tfh) e reguladoras, es-
senciais a producéo de anticorpos neutralizantes contra a infeccao [24],[52].

Hassert e colaboradores (2018) ao avaliar os efeitos da deplecao de células T
CD4+ em camundongos Ifnarl-/- infectados por Zika virus, observaram sérios danos
neuroldgicos e carga viral elevadas no sistema nervoso central dos animais infectados
na auséncia de células T CD4+. Ainda, demonstraram que a transferéncia de células
T CD4+ de camundongos imunizados foi suficiente para protecdo contra desafio letal
em camundongos susceptiveis a infec¢ao por Zika virus [53].

Alguns estudos em modelos animais demonstraram a capacidade protetora lin-
focitos T CD8+ polifuncionais e com atividade citotoxica contra a infecgédo pelo ZIKV,
capaz de reduzir titulos virais e gerar células de memdria [22],[23],[54],[55]. No estudo
conduzido por Elong Ngono e colaboradores (2020), a resposta mediada por T CD8+
induzida por vacinacdo com a proteina NS3 do ZIKV demonstrou ser eficiente em
proteger camundongos HLA-B*0702 /fnar1—-/- da infeccao letal mesmo na auséncia
de anticorpos neutralizantes [56].

A imunizacao por pVAX_ssEnvNS1 e pVAX_EnvNS1 induziu proliferacéo sis-
témica moderada de células T CD8+ segundo analisado ao fim do periodo experimen-
tal. Entretanto, durante a estimulagé&o in vitro dos esplendcitos dos camundongos imu-
nizados apenas em células derivadas do grupo pVAX_EnvNS1 foi observado esti-
mulo, com proliferacdes detectadas entre 24-48 horas.

E possivel que a discreta ativacdo de células T CD8+ ocorra devido a um menor
processamento dos epitopos escolhidos, que por sua vez também se apresentam em
menor numero de alvos na construcdo multiepitopo (HLA-A: 3/14; HLA-A e DR: 2/14).
Enquanto evidéncias indicam que a resposta mediada por células T CD4+ é induzida

por epitopos presentes em todo genoma do ZIKV, a resposta mediada por células T



46

CD8+ é fortemente direcionada a epitopos presentes nas proteinas ndo estruturais do
virus [56]. Entretanto, um dos epitopos presentes na construcdo multiepitopo, NS1zez-
275, esta presente um epitopo recentemente caracterizado como imunodominante em
resposta a infeccdo por ZIKV, com potencial atividade citotdxica [57]. De todo modo,
€ importante considerarmos que os epitopos T CD8+ selecionados para esta pesquisa
estdo em sua maioria presentes na proteina E, o que pode nao favorecer a resposta
mediada por esta subpopulacéo celular.

A expressao de CD16 € observada em mondcitos intermediarios e ndo classi-
cos, e células Natural Killer (NK), estas ultimas compdem parte da resposta inata a
infeccdes virais [58],[59]. Neste contexto, avaliamos a resposta mediada por células
T CD16+ apo6s a imunizacdo, mas nao houve deteccao significativa para ambas vaci-
nas de DNA. Entretanto, a andlise dos esplendcitos reestimulados demonstraram ati-
vacao transitoria em 24 horas para pVAX_sseEnvNS1 e em 48 horas para pVAX_En-
VNS1. Apos 72 horas de estimulo, foi observado uma redugédo notavel em ambos os
grupos. Este resultado é similar ao obtido por Silva e colaboradores (2021), que ava-
liaram in vitro o potencial estimulatério da sequéncia multiepitopos utilizada no pre-
sente trabalho, utilizando leveduras recombinantes como carreadoras [21]. A suprar-
regulagéo de moléculas do MHC | e inibicdo da atividade de células NK foi descrita
durante a infecgéo por ZIKV, com expressoes limitadas ou ausentes [60].

Como parte da avaliacdo da resposta humoral estimulada ap6s a imunizacao
pelas vacinas de DNA, foi realizada a isotipagem de anticorpos presentes no soro dos
camundongos apoés o encerramento dos 21 dias do esquema de imunizacdo. Na in-
feccdo natural por ZIKV, os anticorpos IgM sdo detectados logo ap6s o inicio dos sin-
tomas e podem perdurar por mais de 12 meses [61]. Em individuos previamente in-
fectados pelo virus da Dengue, anticorpos IgM especificos a ZIKV apresentaram
pouca reatividade cruzada e foram capazes de induzir resposta neutralizante [62].

Apébs 14 dias da ultima dose vacinal foi possivel detectar niveis expressivos de
IgM no grupo imunizado por pVAX_ssEnvNS1. Ambas as vacinas apresentaram es-
timulos similares a producéo de anticorpos 1gG3, 1gG2a, 1gG1, 1gG2b e IgE. Estes
resultados assemelham-se aos observados em um estudo de que explorou o papel
de células Tfh Thl-like no desenvolvimento da resposta humoral contra o ZIKV, iden-
tificadas como essenciais para a resposta neutralizante e para mudanca de classe de
anticorpos IgG2a em camundongos BALB/c [52]. Os dados obtidos em nosso estudo

sugerem uma estimulacdo humoral polarizada a Thl para pVAX _SSEnvNS1 e
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pVAX_ EnvsNS1. Entretanto, considerando a complexidade da resposta imunolégica
contra a infeccéo por ZIKV € preciso considerar outros componentes da resposta in-
duzida pelas vacinas testadas.

Este trabalho apresenta algumas limitagcdes, tal como o0 uso de camundongos
Balb/c imunocompetentes sem estudos de desafio imunoldgico, uma vez que a baixa
susceptibilidade a infec¢do por ZIKV destes animais os limitam como modelo, sendo
comum a utilizacdo de doses letais de infeccdo para estudos de protecéo [63]. Fre-
guentemente, animais nocauteados para STAT2 e Ifnar-/- sdo utilizados como mode-
los de infecgdo uma vez que a via de sinalizacao de IFN-y tipo | é considerada essen-
cial para protecao inata contra infeccées por flavivirus. Entretanto, estes modelos li-
mitam a avaliacao de resposta mediadas por células B e T na protecao contra infeccéao
[64].

Outra limitacdo é a auséncia de dados sobre a capacidade neutralizante dos
anticorpos produzidos em resposta as vacinas avaliadas nesta pesquisa. Assim como
ocorre com outros flavivirus de importancia médica, as proteinas estruturais da pre-
membrana (prM) e do Envelope (E) sé@o os principais alvos da resposta mediada por
anticorpos neutralizantes, de modo que grande parte das estratégias de imunizacao
desenvolvidas as utiliza como antigeno [65]. Entretanto, estas proteinas apresentam
alta similaridade nucleotidica e estrutural entre os flavivirus, de modo que ha possibi-
lidade de desencadeamento de aprimoramento dependente de anticorpos (ADE - An-
tibody-dependent enhancement) devido a producao de anticorpos de reacdo cruzada
[66]. Assim, a existéncia de areas onde multiplos flavivirus circulam implica o desen-
volvimento de candidatos vacinais que evitem esta reacao.

Estudos recentes que utilizaram a proteina NS1 como imunégeno demonstra-
ram capacidade de protecao sistémica contra a infec¢ao por ZIKV mesmo na auséncia
de anticorpos neutralizantes, com anticorpos ndo-neutralizantes agindo através de ci-
totoxicidade mediada por células dependente de anticorpos e citotoxicidade depen-
dente de complemento [13],[67],[68],[69]. Estas observacdes evidenciam a importan-
cia do desenvolvimento de estratégias vacinais contra o ZIKV que consideram a res-
posta mediada por células e ndo apenas a resposta humoral neutralizante. Tomados
em conjunto, os resultados neste trabalho demonstram a capacidade de inducao de
resposta T CD4+, T CD8+ e producéo de anticorpos de perfil Thl em resposta a imu-

nizacao por ambos as vacinas avaliadas.
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A fuséo do peptideo sinal ssPGIP resultou em resposta diferenciada a vacina
codificante do multiepitopo com perfil polifuncional de citocinas dos perfis Thl, Th2 e
Th17. Enquanto que a ativacao de células T CD4+ e CD8+ observada para pVAX_En-
vNS1 foi mais robusta e persistente. Andlises posteriores quanto a capacidade neu-
tralizante dos anticorpos induzidos pela imunizagdo com nossos candidatos vacinais,
bem como a avaliacdo da inducédo de protecdo mediante desafio imunolégico serédo
necessarias para determinacao da viabilidade do emprego destes imunizantes em es-

tratégias vacinais profilaticas contra o Zika virus.
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Figura 1 - Esquemas das construcfes vacinais, confirma¢édo dos recombinantes e expresséo de prote-
inas recombinantes apos transfecgdo. A. Representacdo esquematica dos candidatos vacinais inseri-
dos no vetor pVAX1 sobre controle do promotor CMV. B. Representacdo esquematica da disposicao
dos epitopos segundo seus alvos e sequéncias linker que os intercalam. C. Sequéncia peptidica de
EnvNS1 com epitopos (verde) e os linkers EAAAKEAAAKEAAAK (rosa), AEAAAKEAAAK (laranja) e
AAY (lavanda). D. Digestdes do vetor vazio pVAX1 (3 Kb) e dos recombinantes pVAX_EnvNS1 (948
pb) e pVAXssEnvNS1 (1051 pb) com as enzimas Nhel e Xhol para verificacdo da clonagem. M: Mar-
cador de peso molecular 100 bp DNA Ladder Ready to Load (Solis BioDyne). E. Imagens representa-
tivas da microscopia de fluorescéncia (FITC) em células transfectadas com pVAX1, pVAX_EnvNS1 e
pVAXssEnvNS1. Células HEK 29T néo transfectadas foram utilizadas como controle de autofluores-

céncia. A captura de imagens foi realizada em 100 vezes de aumento.
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EnvNS1

SSEnvNS1

Fonte: A autora (2022).

Figura 2 - Perfil de citocinas dosadas do soro dos camundongos vacinados. A coleta foi realizada 14
dias ap6s a ultima dose de reforgo. A) IL-2, B) IL-10, C) TNF-q, D) IL-4, E) IL-17A, F) IFN-y, G) IL-6. Os
valores das citocinas foram mensurados em pg/mL. Os asteriscos representam significancias
estatisticas (* P < 0.05, ** P < 0.01, *** P < 0.001, *** P < 0.0001).
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Figura 3 - Analises das subpopulac¢des de linfécitos circulantes no sangue dos camundongos apés a
imunizacao. A coleta foi realizada 14 dias apés a dose de reforco. A) %CD4+, B) %CD8+, C) %CD16+.

Os asteriscos representam significancias estatisticas (* P < 0.05, ** P < 0.01, **** P < 0.0001).
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Figura 4 - Perfil de citocinas dosadas de esplendcitos de camundongos vacinados estimulados com
ZIKV. A coleta foi realizada 14 dias ap0s a Ultima dose de reforgo. A) TNF-a, B) IL-6 e C) IL-10. Os
valores das citocinas foram mensurados em pg/mL. Os asteriscos representam significancias
estatisticas (* P < 0.05, ** P < 0.001, *** P < 0.0001).
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Figura 5 - Avaliacdo percentual dos linfocitos T CD4+, CD8+ e CD16+ isolados do bago dos animais
imunizados e reestimulados in vitro com o ZIKV, nos periodos de 24, 48 e 72h. Os asteriscos
representam significancias estatisticas (*** P < 0.001 **** P < 0.0001).
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Fonte: A autora (2022).

Figura 6 - Anticorpos produzidos em resposta a imunizacdo detectados no soro dos camundongos
vacinados. A coleta foi realizada 14 dias apés a ultima dose de reforgo. A) IgM, B) IgG3, C) 1IgG2a, D)
IgG1, E) IgG2b, F) IgE, G) IgA. Os valores das citocinas foram mensurados em MFI. Os asteriscos
representam significancias estatisticas (* P < 0.05, ** P < 0.01, ** P < 0.001, **** P < 0.0001).
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Tabela 1 - RazBes Th2/Thl para anticorpos. Os isotipos de IgG foram detectados por citometria de

fluxo a partir do soro dos camundongos BALBc no vigésimo oitavo do esquema de imunizacgéo.

IgG1/IgG2a 19G2b/IgG2a
pVAX1 EnvNS1 SSEnvNS1 pVAX1 EnvNS1 SSEnvNS1
1,0405 0,8083 0,7482 1,1572 0,9558 0,8879

Fonte: A autora (2022).

Tabela 2 - Média do peso dos grupos dos camundongos ao longo do experimento de imunizagdo.

GRUPOS PESO (9)
Dia 1 Dia 7 Dia 21
pVAX1 21,12 + 0,53 21,99 + 0,57 23,17 £ 0,53
pVAX_EnvNS1 19,36 £ 1,99 20,31 +1,93 21,35+2,14
pVAX_ssEnvNS1 21,02 £1,52 22,04 £1,28 22,79 £ 2,40

Fonte: A autora (2022).

Tabela 3 - Parametros hematol6gicos dos camundongos imunizados e do grupo controle (média por

grupo). Siglas: VR: Valor de Referéncia; VCM: Volume Corpuscular Médio; HCM: Hemoglobina

Corpuscular Média; CHCM: Concentragdo de Hemoglobina Corpuscular Média; Referéncia dos VR:

Barbosa et al. 2017.

Andlises pVAX1 pVAX En-  pVAX_ssEn- V.R.
vNS1 vNS1
Hemacias 4,58 £ 0,28 4,94 £ 0,61 4,61+0,24 7,3+£2,01
(108/mm3)
Hemoglobina 135+0,91 14,62+2,06 13,62+0,84 13,82+ 1,0
(g/dL)

Hematécrito (%) 40,72+ 2,72 44 + 6,22 41 + 2,54 38,44 + 3,93
VCM (fL) 89,24+1,83 90,76 £3,46 90,32+2,70 60,26 +18,25
CHCM (%) 3310 33,12+0,14 32,97 +0,10 33,00 + 2,60
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Leucdcitos totais 9,02+0,41 10+ 0,42 9,07 £ 0,74 6,23 + 2,57
(103/mms3)
Neutrdfilos (%) 40,2+ 4,9 34 +5,21 39,25 + 4,02 22,96 £ 5,54
Linfécitos (%) 56,8 +5,41 62,8+4,79 58,25+ 3,69 71,76 £5,9
Eosindfilos (%) 1,2+04 1,6+0,8 1,25+0,43 2,16 +1,71
Mondcitos (%) 1,8 +0,97 1,6+0,8 1,25+0,43 2681
Plaquetas 417,4 + 62,92 4124 +67 433,5%33,26 560 + 119
(103/mm3)

Fonte: A autora (2022).

Tabela 4 — Par&metros bioguimicos dos camundongos imunizados e do grupo controle (média por

grupo). Siglas: VR: Valor de Referéncia; AST: Aspartato Aminotransferase; ALT: Alanina Aminotrans-

ferase; FAL: Fosfatase Alc
et al. 2020.

alina. Referéncia VR: Almeida et al. 2008; Barbosa et al. 2017; Silva-Santana

Analises pVAX1 pVAX_EnvNS1  pVAX_ssEn- V.R.
vNS1
Glicose 74,28 + 5,68 77,12 £ 3,72 74,97 +7,13 80,75 + 20,25
Uréia (mg/dL) 64,38 + 1,33 69,58 £ 2,73 67,45 + 3,66 51,2 + 15,92

Creatinina 0,56 + 0,08 0,61 + 0,06 0,53 +0,04 0.44+0.11

(mg/dL)
AST (UI/L) 130,32 +4,52 131,22+ 3,22 130,6 £2,16 239,50 + 141,20
ALT (UI/L) 152,44 + 5,86 150,5 + 5,50 147,85+3,55 156,70 + 57,20
FAL (UIIL) 223,84+5,29  220,72+3,43 2254+4.64 362,90 + 226,60

Fonte: A autora (2022).



63

5 DISCUSSAO GERAL

O rapido estabelecimento da pandemia do SARS-CoV-2, tornou evidente a ne-
cessidade do desenvolvimento de estratégias vacinais que apresentem como carac-
teristicas relevantes alta especificidade e imunogenicidade, estabilidade, baixo custo
e rapidez de producédo (BANERJEE; SANTRA; MAITI, 2020). Neste sentido, vacinas
de DNA se destacam por sua flexibilidade na utilizacdo de sequéncias antigénicas de
patdégenos e de adjuvantes moleculares que permitem o desenvolvimento de estraté-
gias diversificadas contra patdgenos de interesse médico (GARY; WEINER, 2020;
HOBERNIK; BROS, 2018).

Com a emergéncia do Zika virus na América Latina no ano 2015, foram desen-
volvidas estratégias vacinais que exploravam a capacidade de inducdo de producao
de anticorpos neutralizantes em resposta a epitopos presentes em prM e E, observada
entre diversos flavivirus (DIAMOND; LEDGERWOOD; PIERSON, 2019; SHAN; XIE;
SHI, 2018). Entretanto, com 0 avanco das pesquisas acerca da resposta imunoldgica
contra a infecgao por ZIKV tornou-se evidente a possibilidade da utilizagao de outros
alvos imunoldgicos como epitopos presentes em proteinas nao estruturais tais como
as proteinas NS1 e NS3 do ZIKV para ativacdo de células T, aumentando assim a
eficacia das vacinas frente a infeccéo viral (ELONG NGONO et al., 2020; GRUBOR-
BAUK et al., 2019; LIMA et al., 2017).

Desse modo, nosso grupo elaborou uma construcao vacinal codificando 14 epi-
topos presentes nas proteinas do Envelope e NS1 do ZIKV (intitulada EnvNS1), vi-
sando a inducdo e conciliacdo de respostas imunolégicas humoral e celular. Os epi-
topos selecionados foram preditos in silico por (BADAWI et al., 2016; DAR et al., 2016;
DIKHIT et al., 2016), e tem como alvos moléculas HLA |, HLA 1l e de células B.

No presente estudo, avaliamos o potencial imunogénico de uma vacina de DNA
baseada na sequéncia EnvNS1, por si, ou fusionada ao peptideo sinal ssPGIP em
camundongos imunocompetentes. A imunizacdo dos camundongos Balb/c com as va-
cinas de DNA avaliadas induziu a proliferacéo de células T CD4+ (Artigo | -Figura 3)
e T CD8+ (Artigo | — Figura 3), com producao de anticorpos associados ao perfil Thl
(Artigo | — Tabela 1). Diversos estudos apontam a importancia da ativacéo de células
T para o estabelecimento de resposta eficiente contra infecgao por ZIKV, a exemplo
de células T CD8+ sendo demonstradas como capazes de impedir o desenvolvimento

de SCZ em camundongos gerados por maes imunes e ndo imunes a DENV(REGLA-
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NAVA et al., 2018), e de proteger e controlar a infeccdo em modelos letais em camun-
dongos imunocompetentes e deficientes para IFN-y tipo | (ELONG NGONO et al.,
2017, 2020; GAMBINO et al., 2021; NAZERAI et al., 2020). Células T CD4+ exercem
papel de destaque para inducdo de resposta humoral, sendo necessérias para o es-
tabelecimento de resposta neutralizante (ELONG NGONO et al., 2019; MCCARTHY
et al., 2022).

A presenca de ssPGIP induziu a producao de citocinas do perfil Thl, Th2 e
Th17, enquanto sua auséncia foi associada a um discreto aumento de células T CD4+
e T CD8+ com pobre producao de citocinas. Os resultados obtidos indicam que estra-
tégias focadas em epitopos podem ser uma alternativa segura para inducao de res-
posta imunologicas eficientes. Peptideos sinais tais como o utilizado neste trabalho,
tém sido explorados como vacinas independentes de outras regides peptidicas, em
ensaios pré-clinicos e clinicos fase I/l que indicaram a eficacia destes (CARMON et
al., 2015; KOVJAZIN et al., 2011; KOVJAZIN; CARMON, 2014). Neste sentido, pode-
mos observar que embora a adicdo de ssPGIP a EnvNS1 possa ter aumentado a
eficiéncia de processamento peptidico, resultando em um produto vacinal com perfil
diferente, € possivel que este peptideo sinal seja alvo de respostas imunolégicas
ainda nao avaliadas individualmente.

Quando consideramos o0 modelo animal utilizado nesta pesquisa para a avalia-
¢ao de potencial imunogénico, € necessario observar que animais imunocompetentes
permitem a avaliagdo mais robusta da resposta imune celular adaptativa, embora nao
apresente susceptibilidade natural a infeccdo por ZIKV. Desse modo, levando a ne-
cessidade de aplicacdo de elevados titulos virais ou infec¢cdo por via intracraniana
(BALINT et al., 2021; NAZERAI et al., 2018; PENA et al., 2018). Assim, camundongos
deficientes de componentes da via de sinalizacdo IFN tipo I, como o0 A129, séo utiliza-
dos em estudos de protecdo e patogénese uma vez que sdo susceptiveis a infeccéo
mesmo em baixos titulos virais (PENA et al., 2018). Em nossa pesquisa, obtivemos
dados preliminares da imunogenicidade vacinal, porém estudos em modelos infeccdo
por ZIKV sdo necessarios para elucidacédo da resposta imunolégica e protecao indu-
zidas pelas vacinas aqui avaliadas.

A sequéncia multiepitopo utilizada nesta pesquisa foi explorada no contexto da
producao e delivery em um sistema de levedura inteira e os resultados indicaram ati-
vacao de células T CD4+, CD8+ e CD16+, além de producéao de citocinas IL-6, IL-10,

e TNF- q, in vitro (SILVA et al., 2021). Considerando que perfis diferentes de respostas
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imunoldgicas foram observados entre os resultados obtidos aqui demonstrados, é ne-
cessario considerar também que a forma de apresentacdo ao sistema imunologico
entre plataformas vacinais diferentes pode alterar o perfil de resposta induzido por
estas (ELONG NGONO et al., 2020).

E interessante considerar a possibilidade da exploracéo de esquema heterd-
logo de vacinacao utilizando as estratégias estudadas nesta pesquisa e na realizada
por Silva e colaboradores (SILVA et al., 2021). Um protocolo imunizacédo heterdloga
com uma vacina de DNA e virus Vaccinia Ankara modificado (MVA) expressando a
sequéncia prM-E do ZIKV induziu a potencializacdo de resposta mediada por células
T CD4+ e T CD8+ polifuncionais, com producado de anticorpos neutralizantes, quando
comparado aos regimes homologos de cada plataforma individual (PEREZ-TRUJILLO
et al., 2017).
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6 CONSIDERACOES FINAIS

Os resultados obtidos neste trabalho sugerem que a fusdo de ssPGIP a se-
guéncia multiepitopo foi capaz de melhorar o processamento antigénico dos epitopos
do Envelope e NS1 do Zika virus. Como um todo, este melhoramento levou a diversi-
ficacdo da resposta imunologica observada quando comparado a vacina sem a fuséo,
em especial quanto a inducdo de citocinas de perfil Thl e Th1l7 e de anticorpos de
perfil Th1l. A selecao de outros alvos antigénicos a serem fusionados a ssPGIP, assim
como a exploracdo de regimes e modeles alternativos de imunizagéo poderao contri-
buir para o desenvolvimento de vacinas ndo apenas contra o Zika virus mas também

para outros virus de interesse médico.
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In vitro and in vivo models for studying Zika virus biology

Abstract

The emergence and rapid spread of Zika virus (ZIKV) in the Americas has prompted
the development of in vitro and in vivo models to understand several aspects of ZIKV
biology and boost the development of vaccines and antivirals. In vitro model studies
include reverse genetics systems, two-dimensional (2D) cell models, such as primary
cells and cell lines, and ex vivo three-dimensional (3D) models derived from skin, brain
and placenta. While these models are cost-effective and allow rigorous control of
experimental variables, they do not always recapitulate in vivo scenarios. Thus, a
number of in vivo models have been developed, including mosquitoes (Aedes sp. and
Culex sp.), embryonated chicken eggs, immunocompetent and immunodeficient mice
strains, hamsters, guinea pigs, conventional swine and non-human primates. In this
review, we summarize the main research systems that have been developed in recent

years and discuss their advantages, limitations and main applications.

Keywords: ZIKV; animal models; ex vivo; in vitro; in vivo.

Introduction

Zika virus (ZIKV) is a mosquito-borne arbovirus that has silently circulated in
African and Asian countries for many decades and only caused outbreaks of a mild
febrile illness. In 2007, however, a large ZIKV outbreak occurred in Yap Island. Later,
the virus reemerged in French Polynesia in 2013 and rapidly spread throughout the
Pacific [1, 2]. Nonetheless, the dramatic increase of birth defects reported in 2015 in
Brazilian newborns changed the world’s perspective on this hitherto overlooked
pathogen [3]. Fifty-nine countries and territories have reported ZIKV cases from 2015
onwards. The virus continues to spread geographically to areas where competent
vectors are present [4]. In the Americas continent alone, there have been 223477
confirmed autochthonous cases of Zika disease and 3720 cases of congenital Zika
syndrome (CZS) since 2015 [5].

The virus belongs to the genus Flavivirus within the Flaviviridae family and as
such it has a single-stranded positive-sense RNA genome that is approximately 11 Kb

in length. The genome is translated as a single long open reading frame (ORF) that is
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flanked by 5' and 3’ untranslated regions (UTRs) [6]. Translation of the ZIKV ORF
generates three structural proteins (C, prM and E) and seven non-structural proteins
(NS1, NS2A, NS2B, NS3, NS4A, NS4B and NS5). The ZIKV genome produces two
types of 3'UTR-derived, non-coding subgenomic flavivirus RNA (sfRNA), which play a
role in antagonizing the host innate immune response [7, 8].

ZIKV is primarily transmitted to humans through the bites of infected mosquitoes from
certain species. However, the virus can also be transmitted by blood transfusion,
transplacentally, perinatally and sexually [9]. In most patients, infection by ZIKV causes
a self-limiting exanthematous disease. However, foetuses infected with ZIKV may
develop a number of serious teratogenic effects, including microcephaly, cerebral
calcifications, ventriculomegaly, cerebellar hypoplasia, arthrogryposis, diaphragm
paralysis, and visual and hearing impairments [10]. Moreover, in some patients the
virus can cause a broad range of severe neurological manifestations, such as
encephalomyelitis, myelitis, ophthalmologic disease, and Guillain—Barré syndrome
(GBS) [11-13].

These severe clinical manifestations in humans have prompted the
development of several in vitro and in vivo models aimed at uncovering the underlying
mechanisms of ZIKV pathogenesis and transmission and boosting the development of
countermeasures. In this review, we summarize the main research systems that have
been developed to study the biology of ZIKV in recent years and discuss their

advantages, limitations and applications (Fig. 1).

In vitro models
Two-dimensional cell culture models

Two-dimensional (2D) cell culture systems provide a simple and valuable
system for studies in a highly controlled environment. Primary cells are isolated directly
from animal or human tissue and usually have a limited lifespan. Conversely, cell lines
can be continually passaged over a long period of time, since they have acquired
mutations that allow them to proliferate readily. Primary cells better resemble the
original tissue from which they were isolated, but they are more difficult to obtain,

maintain and propagate compared to cell lines.
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Primary cells

The infection of primary human epidermal keratinocytes obtained from neonatal
foreskins and in vitro-generated immature dendritic cells (DCs) resulted in active ZIKV
replication and the activation of the innate immune response [14]. Heparinized whole
blood and human peripheral blood mononuclear cells (PBMCs) from healthy donors
are also susceptible to ZIKV infection. CD14+ blood monocytes are major targets for
ZIKV and blood from pregnant women showed an enhanced susceptibility to infection
by different ZIKV strains, suggesting differential immunomodulatory responses of
blood monocytes during pregnancy [15, 16]. However, these data should be taken with
caution, because they are based on studies carried out in countries were dengue is
endemic and antibodies against dengue may modulate ZIKV infectivity by an antibody-
dependent enhancement (ADE) mechanism [17]. Primary human DCs supported
productive ZIKV replication following infection and exhibited donor-dependent
variability in viral replication, but not viral binding. Different ZIKV strains antagonized
type | interferon (IFN)-mediated phosphorylation of STAT1 and STAT2 [18].

Siemann and coworkers provided insights into the pathogenesis of ZIKV for
male hosts by demonstrating that primary human Sertoli cells are susceptible to ZIKV
infection. ZIKV infection of these cells leads to a strong antiviral response which
compromises the integrity of the blood—testis barrier [19]. Amniotic epithelial cells
(AmEpCs) isolated from human mid- and late-gestation placentas are productively
infected by ZIKV. Trophoblast progenitor cells (TBPCs) from chorion, human placental
fibroblasts (HPFs) and cytotrophoblasts (CTBs) from chorionic villi are also susceptible
to ZIKV. Interestingly, cells from mid-gestation produced higher titres than cells from
late gestation [20]. Jurado et al. demonstrated that ZIKV productively infects primary
human placental macrophages, known as Hofbauer cells, and placental villous
fibroblasts [21].

An independent study performed with human placental trophoblasts showed
that ZIKV actively replicates in these cells without causing trophoblast dysfunction,
senescence or death. This suggests that the placenta may serve as a silent portal for
mother-to-foetus transmission [22]. Primary human endometrial stromal cells (HESC)
supported the replication of different ZIKV strains. ZIKV replication and expression of
the entry co-receptor AXL was enhanced by cyclic AMP and progesterone-induced
decidualization of these cells, indicating that they may serve as virus sources for

spreading to placental trophoblasts during pregnancy [23]. Primary human
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trophoblasts (PHTS), which are the barrier cells of the placenta, are refractory to ZIKV
infection through the constitutive release of type Il IFNA1, which functions in both a
paracrine and an autocrine manner to protect trophoblast and non-trophoblast cells
from infection [24].

Given the devastating neurological disorders linked to ZIKV affecting the
peripheral and central nervous systems (PNS and CNS, respectively), Cumberworth
et al. infected primary mouse PNS and CNS myelinating cells derived from wild-type
and Ifnarl knockout mice with ZIKV [25]. Through systematic quantification of ZIKV-
infected cells in myelinating cultures, they found that CNS cells are considerably more
susceptible to infection than PNS cells, especially CNS axons and myelinating
oligodendrocytes. The infection of primary human astrocytes and microglia resulted in
high viral replication and the induction of elevated levels of proinflammatory immune
cytokines, which may be involved in neuropathogenesis [26, 27]. Primary human
neural stem cells (hNSCs) derived from three different donors demonstrated donor-
dependent ZIKA-mediated transcriptome alterations and reduction in neuronal
differentiation, suggesting that a genetic component is involved in ZIKV

neuropathology [28].

Cell lines

Viral growth kinetics in cell culture is useful to characterize different viral strains,
and also to identify and test drug and vaccine candidates. In general, cell lines are
considered to be genetically and phenotypically homogenous, but biological
differences among the same cell line from different laboratories might occur and
researchers should be aware of this possibility.

Like other flaviviruses, ZIKV replicates well in Vero and C6/36 cells, which are
widely used for virus isolation from both clinical and mosquito samples [7, 29]. The
susceptibility of different human and animal cell lines has been systematically
characterized. Here we will summarize a few studies using different cell lines. Human
cell lines derived from placenta (JEG-3), neurones (SF268), muscle (RD), retina
(ARPE19), lung (Hep-2 and HFL), colon (Caco-2) and liver (Huh-7) allowed productive
ZIKV replication and displayed cytopathic effects (CPE). In contrast, cell lines
originating from prostate (LNCaP), testes (833KE), cervix (Hela), endometrium
(HOSEG6-3) and kidneys (HEK) supported viral replication but did not show CPE.

Among animal cell lines, those of nonhuman primate (Vero and LLC-MK2), swine (PK-
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15), rabbit (RK-13), hamster (BHK?21) and chicken (DF-1) origin permitted productive
ZIKV replication [30]. Guinea pig lung fibroblast cells (JH4) are also susceptible to
infection [31]. Recently, a human neuroblastoma cell line (SH-SY5Y) has been shown
to be very useful for the evaluation of antiviral drugs against ZIKV [32].

ZIKV replicates in human monocytic leukaemia cells (THP-1) at a low rate, but
triggers robust antiviral innate cytokine responses. The infection of first trimester
human extravillous trophoblast cells (HTR8) demonstrated that ZIKV replicates
efficiently in these cells and induces strong inflammatory cytokine and chemokine
production [33]. ZIKV can also infect U87-MG (human glioblastoma) cells and produce
NLRP3 inflammasome activation and IL-13 release after infection. Increased gene
expression for superoxide dismutase 2 (SOD2) and heme oxygenase (HemeOX), two
important antioxidant enzymes commonly used to assess oxidative stress, has also
been observed. This suggests that ZIKV infection can cause oxidative stress and
inflammasome activation, which can lead to cell death via pyroptosis and CNS damage
[34].

Mosquito cell lines have been used to elucidate basic biological questions. For
instance, Varjak et al. used the Aedes aegypti-derived Aag2, AF319 and AF5 cell lines
to elucidate ZIKV—mosquito RNAi interactions [35]. C6/36 cells were also employed to
investigate the cytoarchitecture of ZIKV during replication, and the authors suggested
that these cells are good models for this kind of study [36—38]. To demonstrate ZIKV
inhibition by Wolbachia strains in mosquito cell cultures, Schultz et al. used Ae.
albopictus C710 and C/wsStri cells (derived from C710 cells). In this case, this study

confirmed previous data obtained using in vivo models [39].

Three-dimensional (3D) cell culture models

Although 2D cell culture systems allow better control of experimental variables
and are much easier to manipulate than 3D cell cultures, they do not exhibit the natural
physiological conditions, cytoarchitecture and cellular complexity present in vivo.
Therefore, 2D systems sometimes provide misleading or nonpredictive outcomes for
in vivo settings [40]. Thus, researchers have chosen 3D systems to better characterize
infection. Table 1 summarizes the main 3D cell systems developed to date. Protocols
for generating human brain region-specific organoids have been developed [41].

The skin is the site of ZIKV entry following the bite of an infected mosquito. Skin

explants obtained from healthy donors following abdominoplastic surgery have proved
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valuable in understanding ZIKV pathogenesis in this site [14]. Because of their
differentiation potential, pluripotent stem cells can generate virtually any cell type.
Recently, structures resembling whole organs, termed organoids, have been
generated from stem cells through the development of 3D culture systems [42].
Organoid cell culture systems are based on the properties of stem cells to differentiate
and self-organize, creating multi-cellular tissues that resemble the structure of and
function as an intact organ [43]. Several studies have used this system to study the
connection between ZIKV infection and microcephaly [44-49]. Organoids also allow
us to understand phenotypic and transcriptomic responses during neural development,
for example [45]. ZIKV infects cells at different stages of brain maturation, leading to
alterations in the cortical layer organization [47]. Qian et al. [44] engineered a
miniaturized spinning bioreactor using 3D design and printing technology and
developed protocols to generate forebrain-specific organoids from human iPSCs and
for midbrain and hypothalamic organoids. They provided an accessible, cost-effective,
simple-to-use and versatile platform for modelling human brain development and
disease and for screening antiviral drug candidates. Garcez et al. [46] used iPSCs
cultured as neural stem cells (NSCs) neurospheres and brain organoids to
demonstrate that ZIKV infection induces cell death in human iPSC-derived NSCs,
disrupts the formation of neurospheres and reduces the growth of organoids. Tang et
al. [50] also used a protocol to differentiate iPSCs into forebrain-specific human neural
progenitor cells (hNPCs), which can be further differentiated into cortical neurons, as
an in vitro model to investigate whether ZIKV directly infects human neural cells and
the nature of its impact. They showed that ZIKV can directly infect hANPCs in vitro with
high efficiency and that the infection of these cells led to attenuated population growth
through virally induced caspase-3-mediated apoptosis and cell cycle deregulation.
Nowakowski et al. [48] hypothesized that protein expression may be promoting
ZIKV entry and infectivity during neurogenesis. They analysed the expression of
candidate genes mediating flavivirus entry across single cells from the developing
human cerebral cortex and reported the importance of candidate ZIKV receptor AXL
in vulnerability to ZIKV infection. In agreement with these findings, Wells et al. [49]
studied the effects of AXL deletion and demonstrated that it was not able to protect
against ZIKV infection.
ZIKV can replicate in first-trimester human maternal decidual tissues grown ex vivo as

3D organ cultures [51]. In explants of chorionic villi from first-trimester placentas, ZIKV



85

infected proliferating villus cytotrophoblasts (CTBs), invasive CTBs and Hofbauer cells
in the villus core, and expressed E and NS3 proteins, indicating viral replication [20,
21]. Tabata et al. suggested that ZIKV transmission occurs through placental and
paraplacental routes and that the virus spreads from basal and parietal decidua to

chorionic villi and amniochorionic membranes [52].

Reverse genetics systems for ZIKV

Reverse genetics is a powerful tool that allows important viral properties such
as replication, virulence, cell penetration, transmission, host range and the function of
coding or non-coding genomic regions to be studied. However, the construction of
reverse genetics systems for flaviviruses is often difficult, as it involves multiple cloning
of fragments of cDNA. The process is laborious and the difficulties encountered in
replicating such clones in bacterial cells can cause viral sequences to be unstable and
can even cause toxicity in bacterial hosts [53, 54]. Upon the emergence of ZIKV in the
Americas, this technology was employed by several groups using the classical and
epidemic strains [55-64]. The main ZIKV reverse genetics systems and their major
applications are summarized in Table 2. The first system to be developed used the
Cambodian ZIKV FSS13025 strain. Rescued viruses were shown to be highly
infectious for Ae. aegypti mosquitoes and virulent to both A129 and AG129 mice,
although it was more attenuated than the wild-type virus [55].

The Brazilian ZIKV Paraiba 01/2015 strain and the MR766 prototype of ZIKV
have been used recently to generate infectious clones. Their genetic stability was
further improved by inserting intron sequences into the NS1 and NS5 genes [56, 65].
ZIKV expressing reporter genes such as luciferase and GFP was proved to be a
valuable tool for virus growth and replication analysis, as well as antiviral tests [55, 66].
The introduction of an NS1 K265E mutation significantly increased virus production on
Vero cells, which has an impact on vaccine production [63]. Using reverse genetics, it
was found that a single serine-to-asparagine substitution (S139N) in the prM protein of
ZIKV contributes to foetal microcephaly, demonstrating the power of the system to
identify genetic determinants of virulence [67].

A bacteria-free approach that does not require cloning, termed ‘infectious
subgenomic amplicons’ (ISA), has been used to recover infectious viruses from PCR
products in both mammalian and insect cells [59, 62]. The concept of ISA is based on

the production by PCR of three to six overlapping DNA fragments that encompass the
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entire viral genome. The ZIKV genome is flanked by the CMV promoter and the
hepatitis delta (HDV) ribozyme followed by the simian virus 40 (SV40) polyadenylation
signal in the 5" and 3’ ends, respectively. The amplicons are then mixed and transfected
directly into susceptible cells to enable virus rescue through as yet unknown in cellulo
recombination events. Unlike other bacterium-free approaches, the ISA method does
not require any additional steps, such as cloning, propagation of cDNA into bacteria,
or even RNA synthesis [59].

Setoh et al. used a modified circular polymerase extension reaction protocol to
generate de novo a fully functional ZIKV directly from deep sequencing data. This
technique has the advantage of generating infectious virus without the need for prior
virus isolation and passaging in cell culture and/or suckling mice, which may result in
the accumulation of adaptive mutations that may affect viral phenotypes [64].

More recently, infectious clones have been employed for in vivo and in vitro research
on emerging mutations. A reverse genetics system was used to evaluate the effect of
the V2634M mutation in NS5, a mutation associated with changes in viral replication
efficiency as well as the incidence of microcephaly in Latin America. However, the
mutant infectious clone showed no significant change in cell culture replication, and
nor did it alter the pathogenesis characteristic and virulence of ZIKV in AG6 mice [68].

In addition to the infectious clones, the use of replicons has also been a useful
tool to study viral replication, to investigate the role of specific mutations and to
discover novel antiviral drugs. They have the advantage of not being infectious, which
makes handling them in the laboratory safer [69, 70]. Taken together, these systems
are valuable tools for the discovery of new antiviral compounds and for studying the

physiopathology of ZIKV infection.

In vivo models
Murine models

Murine models have contributed significantly to the acquisition of new insights
into the biology of ZIKV infection [47, 71-73]. Mice have contributed to elucidate
several aspects of ZIKV pathogenesis, including the link between ZIKV infection in
pregnant women and congenital defects [46, 50, 74]. Mice have also been a valuable
model for the evaluation of vaccine and antiviral candidates. Their small size, low cost

and fast reproductive rate make these animals attractive models for ZIKV studies.
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Immunocompetent mice strains

Immunocompetent adult mice show little susceptibility to ZIKV infection and do
not emulate the spectrum of ZIKV clinical manifestations seen in humans (Table 3).
One of the reasons for this phenotype is the ability of ZIKV to degrade STATZ2, an IFN-
regulated transcriptional activator in humans but not mice [75]. Since ZIKV is sensitive
to the action of IFN types I, Il and Ill, blockage of IFN receptors has been used to
develop susceptible mouse models [14, 24, 76]. Lazear et al. used an IFNAR1-blocking
monoclonal antibody (MAR1-5A3) in C57BL/6 mice to make them susceptible to ZIKV
infection. These animals did not develop neurological manifestations and the disease
was not as severe as that observed in Ifnar1-/- mice [76]. A similar approach was
applied to develop a lethal C57BL/6 mice model. In this study, animals inoculated with
the DAKAR D41525 strain via either the subcutaneous or the intraperitoneal route had
40 and 100% mortality rates, respectively. ZIKV administration through either route
caused viraemia, motor impairment and weight loss [77]. Immunocompetent mice
treated with anti-IFNarl antibodies have also been used for the discovery of antiviral
drugs acting against ZIKV. Five-week-old CB57/6 mice previously treated with anti-
ifnarl antibodies and later infected with the mouse-adapted DAKAR 41519 strain
showed a survival rate of almost 20%, even when not treated with sofosbuvir, an
inhibitor of the ZIKV NS5 RNA-dependent RNA polymerase (RdRp) [78]. The DAKAR
D41519 strain is a lethal mouse-adapted ZIKV strain obtained following brain
homogenate passage in Rag1-/- mice [79]. The antiviral action of sofosbuvir was also
demonstrated in 3-day-old Swiss mice, without the need for IFN blockage [80]. Given
that mouse models based on antibody blockage of IFN receptors are expensive for
routine use and may not be able to completely deplete thr IFN response [78],
alternative ways to develop immunocompromised models must be explored. One
strategy is to administer immunosuppressive drugs. After ZIKV infection,
dexamethasone-immunocompromised BALB/c mice sustained high viral replication in
multiple organs, inflammation and mild weight loss after inoculation via the peritoneal
route [81]. Interestingly, immunohistochemical analyses conducted in the tissues of
euthanized mice, especially from those that had been withdrawn from dexamethasone
after day 9, indicated that the rapid systemic deterioration effects observed after viral
challenge were partially due to the host immune response to ZIKV infection [81].

Previous studies have indicated the possible protective role of T-cell responses

during ZIKV infection [82]. SJL mice are immunocompetent, but have elevated levels
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of circulating T-cells [83, 84]. Interestingly, pregnant SJL mice, when inoculated
intravenously with a high dose of 1010-1012plaque-forming units (p.f.u.) of ZIKV,
generated pups that presented neurological and opthalmological malformations similar
to those observed in humans, in addition to intrauterine growth retardation [47]. Using
C57BL/6 mice, the authors found that ZIKV was not able to cross the placental barrier
in C57BL/6 females infected during gestation, as they had offspring that were free of
infection [47]. In contrast, foetuses of C57BL/6 female mice that were inoculated
intraperitoneally with an Asian lineage strain during gestation displayed signs of ZIKV
infection in their brains and viral RNA was detected in mouse placentas at day 3 post-
inoculation [85].

Similar to C57BL/6 mice, the outbred CD-1 mice have been demonstrated to be
resistant to ZIKV infection. Infection of these animals at 3 weeks with the FSS13025
ZIKV Asian strain resulted in no clinical signs of infection and no detectable viraemia
[73]. However, this apparent resistance might not be solely due to the route of infection
chosen, but also to the viral strain used. When CD1 mice were challenged intracranially
with the MR766 ZIKV strain, they exhibited an 80-100 % mortality rate that was age-
independent. Intraperitoneal inoculation with the same strain generated morbidity
signs, but no mortality in a dose-dependent manner [86]. Remarkably, 5-6-week-old
female 129 Sv/Ev mice inoculated through the subcutaneous route with 106 pfu of
ZIKV showed no clinical and histopathological signs of infection. Viraemia and low viral
RNA levels were found in the brain, ovaries, liver and spleen after infection [87].
Remarkably, intravenous ZIKV infection of pregnant immunocompetent C57BL/6J
pregnant mice led to profound placental pathology and a high frequency of foetal
demise, in the absence of foetal infection [88].

Another immunocompetent mouse used in ZIKV research is the ICR strain, a
highly prolific outbred mouse strain derived from Swiss mice. Direct intracerebral
inoculation of mouse foetuses resulted in high viral replication, cell cycle arrest,
apoptosis and inhibition of neural precursor cell differentiation, leading to microcephaly
[89].

A fully immunocompetent humanized mouse model has been recently
developed by knocking in (KI) the human STATZ2 into the mouse Stat2 locus (hSTAT2
KI). Infection of pregnant hSTAT2 KI mice was carried with a highly virulent mouse-
adapted ZIKV strain derived from the ZIKV-Dak-41525 strain. The infection resulted in

viral spread to the placenta and foetal brain [90].
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In addition to mouse age and lineage, the route of infection can directly affect
the outcome of ZIKV infection. Significant lesions and cell death in the CNS were
observed in newborn Swiss mice inoculated with ZIKV through either the intracerebral
or the subcutaneous route, which led to the development of myelopathy and
encephalopathy, respectively. Further, animals inoculated by the subcutaneous route
presented spinal cord injury [91]. A haematogenic infection model was conceived to
evaluate the effects of ZIKV infection on embryonic and foetal development, using
FBV/NJ and C57BL/6J mice. Early infections caused growth restriction and/or severe
malformations in infected embryos, including hydrocephalus and dysraphia. Later
exposure to ZIKV did not generate significant effects as foetal development progressed
[92]. Remarkably, intravenous ZIKV infection of pregnant immunocompetent C57BL/6J
pregnant mice led to profound placental pathology and a high frequency of foetal
demise, in the absence of foetal infection. In this study, placental pathology rather than
embryonic/foetal viral infection seemed to be a stronger contributor to adverse
pregnancy outcomes in mice and direct viral infection of the embryo was not essential
for foetal demise. [88]. Yockey et al. observed long-lasting infections and high rates of
viral replication in C57BL/6 females infected intravaginally. In addition, foetuses of
females inoculated by this route during pregnancy developed cerebral infection and
intrauterine growth retardation [93].

Thus, although immunocompetent mice models present limitations regarding
clinical manifestation of the disease, they are valuable to obtain evidences about viral
pathogenesis under the full action of the innate and adaptive immune responses of the
host to ZIKV.

Immune-deficient strains

In contrast to immunocompent mice, immunocompromised mice display signs
of disease and high levels of viraemia, and can be infected even with low-passage viral
strains (Table 4). The major disadvantage of immunocompromised mice is the lack of
essential components of the immune response, which may underestimate the efficacy
of some vaccine candidates and not model disease pathogenesis accurately in
immunocompetent hosts. Nevertheless, these models have been successfully used for
preclinical evaluation of vaccines and antivirals against ZIKV [94-97].
A129 mice lack the receptor for IFNa/B, making them unresponsive to type | IFNs. It

was one of the first models used to characterize ZIKV infection, although it had already
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been used in studies about other viruses, such as chikungunya virus (CHIKV) and
yellow fever virus (YFV) [87, 98]. On the other hand, the AG129 mouse strain is a
double knockout for the IFNa/B and y receptors and is more susceptible to ZIKV-
induced disease than A129 mice, highlighting the role of IFN-y in the outcome of the
disease. Although the ZIKV infection kinetics in AG129 mice is similar to that in A129,
the disease signs are more severe in AG129, probably because of the protective role
of IFNy [57, 71-73].

The A129 mice may also be useful in vaccine challenge studies since they
remain susceptible to the induction of morbidity and mortality caused by ZIKV even
when infected at 6 months of age. The detection of persistent infection foci in organs
such as the brain, spinal cord, testes and ovaries even after the resolution of disease
symptoms is an important finding in the study of the development of GBS and
congenital infections (associated or not with microcephaly) and the occurrence of
sexual transmission [73, 76, 87, 99]. Furthermore, Rossi and colleagues [73]
characterized ZIKV infection in both A129 and AG129 mice. Intraperitoneal ZIKV
infection of A129 mice resulted in clinical disease (tremors, lethargy and anorexia) and
mortality in an age-dependent manner. The virus replicated in several organs, but the
highest titres were found in the spleen, testes and brain. Overall, little difference was
seen between the disease and virulence of ZIKV in A129 and AG129 mice, except for
the severity of the neurological manifestations, which was more pronounced in the
latter strain [73]. The neurovirulence of ZIKV in AG129 mice was endorsed by Aliota
and coworkers, who reported significant histopathological lesions in the brain upon
infection [71]. These observations suggest the relevance of these mice strains for
studying disease pathogenesis in humans, including the Guillain—Barré Syndrome and
microcephaly.

Another relevant model is characterized by Irf3—/- 1rf5—/- Irf7—/- mice that are
C57BL/6 triple knockout (TKO) for the transcription factors interferon-regulatory factors
3, 5 and 7, respectively [76, 100]. This lineage has been used to study the impact of
ZIKV in the CNS, where high levels of viral RNA were detected in tissues after infection
and severe signs of neurological disease, such hindlimb weakness and paralysis, were
observed [76]. Compared to Ifnar1-/-, which is knockout for IFNa/B receptors, the TKO
model was more susceptible to ZIKV infection and this difference points to a role for

an IRF-3 dependent, IFN-a/B-independent mechanism. In fact, ZIKV infection blocks
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the induction of type | IFN by downregulating IRF3 and antiviral NF-kB-mediated
signalling and targets STAT2 for proteasomal degradation [101].

Following the discovery that ZIKV evades the innate immune system by targeting
STATZ2 for degradation, Tripathi et al. infected Stat2-/- mice subcutaneously and
showed that this strain is highly susceptible to ZIKV infection. They demonstrated that
ZIKV spread systemically in this knockout mice strain and caused neurological disease
[102]. Interestingly, it has been observed that SCID mice (deficient in T and B
lymphocytes) develop more severe disease and are more resistant to infection than
the AG129 model, suggesting that ZIKV infection in mice is mainly controlled by the
innate immune response mediated by IFNs rather than the adaptive response
mediated by T-cells. A systemic inflammatory response mediated by proinflammatory
cytokines was also detected in the sera of AG129 mice [99, 103].

Different immunocompromised mice have also been applied to identify which
cells of the nervous system are permissive to replication. Brain analysis of Ifnar1 —/-
mice revealed that astrocytes are one of the most susceptible types, while cerebral
cortex neurons are the least permissive, being observed not only in the brain but also
in other regions of the CNS, such as the cerebellum and spinal cord [104]. While in the
Ifnar1-/- model the most permissive infection sites were the astrocytes, in Rag1/-
mice treated with anti-IFNAR, the most evident focal areas were neurons in the
cerebral cortex and hippocampus regions [105]. The disagreement of these results
reinforces the need to explore different models in order to characterize a strain that
can mimic the infection in the CNS with more fidelity.

Case reports of ZIKV sexual transmission and viral persistence in the human
genital tract are mounting. Murine models recapitulate these phenotypes and may
provide bases for understanding the sexual transmission of ZIKV in humans. In fact,
recurrent viral detection in the mouse testes has been achieved in experimental studies
[73, 76, 106, 107]. In this sense, studies using females may also be informative for
research about this route. Vaginal exposure of pregnant mice during early pregnancy
resulted in foetal infection and intrauterine growth restriction [93]. The evaluation of
different mice strains with attenuation of the innate immune response mediated by
IFNs shows that the transcription factors IRF3 and IRF7 are required to block viral
replication locally. In contrast, the adaptive immune response does not seem to play a
critical role in the control of vaginal infection [93]. Tang and colleagues inoculated ZIKV
into the vagina of both AG129 mice and LysMCre+IFNARfl/fl C57BL/6 mice, which lack
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IFNAR in myeloid cells, in diestrus-like and estrus-like phases after respective
hormonal treatments [progesterone and pregnant mare serum gonadotropin (PMSG),
respectively]. Whereas the mice infected during the estrus-like phase were resistant to
vaginal infection, those infected during the diestrus-like phase developed disease
following atraumatic intravaginal ZIKV administration. There was a strain-dependent
susceptibility, in which LysMCre+IFNARfl/fl C57BL/6 mice experienced transient
illness and AG129 mice succumbed to infection [108]. These models of venereal
transmission will be useful to understand the pathogenesis of ZIKV through this route
and will be a suitable challenge system for evaluating the protective efficacy of vaccine

and antiviral candidates.

Chicken embryos

The chicken embryo is a well-established model in developmental biology and
has advantageous features, including size, low cost, easy manipulation and the fact
that it allows high-throughput in vivo screening of drugs. The model closely mirrors
human foetal neural development and the sequencing of the chicken genome has
opened up possibilities for uncovering the molecular basis of development and
changes associated with viral infections [109, 110].

An early study using the MR766 ZIKV strain showed that cultured primary
embryonic chicken cells were not susceptible to infection [111]. However, recent
studies have demonstrated that the DF-1 chicken fibroblast cell line [30] and chicken
embryos are susceptible to infection by contemporary ZIKV strains [110]. The infection
of chicken embryos at embryonic days 2.5 and 5 resulted in dose-dependent mortality,
virus replication in various organs, stunted brain growth and other malformations, such
as enlarged ventricles, but not calcifications (Table 5). Thus, the chicken embryo
proved to be a well-characterized, non-immunocompromised in vivo animal model
capable of recapitulating some of the teratogenic manifestations of ZIKV in human
foetuses [110]. The postnatal effects of ZIKV infection of chicken embryos warrant

further investigation.

Guinea pigs

Guinea pigs have been used as a model for infectious disease since the
nineteenth century, including tick-borne encephalitis virus (TBEV), Japanese
encephalitis virus (JEV) and West Nile virus (WNV) [112-114]. Their small size and
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docility and the low cost of acquiring and maintaining them make them an attractive
laboratory animal model, although the paucity of available immunological reagents is
a limitation [115]. In contrast to mice and rats, they have a haemochorial placenta,
through which maternal and foetal circulation is separated by a single layer of
trophoblasts, making them useful for studying congenital infections [31]. Initial studies
characterizing the pathogenicity of the MR766 strain shortly after the discovery of ZIKV
by the virologist George Dick found that guinea pigs (n=2) that had been inoculated
intracerebrally had no signs of infection but died on the sixth day after inoculation with
a low-passage mouse-adapted virus. Infection with highly mouse-adapted viruses did
not result in lethal infection, suggesting that adaptation to mice reduces the virulence
to guinea pigs (and also monkeys) [116].

The guinea pig model has been recently revisited using contemporary ZIKV
strains (Table 5) [31, 117, 118]. The infection of juvenile animals (200-250 g) with ZIKV
PRVABCHS59 strain (Puerto Rico/2015) via the subcutaneous route resulted in fever,
lethargy, hunched back, ruffled fur and decreased mobility. Viraemia was detected at
2 and 3 days post-infection (p.i.), but not at 5 days p.i. ZIKV RNA load was detected in
the spleen (only at 2 days p.i.) and brain (at 2, 3 and 5 days p.i.) of these animals.
Analysis of cytokines, chemokines and growth factors in the serum using multiplex
immunoassay showed a marked increase in the levels of IL-2, IL-5, IL-18, IL-12 (p70),
TNF-a, G-CSF, MCP-1, MIP-1qa, LIX, fractalkine and VEGF, whose roles in ZIKV
pathogenesis need to be further investigated [117]. Deng and coworkers [118]
demonstrated that guinea pigs are susceptible to infection through the intranasal route
and that the virus can be detected in the sera, saliva, tears, brain and parotid glands.
Interestingly, the 2010 Cambodian ZIKV strain FSS13025 was less virulent than the
2016 Chinese ZIKV strain GZ01 FSS13025. Remarkably, close-contact transmission
experiments showed that ZIKV is highly transmissible to co-caged animals. No overt
clinical signs were seen for any of the routes of infection used (intranasal,
subcutaneous or direct contact). A third study evaluated the effect of ZIKV infection in
non-pregnant and pregnant adult guinea pigs infected at mid-gestation (at 18 to
21 days gestational age) [31]. Clinical signs of disease were not observed in either
non-pregnant or pregnant animals infected with the 2013 French Polynesian ZIKV
strain. Naturally circulating ZIKV strains are not pathogenic to immunocompetent

guinea pigs and do not interfere with normal pup development.
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Although pregnant guinea pigs and their pups seroconverted upon infection, no
detectable viral levels were seen in maternal or pup blood, plasma or tissues. Of
special interest, no significant adverse outcome was detected in the guinea pigs’
offspring following challenge, suggesting that ZIKV is not pathogenic during the
pregnancy of guinea pigs and does not interfere with normal foetal development in this
species. The reason for the difference in overt clinical disease among these studies is

not clear but might be related to the age of animals used and strain differences.

Hamsters

Syrian golden hamsters (Mesocricetus auratus) have been established as a
model for some neurotropic flaviviruses, including WNV [119] and JEV [120]. Recently,
the model has been evaluated for ZIKV (Table 5). Like guinea pigs, hamsters are small
and relatively inexpensive to maintain, but there are few immunological reagents for
this species. The infection of hamsters with a 2010 Cambodian ZIKV strain did not
result in clinical disease, viraemia or seroconversion [121]. However, genetic ablation
of the STAT2 gene, a key mediator of type | and type Il IFN signal transduction
pathway signalling, renders these animals susceptible to ZIKV infection [122].
Subcutaneous infection with 500 or 50 TCID50 of ZIKV resulted in 37 and 42%
mortality, respectively, over a course of 30days of infection. ZIKV replication was
detected in the brain, testes, spinal cords, kidney and spleen, although no
histopathological lesions were seen. Infection of pregnant STAT2 knockout (KO)
hamsters, but not immunocompetent hamsters, led to ZIKV infection in placental and
foetus brains, but no adverse phenotype in pups. Taken together, these studies
indicate that wild-type hamsters are not susceptible to infection, but STAT2 KO animals

are valuable for some studies.

Swine

Swine are used as a model for biomedical research because they share
similarities in several aspects of human anatomy, physiology, genetics and immune
response. Regarding their immunity, pigs closely resemble humans in more than 80%
of immunological parameters, as opposed to less than 10% in mice [123]. In addition,
pigs are susceptible to several flaviviruses, including dengue virus (DENV), WNV and
JEV [124]. Based on this, Darbellay et al. experimentally infected neonatal piglets with

a 2015 Puerto Rican strain of ZIKV using three different inoculation routes:
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intracerebral, intradermal and intraperitoneal. They found that 2 out of 11 piglets
inoculated intracerebrally, a non-natural route of infection, exhibited leg weakness,
ataxia and tremor. ZIKV infection of piglets also resulted in seroconversion and low-
titre viraemia, viruria and virus replication in internal organs, demonstrating that
newborn pigs can be used as models to study some aspects of ZIKV biology (Table
4). An independent study using 3-month-old pigs did not detect viraemia or overt
clinical signs, albeit the animals did seroconvert [121]. From these initial studies, it
seems that pigs can serve as reservoirs for ZIKV, but not as amplifying hosts, given
the low viraemia following the infection. However, additional studies using a larger
number of animals are needed to clarify the role of pigs in the epidemiology of ZIKV.
Experimental in utero infection of conventional swine with ZIKV at 50 gestation
days (i.e. mid-gestation) resulted in persistent infection in porcine conceptuses and
impaired health in porcine offspring characterized by weak piglets, delayed feeding,
lower neonatal body length and weight than controls, seizure-like activities, splayed
back leg, reduced growth rate and aggressive behaviour [125]. A recent study
inoculated pregnant sows with ZIKV in utero at 50 gestation days and euthanized them
at 4 weeks after inoculation, which is comparable to the end of the second trimester of
human pregnancy, and examined the foetuses [126]. The sows remained healthy
during the experiment, but at necropsy 2 out of 15 inoculated foetal piglets were found
to have microencephaly and all inoculated foetuses presented mild to severe
neuropathology, characterized by neuronal depletion in the cerebral cortices of various
lobes (Table 5). Although useful, their large size and high cost, and the lack of disease
signs exhibited by the majority of infected animals, limit the utility of swine for

widespread use in ZIKV research.

Non-human primates

Nonhuman primates (NHPs) are the most closely related animals to humans
and are therefore the preferred human surrogates in ZIKV studies. NHPs are natural
hosts for ZIKV and recapitulate several aspects of the disease in humans. In fact, the
first described ZIKV-susceptible animal model was the rhesus monkey, which had
historical importance for the discovery of ZIKV in 1947. Mice intracerebrally inoculated
with viraemic rhesus monkey sera developed clinical disease, but mice and monkeys
inoculated with the same virus intraperitoneally had no overt disease [127]. Since the

emergence of ZIKV in the Americas, several groups have carried out experiments in
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NHPs to understand pathogenesis and transmissibility and develop countermeasures
[128-143]. NHP models are essential for advancing ZIKV vaccine and drug candidates
into clinics. Table 6 summarizes the studies that have used NHPs for ZIKV. Although
NHP models are the most similar to human beings, the need for special animal facilities
and their high cost and limited availability, together with the ethical issues associated

with their use, limit the applications of this model for ZIKV studies.

Rhesus macaque (Macaca mulatta) Rhesus macaques have been the most widely
used NHP model for ZIKV. Most studies have used needle infection by the
subcutaneous route to mimic mosquito bites. In these experiments, ZIKV infection in
non-pregnant animals resulted in either subclinical infection or mild clinical signs of
disease, such as rash, fever and conjunctivitis. Viraemia and virus excretion in several
body fluids, such as urine, saliva, tears, semen, vaginal secretions and cerebrospinal
fluid, have been reported. ZIKV has also been detected in several organs, where it
resulted in gross and histopathological changes, with a marked tropism to the CNS
[128-135]. ZIKV can persist in the CNS, lymph nodes and other immune privileged
sites of rhesus monkeys for weeks after virus has been cleared from peripheral blood,
urine and mucosal secretions [144]. ZIKV infection resulted in robust innate and
humoral and cellular adaptive responses in these animals, which were protected from
subsequent challenge with homologous or heterologous strains [131-133, 136, 137].
This monkey species has been useful in characterizing the innate and adaptive
Immune responses after ZIKV infection. In one study, Hirsch and coworkers infected
pregnant rhesus macaques and found that ZIKV causes placental dysfunction and
immunopathology. Within 5 days p.i., all infected dams showed innate immune cell
activation, as demonstrated by the presence of CD169+ staining within
monocytes/macrophages, myeloid DCs and NK subsets. Infected dams displayed
marked activation of DCs and NK cells which peaked at 70 and 85 days p.i.
Proliferation of CD8 T-cell and B-cell was also detected, with maximum responses
seen in the first two weeks post infection. ZIKV-specific maternal antibodies were
detected as early as 6 days p.i. and the antibody titres increased through 28 days p.i.
Serum collected from dams and foetuses at 85 days p.i. showed neutralizing activity
[136]. The evaluation of three vaccine platforms (inactivated vaccine, plasmid DNA
vaccine or a rhesus adenovirus serotype 52 vector-based vaccine) led to the

development of neutralizing antibodies and full protection of the rhesus macaques
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against challenge [129]. The infection of pregnant animals resulted in long-lasting
viraemia, vertical transmission and microcephaly in foetuses [137]. The viraemia in
pregnant animals was longer than that for non-pregnant animals [128, 143]. A recent
study demonstrated that the infection of pregnant rhesus monkeys early in pregnancy
recapitulates many lesions that are characteristic of congenital Zika syndrome (CZS),
including foetal loss, smaller brain size, and microscopic brain pathology characterized
by microcalcifications, necrosis, vasculitis, haemorrhage, gliosis and apoptosis of
neuroprogenitor cells. The viraemia in animals infected early in pregnancy was longer
(28-70 days) than that in animals infected later in pregnancy (14—42 days) [143].

A single study that inoculated ZIKV intravenously reported no clinical disease,

but the animals developed short-lived viraemia, viruria and virus excretion in saliva.
ZIKV was present in the lymph nodes and spleen and in cardiopulmonary,
gastrointestinal, integument and genitourinary tissues, in the absence of major
histopathological changes [135]. Direct inoculation of high-dose ZIKV directly to the
tonsils resulted in viraemia, but saliva from infected monkeys inoculated in the palatine
tonsils or conjunctiva or nasally did result in infection, suggesting that the transmission
risk from saliva is low [139]. Animals inoculated through either the vaginal or the rectal
route had overt clinical disease, but viraemia was detected in 50 and 100% of the
macaques inoculated by these routes, respectively [138].
Cynomolgus macaques (Macaca fascicularis) The ban on exporting rhesus
monkeys from India has reduced the availability of these animals and stimulated
research using other NHP species. Cynomolgus macaques (Macaca fascicularis) are
closely related to rhesus monkeys, but they are smaller and therefore easier to handle
and maintain in animal facilities.

Similar to rhesus monkeys, subcutaneous inoculation of these animals with the
PRVABCS59 strain resulted in viraemia and viral detection in the lymph nodes, CNS
and male (seminal vesicles, testes, prostate) and female genital tracts (uterus, ovaries)
[132]. Intravaginal and intrarectal inoculation resulted in viraemia in 50 and 100% of
inoculated animals, respectively, and no clinical disease [138]. Infections carried with
the Asian and African ZIKV strains suggested that Cynomolgus monkeys appear to be
susceptible only to infection with ZIKV isolates of the Asian lineage [134], although

these results have not been reproduced using different African isolates of ZIKV.
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Pig-tailed macaque (Macaca nemestrina) The pigtail macaque (Macaca nemestrina)
has been known to be susceptible to several viruses from the family Flaviviridae,
including DENV, JEV and HCV. ZIKV that was inoculated subcutaneously in pregnant
pigtail monkeys did not cause overt clinical disease, but the foetuses developed brain
lesions characterized by cerebral white matter hypoplasia, periventricular white matter
gliosis, and axonal and ependymal injury, all of which are associated with the presence
of ZIKV RNA [130].

Marmoset (Callithrix jacchus) The common marmoset (Callithrix jacchus) is a small-
sized primate from the Americas that has been regarded as a relevant and convenient
experimental model for investigating ZIKV pathogenesis. Intramuscular infection of
these animals with the MR766 strain (Uganda/1947) resulted in no overt clinical
disease, but ZIKV persisted in body fluids such as semen and saliva for longer periods
of time than in serum. Infection with this non-contemporary African strain elicited strong
neutralizing antibodies and antiviral responses, and complete protection against a
heterologous challenge with a recent Asian lineage strain isolated in Brazil [140].

A second study by the same research group in pregnant marmosets reported
no clinical disease in these animals upon infection with the SPH2015 strain
(Brazil/2015). However, the animals developed viraemia, viruria and had spontaneous
pregnancy loss at 16-18days p.i.,, with extensive active ZIKV replication in the
placenta and foetal neurocellular disorganization indicating a disruption in the
development and neuronal migration patterns of the cerebral cortex, as seen in
humans [141].

Other vertebrate animal models

Early studies with the prototype MR766 strain in rabbits and cotton rats has
shown that these animals do not develop clinical signs of infection after intracerebral
inoculation of late-passage mouse brain virus, but do seroconvert [116]. In addition to
serological evidence for natural infection, some African bat species supported
replication and developed clinical signs of disease upon experimental infection with
ZIKV. However, studies with contemporary ZIKV strains in bat species from the New
World are needed to better elucidate the role of bats in ZIKV ecology [145-147].
Recently, Ragan et al. infected several animal species from North America with ages

ranging from neonates to adults. The species investigated included armadillos,
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cottontail rabbits, goats, mink, chickens, pigeons, ground hogs, deer mice, cattle,
raccoons, ducks, Syrian golden hamsters, garter snakes, leopard frogs, house
sparrows and pigs. Animals were infected with ZIKV by the subcutaneous and
intradermal routes with a high virus dose (105 p.f.u.). Low-level viraemia was found
only in frogs and armadillos. Neutralizing antibodies were detected in goats, rabbits,
ducks, frogs and pigs, suggesting these animals are unlikely to act as animal reservoirs

or good models to reproduce ZIKV disease [121].

Mosquito infection models

ZIKV is thought to be transmitted mainly by mosquito vectors and most of the
available ZIKV strains have been recovered from mosquito species collected in nature.
Several species of mosquitoes have been detected that are naturally infected by ZIKV
— primarily Aedes species, which are vectors for YFV, DENV and other arboviruses.

Before the ZIKV epidemics reported in Yap Island (2007) and in French
Polynesia (2013), very few studies registered experimental infections in mosquitoes.
These studies were mainly performed to demonstrate the vectorial competence of
mosquito species in order to identify or incriminate a mosquito species as potential
vectors. Ae. aegypti has been used as the major experimental model, as it is a
mosquito species that is easy to colonize and maintain in insectaries. It was the first
mosquito species to be used in an artificial feeding system for studying ZIKV infections
(148Boorman and Porterfield, 1956). Ae. aegypti was employed to feed directly on a
Zika patient through the exposure of the left forearm to a batch of mosquito females in
order to demonstrate ZIKV transmission by mosquitoes [149]. Most of the studies use
an artificial membrane feeder to infect mosquitoes and study the spread of ZIKV in the
mosquito organs. Usually, the midgut and salivary glands or mosquito saliva are
collected to detect and quantify the presence of ZIKV particles. In addition, ZIKV can
be inoculated via intrathoracic injection [150]. Ae. aegypti artificially infected with ZIKV
through blood meal successfully transmitted ZIKV to BALB/c mouse upon feeding on
the ears of these animals, an approach that allows evaluation of the development of
infection in and transmission from mosquitoes using a transmission process that
resembles the natural process [151]. Ae. aegypti that were allowed to feed on infected
AG129 mice acquired ZIKV in their midguts, but transmission from these mosquitoes
depended largely on the colony of Ae. aegypti used, suggesting that genetic

differences play an important role in vector competence for ZIKV [150].
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A recent debate about the possible role that another mosquito species, Culex
guinquefasciatus, could play in ZIKV transmission [152] inspired several groups to
investigate the vector competence of mosquito species from the genera Aedes and
Culex. Several studies using different combinations of ZIKV strains and mosquito
colonies or populations failed to demonstrate ZIKV transmission by Culex species
[153—155]. However, Guo et al. successfully demonstrated the transmission of ZIKV
by Cx. quinquefasciatus to mice [156]. In addition, Guedes et al. photographed ZIKV
mature particles in the salivary glands of this mosquito species after 7 days p.i. [157].
Further field studies reported Cx. quinquefasciatus naturally infected with ZIKV [158],
confirming that it is possible that other species besides Ae. aegypti are transmitting
ZIKV in urban environments. Further investigations are required to determine the
primary, secondary or occasional vectors of ZIKV during outbreaks. Care should be
taken in interpreting transmission studies using laboratory-reared mosquitoes.
Furthermore, although the virus maybe found in certain mosquito species, this does
not mean the the virus will be transmitted by that species under natural conditions.

Thus, mosquito models fed using the available systems of artificial infection
could be better exploited, for instance in studies to understand the pathogen—vector—
host interactions, in order to identify the immune response trigged by distinct mosquito
species against the viral strains. This response, together with receptor molecules, is
the basis for a mosquito that is refractory to viral infection and could be used in future

studies to develop new strategies for ZIKV control.

Models to study antibody-dependent enhancement

Antibody-dependent enhancement (ADE) is a phenomenon by which non-
neutralizing antibodies enhance viral entry and replication in host cells, resulting in
increased viral load and exacerbation of clinical disease. ADE is a well-studied
mechanism in DENV pathogenesis and is thought to occur through the formation of
infectious virus—antibody immune complexes (ICs) that bind to Fc gamma receptors
(FcyR) expressed on permissive cells such as DCs and monocytes/macrophages
[159]. The enhancement of ZIKV infection by DENV antiserum was first described in
1987 [160], and has been evaluated by many groups recently, given the possible
impact of ADE on ZIKV pathogenesis, vaccine development and immunotherapy [17,
161-165].
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Typical in vitro assays to study ADE consist of incubating ZIKV with serially
diluted test serum (or antibodies) and then infecting a cell line that expresses the FcyR.
ADE is then defined as a significant increase in virus titres obtained after incubation
with test serum relative to controls. Several cell lines have been used to study ZIKV
ADE activity, including the murine macrophage-like P388D1 cell line [160], FcyR-
expressing BHK cell lines [166], the human erythroleukemic K-562 cell line [162, 165,
167], the human macrophage cell line U937 [17], the human monocytic cell line THP-
1 [161] and primary human macrophages [168].

ADE of ZIKV infection has been evaluated in vivo using immunodeficient mice
and monkeys. Bardina et al. were able to reproduce ADE in vivo by using Stat2-/-
knockout C57BL/6 mice and convalescent plasma from DENV- and WNV-infected
individuals and then infecting these animals 2 hours later with the ZIKV strain
PRVABC59. They found that pretreatment with anti-DENV or anti-WNV plasma
resulted in more elevated body temperature, higher viraemia and viral burden in the
spinal cord and testes (but not in the brains, ovaries and eyes), increased weight loss,
higher mortality and enhanced clinical symptom scores relative to controls. Their study
also showed that in vivo ADE occurs optimally at low concentrations of ZIKV-reactive
IgG, while high levels may be protective [167]. In fact, treatment of type | interferon
receptor-deficient (IFNAR-/-) mice with a cross-reactive dengue human monoclonal
antibody (mADb) protected adult non-pregnant mice from ZIKV-induced weight loss and
mortality. Treatment of pregnant mice infected with ZIKV with mAb also significantly
reduced the viral titres in the placenta and foetal organs and abolished virus-induced
foetal growth retardation [165].

Recently, a study using two groups of rhesus monkeys (one naive to flavivirus
infection and the other previously exposed to DENV almost 3 years earlier)
demonstrated that while ADE could be confirmed in vitro, preexisting DENV immunity
did not result in exacerbated ZIKV disease [163]. These findings were supported by a
human cohort study of ZIKV-infected patients previously exposed to dengue [164].
However, more studies using a larger number of animals and including patients from
different epidemiological settings are needed to better establish the role of ADE on

ZIKV-induced disease.
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Conclusion and perspectives

Tremendous advances have been made in the development of in vitro and in
vivo models that recapitulate many aspects of ZIKV biology and disease in humans.
Infection by contemporary ZIKV strains has been characterized in a variety of cell
culture systems and animal models, and this has already contributed to advancements
in the fields of viral pathogenesis, epidemiology, vaccinology and antiviral discovery.
However, each of these models has limitations that must be considered in the design
and interpretation of experiments, and in the extrapolation of experimental results to
humans. Sharing of these research models among different laboratories will ensure
data reproducibility and accelerate the discovery and development of new products
and processes. The continuous development and characterization of research models
is essential for a better understanding of ZIKV biology and the translation of research
findings from the bench to the clinic.
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Figure 1. In vitro and in vivo models for studying ZIKV biology. (a) In vitro models for ZIKV include
reverse genetics systems, two-dimensional (2D) cell models (primary cells and cell lines) and ex vivo
three-dimensional (3D) models (skin, brains and placenta). (b) A number of animal models have been
developed to study ZIKV, including mosquitoes (Aedes sp. and Culex sp.), embryonated chicken eggs,
several mice strains, hamster, guinea pigs, swine and non-human primates.



Table 1. Three-dimensional (3D) cell culture models

3D model ZIKV strain

Forebrain-specific human neural MR766 (original ZIKV strain)
progenitor cells (hNPCs)

Developing human retina ?
progenitors and cerebral
organoid model

Induced pluripotent stem cells MR766
(iPSCs) growing as
neurospheres and brain

organoids

Forebrain-specific organoids
from human iPSCs

MR766 and FSS13025 (Asian lineage)

Human cortical NPCs, neurons, ZIKV-BR (patient from Paraiba, 2015) and

neurospheres and cerebral MR766

organoids

Explants JEG-3 (trophoblast cell H/PF/2013 (French Polynesia, 2013)
line) and BeWo (cytotrophoblast
cell line)

Chorionic villus explants
Nicaraguan patients)

Primary human Hofbauer cells ZIKV-UG/MR766 (Uganda 1947), ZIKV-

MR766, Nical-16 and Nica 2-16 (isolates from

Major findings

ZIKV virus directly infects human cortical neural progenitor cells with
high efficiency, resulting in stunted growth of this cell population and
transcriptional deregulation

The candidate ZIKV receptor AXL is highly enriched in radial glia, the
neural stem cells of the human foetal cerebral cortex, providing a
hypothesis for why these cells are particularly vulnerable to ZIKV
infection and a candidate mechanism for ZIKV-induced microcephaly

ZIKV induces cell death in human iPSC-derived neural stem cells
(NSCs), disrupts the formation of neurospheres and reduces the
growth of organoids

Development of a forebrain organoid platform for chemical compound
testing and modelling ZIKV infection. ZIKV, upon access to the foetal
brain, targets NPSCs and causes microcephalic-like deficits in cortical
development

ZIKV-BR induces cell death in human NPCs, impairing the growth and
morphogenesis of healthy neurospheres. Microcephaly is a distinctive
feature of recent ZIKV Asian-lineage virus

ZIKV infects pregnant dams and placenta, infecting the developing
foetus, causing a foetal syndrome that resembles intrauterine growth
restriction and spontaneous abortion

ZIKV replicates in primary human placental cells from mid- and late
gestation and villus explants from first-trimester human placentas,
suggesting placental and paraplacental routes of transmission, and that
infection of these cells is inhibited by the cyclic peptide duramycin

Primary placental-specifc fibroblasts and HBCs are permissive for ZIKV

(HBCs) and cytotrophoblast cellsCAM/FSS13025 (Cambodian/Asian isolate fromreplication in isolated cultures in vitro, while HBCs demonstrate

from term placentas
derived virus isolated in 2016)

2010) and ZIKV-MEX/MEX 2-81 (Americas-

susceptibility ex vivo in the context of placental tissues

Reference

[50]

[48]

[46]

[44]

[47]

[72]

[20]

[21]
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https://www.microbiologyresearch.org/content/journal/jgv/10.1099/jgv.0.001153#R44
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3D model

iPSCs and cerebral organoids

First-trimester human maternal
decidual tissues grown ex
vivo as 3D organ cultures

ZIKV strain Major findings Reference

ZIKV-UG (VR-1838/Uganda 1947) or ZIKV-PR Loss of AXL gene had no effect on infectivity or virus-mediated cell [49]
death in neural progenitors or cerebral organoids
(VR-1843/Puerto Rico outbreak, 2015)

PRVABC59 (patient from Puerto Rico outbreak, Zika virus can replicate in the maternal decidua, identifying the [51]
2015) or MP1751 (mosquitoes from Zika Forest,maternal uterine aspect of the human placenta as a likely route of ZIKV
Uganda, 1962) transmission to the foetus

Table 2. ZIKV reverse genetics systems

ZIKV strain Nature of system Molecular strategy Major findings Reference
(country/year)
Paraiba_01/2015 Full-length ZIKV cDNA inserted into the Plasmid toxicity and stability in Escherichia ~ The clone replicated efficiently in Vero, [56]
(Brazil/2015) vector pACNR1811 between the CMV  coli (strain MC1061) was improved by neuronal and placental cells. However,

promoter and HDV ribozyme and poly(A) inserting an intron sequence after nt position virus growth was lower than that for wild-

signal/RNA Pol-II terminator 2711 (NS1 gene) and after nt position 8882  type ZIKV

(NS5 gene), respectively.

A Vero adaption mutation (C-T) was
introduced into nt position 5680 of the ZIKV
genome (NS3 gene) to generate ZIKV-NS3m
carrying a Ser356Phe substitution in the NS3

protein
MR766 (Uganda, Infectious subgenomic amplicon (ISA)  Four overlapping fragments covering the full- ZIKV expressing eGFP was suitable for [66]
1947) fragments cloned into vector pUC57. length viral genomic RNA was used. Two viral replication studies in both mosquito

ZIKV genome was cloned between the clones were generated and in 1 of them the  and human cells and can be used for
CMV promoter and HDV ribozyme and eGFP gene and the protease 2A were fused screening antiviral molecules and
poly(A) signal/RNA Pol-1I terminator in-frame to the first 33 amino acids of the measuring neutralizing antibody titres

ZIKV C protein

MR766 (Uganda, The pWNII- GFP subgenomic West Nile The ZIKV construct with the wild-type The infectious clone demonstrated similar [65]
1947) virus (WNV) replicon plasmid was used sequence had large deletions, which we growth to the parental virus. The addition
as a scaffold. The ZIKV genome was deduced were probably a result of of introns to the viral cDNA decreased the


https://www.microbiologyresearch.org/content/journal/jgv/10.1099/jgv.0.001153#R49
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ZIKV strain Nature of system

(country/year)
cloned between the CMV promoter and
HDV ribozyme and poly(A) signal/RNA
Pol-1I terminator

FSS13025 pCR2.1-TOPO with a T7 promoter and a

(Cambodia/2010) HDV ribozyme sequence were

engineered at the 5" and 3’ ends of the

complete viral cDNA for in

vitro transcription and for generation of
the authentic 3’ end of the RNA

transcript, respectively

H/PF/2013 (French  The ISA method was used to recover
infectious ZIKV. The viral fragments weregenerated for each virus by PCR. The
flanked at the 5' and 3’ untranslated

Polynesia/2013)
taylori-
tc/SEN/1984/41662- regions by the pCMV and the

DAK (Senegal/1984) HDR/SV40pA and transfected in three
MRS_OPY_Martiniqu different mammalian cell lines (BHK-21,

e_PaRi_2015
(Martinique/2015)

SW13 and HEK-293 cells)

H/PF/2013 (French  The ISA method was used to recover
infectious ZIKV. Virus was rescued in
both mosquitoes (C6/36) and mammalianinfectious clone.
tc/SEN/1984/41662- (BHK-21) cells. The ZIKV genome is

Polynesia/2013)
taylori-

Molecular strategy

homologous recombination events. This was
circumvented by inserting a synthetic intron
into NS1, such that the coding sequence
would be disrupted in bacteria but splicing in
mammalian cells would restore the viral RNA

Five RT-PCR fragments (A—E) spanning the
complete viral genome were individually
cloned and assembled into the full-length
cDNA of ZIKV. Regions spanning the viral
prM-E-NS1 genes were into the low copy-
number plasmid pACYC177 to reduce
bacterial toxicity. A reporter gene was
generated by inserting the fused template
capsid luciferase gene and the FMD 2A
peptide generated between the C-terminus of
the luciferase gene and the ZIKV complete
open reading frame

Three overlapping genome fragments were

amplicons were pooled and transfected into
permissive cells to generate infectious ZIKV.
Exchanging DNA fragments, inter- and intra-
lineage chimeric ZIKV were produced. This is
a bacteria-free approach, which overcomes
the problems with plasmid stability in bacteria

Three fragments comprising the whole
genome were transfected to generate an

DAK (Senegal/1984) flanked in 5'and 3' by the CMV promoter Three overlapping linear non-infectious
and the hepatitis delta ribozyme followed subgenomic DNA fragments that encompass recovered by this methodology

by the simian virus 40 polyadenylation

the entire viral genome were mixed and
transfected directly into susceptible cells to

Major findings

toxicity in bacteria, which improves the
processes of cloning and rescue of the
plasmids

The recombinant virus had reduced [55]
replication in cell culture. However, it was

virulent in mice and successfully

infected Ae. aegypti mosquitoes

experimentally. The Luciferase-

expressing ZIKV was useful for antiviral

screening

Using the ISA method, it was possible to [62]
recover recombinant viruses derived from
wild-type strains and also intra- and inter-

lineage chimeras, and this could be a

good tool to study the effect of genetic

alterations and specific regions of the

ZIKV genome. The replication kinetics of

parental and recombinant viruses were

essentially similar

The ISA method was used to produce [59]
recombinant viruses in mammalian cells

and mosquitoes efficiently; in addition to

ZIKV, other arboviruses (YFV, JEV,

CHIKV and WNV) were also efficiently

Reference


https://www.microbiologyresearch.org/content/journal/jgv/10.1099/jgv.0.001153#R55
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ZIKV strain
(country/year)

SPH2015
(Brazil/2015) and Sz-
WIVO0 (China/2016)

GZ01 (China/2016)

Natal RGN
(Brazil/2015)

PRVABC59 (Puerto
Rico/2015)

Nature of system Molecular strategy Major findings Reference
signal, respectively enable the recovery of infectious viruses. This

is a bacteria-free approach, which overcomes

problems with plasmid stability in bacteria
pFK-Jc1E2Flag vector. Artificial synthetic Several silent mutations were inserted into the The plasmid was stable in bacteria, and [68]

DNA sequences that contain ZIKV cDNA viral genome sequence in order to reduce the the recombinant ZIKV virus was able to
flanked by T7 promoter and HDV activity of cryptic bacterial promoters from the infect a panel of cell lines, including Vero
ribozyme were cloned into pFK plasmid, infectious clone and thus facilitate rescue of E6, C6/36, U-251MG, and cause lethal

which is a low-copy vector

Four ZIKV fragments were cloned into

the plasmid

The construction was engineered to contain a

plasmids vectors. The SP6 promoter was modified version of the group Il self-splicing

placed upstream of the 5’ end of the
ZIKV genome

intron P.li.LSUI2 near the junction between
the E and NS1 genes, which were removed

infection in AG6 mice. The V2634M
substitution in NS5 caused negligible
effects for the ZIKV life cycle in cell
culture and pathogenesis in AG6 mice

Self-splicing ribozyme-based construction
abolished the potential toxicity of ZIKV
cDNA clones to the E. coli host. Two
crucial cis-acting replication elements (5'-

from the RNA transcripts by an in vitro splicingSLA and 5'-CS) of ZIKV were identified

reaction. Spliced viral RNA transcripts were
used to generate infectious virus upon
transfection of susceptible cells

[ 60 ] and a S139N mutation in the prM
protein of ZIKV was found to contribute to
foetal microcephaly [ 67 ]

Seven DNA fragments covering the These plasmids were then used to generate  Fully functional Zika virus isolates were [64]
entire genome were generated by cDNA fragments by PCR, with the resulting  obtained directly from deep sequencing
circular polymerase extension reaction eight dsDNA fragments being mixed in data from virus-infected tissues without
(CPER) and cloned into the pUC19 equimolar amounts and subjected to cycles of the need for prior virus passaging and for
vector. An eighth pUC19 plasmid CPER with a high-fidelity polymerase. The the generation and propagation of full-
contained elements required for CPER products were then transfected into length cDNA clones. The recombinant
transcription [CMV, HDV ribozyme and a Vero cells for viral rescue ZIKV was virulent for mice foetuses and
polyadenylation (pA) signal] transmitted efficiently in Ae.

aegypti mosquitoes
The ZIKV genome was cloned in two Plasmids were amplified, digested and ligated Rescued ZIKV replicated similarly to wild- [57]

separate pieces into the pACYC177

using Gibson assembly to create a plasmid

type virus in both human and mosquito

vector using Gibson assembly. The ZIKV containing the full-length virus sequence with cells. Infectious clone-derived virus
a T7 promoter and hepatitis D virus ribozyme initiated displayed similar rates of

genome was flanked by a T7 promoter

sequence, which was then transcribed into

transmission in Ae. aegypti mosquitoes


https://www.microbiologyresearch.org/content/journal/jgv/10.1099/jgv.0.001153#R68
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ZIKV strain
(country/year)

MR766 (Uganda,
1947) H/PF/2013
(French
Polynesia/2013)
PRVABC59 (Puerto
Rico/2015)
BeH819015
(Brazil/2015)
SPH2015
(Brazil/2015)

FSS13025
(Cambodia/2010)

Nature of system

and an HDV ribozyme sequence.

The genome of the virus is divided into
four fragments using the diagrammed
restriction endonucleases and cloned
into pUC57 vector. ZIKV genome was
flanked by a T7 promoter and the HDV
ribozyme. Plasmids were amplified in E.
coli strain MC1061

The ZIKV replicon was constructed by
replacing the viral structural genes with
Rluc using a full-length cDNA infectious
clone (pFLZIKV) obtained from a
previous study [ 55 ]. A T7 promoter and
an HDV ribozyme sequence were
engineered at the 5’ and 3' ends of the
replicon cDNA for in vitro transcription

and for generation of the authentic 3' end was constructed by inserting an EMCV IRES

of the RNA transcript, respectively

Molecular strategy

Major findings Reference

RNA using T7 polymerase. The resulting RNA and similar pathogenesis in AG129 mice

was then electroporated into Vero cells to
generate infectious virus. A single
synonymous mutation was identified at
nucleotide position C8489T, which allowed
differentiation from wild-type virus

The four plasmids were digested, ligated, in
vitro-transcribed and electroporated into
C6/36 cells

to rescue virus

The C38-Rluc2A-E30 cassette encodes the N-The replicons were used to evaluate the

terminal 38 amino acids of protein C, Rluc
reporter, FMDV 2A protease and the 30 C-

as compared to the wild-type virus

A panel of six infectious clones was
generated. This system allowed the
identification of lethal errors in the
published sequence of the SPH2015
virus. Recombinant viruses had
satisfactory replication in cell culture,
immunogenicity and virulence in mice

[58]

[7
effect of the NS5 mutation on viral RNA
synthesis and the analysis of a known

terminal amino acids of the El protein (E30) of inhibitor of ZIKV. The replicon was useful
ZIKV. The cassette was cloned into pFLZIKV for antiviral screening without the use of

at the Notl and Sphl sites, replacing the
structural genes. A second ZIKV replicon
containing Rluc and Neo genes (Rep-Neo)

into the 3' UTR of the above Rluc replicon to
generate a stable cell line expressing ZIKV
proteins

infectious virus, since the clones do not
generate infectious particles, eliminating
the risk of viral infection acquired in the

laboratory
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Table 3. Immunocompetent mice models for studying ZIKV biology

Mouse Age

strain

C57BL/6J 5 weeks old
BALB/c 5-8 weeks old
129 Sv/Ev 5-6 weeks old
C57BL/6 5 weeks old
Swiss 1 day old
FBV/NJ 5.5,75,9.50r
and 12.5 days post-coitum
C57BL/6J

SJL

ZIKV strain
(country/year)

Dakar 41519
(Senegal/1984)

Route of
infection/dose

Subcutaneous/

105 p.f.u.

Major findings

Mice infected after treatment with antibody had a better rate of survival
after the FDA-approved drug sofosbuvir was administered. However,
almost 20 % of the untreated mice survived ZIKV infection

PRVABCS59 (Puerto Intraperitoneal/3.24x10 High viral load was observed in dexamethasone immunosuppressed

Rico/2015)

MP1751
(Uganda/1962)

DAK AR D 41525

(Senegal/1984)

SPH 2015
(Brazil/2015)

HS-2015-BA-01
(Brazil/2015)

10-13 embryonic days ZIKVBR (Brazil/201

5)

6 p.f.u.

Subcutaneous/

106 p.f.u.

Subcutaneous or
intraperitoneal/

106 p.f.u.

mice, as well as the development of several inflammations in organ
tissues. Treatment with recombinant type | interferons was able to
mitigate disease effects

Low viraemia; no weight loss; no clinical disease; viral detection only in
the brain, ovaries, spleen and liver

Anti-Ifnarl-treated mice suffered severe lesions to CNS; high viraemia;
weight loss; intraperitoneal injection led to a 100% mortality rate

Subcutaneous/intracran Mild to severe CNS lesions observed; ataxia; paralysis; lethargy;
ial/10% suspension subcutaneous infection caused spinal cord damage and myelopathy

Intravenous (jugular

vein)/

105 p.f.u.

Intravenous/103,

4x1010, 1012 p.f.u.

Earlier infections lead to severe malformations and intrauterine growth

restriction; 10.5 days post-challenge (p.c.) the exposed mice developed

both dysraphia and hydrocephalus; no significant effects noticed after
12.5 days p.c.

Neurological and optical malformations; intrauterine growth restriction;
upregulation of apoptotic related genes

Reference

[78]

[81]

[87]

[77]

[91]

[92]

[47]
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Table 4. Major immunocompromised mouse strains used in the study of ZIKV infection

Strain Background Knockout Applications References

Al129 129 Sv/Ev IFNa and B receptors  Study of the spread of the virus in different organs. Evaluation of the immune response [118].
induced by vaccines

AG129 129/Sv IFNa/B and y receptors  Viral dissemination profile, lethality, mechanisms of neuropathogenesis and [57,71-73].
attenuation/virulence of viral strains using various inoculation routes

Irf3-/-Irf5-/-Irf7-  C57BL/6 Transcription factors 3, 5 Analysis of viraemia and lethality conferred by ZIKV. Important for findings related to infection [ 76, 100 ].

/- and 7 (interferon pathway) of neural stem cells
Ifnarl-/- C57BL/6 IFNa and B receptors  Characterization of infection. Mimics immunosuppressed individuals, neonates and elderly. [104]
Studies on placental infection, trans-placental transmission, neuroinvasion and
consequences of neurological disease
LysMCre+IFN C57BL/6 (H- Type I IFN in myeloid  Demonstration of protection mediated by CD8+ T cells in the control of ZIKV infection. [108]
ARTlfl/Al 2b) lineage cells Promising for more complete studies on the cellular immune response and for the evaluation
of control measures such as vaccines and antivirals
Ragl-/- C57BL/6  T-cell and B-cell responses Role of the adaptive cellular response in the control of ZIKV infection [169]
Table 5. Non-murine models for studying ZIKV biology
Animal Age ZIKV strain Route of infection/dose Major findings Reference
Species (countrylyear)
Guinea 200-250g* PRVABC59 Subcutaneous/ Fever; lethargy; hunched back; ruffled fur; decreased mobility; [117]
pigs (Puerto Rico/2015) seroconversion; viraemia; increase in the levels of multiple cytokines;
~106 p.f.u. chemokines and growth factors in the serum
5 weeks old GZ01 Subcutaneous, intranasal, or Infectious dose 50% (ID50) of ZIKV was calculated to 103.5 p.f.u. by [118]
(China/2016) or contact the subcutaneous route; no overt clinical signs; sustained viraemia;
FSS13025 viral shedding in both saliva and tears; seroconversion; replication and
/105 p.f.u. pathology in multiple organs; 100% contact transmission

(Cambodia/2010)


https://www.microbiologyresearch.org/content/journal/jgv/10.1099/jgv.0.001153#R118
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Animal Age ZIKV strain Route of infection/dose Major findings Reference
Species (countrylyear)

6 months old , at H/PF/2013 Subcutaneous/107 p.f.u.  Non-pregnant animals had low-level viraemia and no clinical disease; [31]
18 to 21 days pregnant animals had no overt clinical signs; no interference with
gestational age (French normal pup development; no detectable viraemia and antigenaemia in
Polynesia/2013) pregnant animals; seroconversion in pup and dams
Hamsters 8 weeks old FSS13025 Subcutaneous or No clinical disease; no viraemia; no seroconversion [121]

(Cambodia/2010) intradermal/~105 p.f.u.

6—8 weeks old P6-740 Subcutaneous/5000, 500, and Used STAT2 knock-out hamsters; death; weight loss; viral load in the [122]
(Malaysia/1966) 50 TCID50 brain, testes, spinal cords, kidney, spleen; no histopathological
lesions; infection of pregnant STAT2 knock-out hamsters led to ZIKV
infection in placental and foetus brains, but no detectable phenotype in
pups; infection of wild-type hamsters did not result in placental or
foetal brain infection

Chicken Embryonic days MEX 1-44 In ovo/0.2 to 104 p.f.u. Embryo mortality; virus replication in various organs; microcephaly-like [ 110 ]
embryo 25and 5 (Mexico/2015) phenotype; ventriculomegaly
Swine 1 day old PRVABC59 Intracerebral/~106TCID50 Seroconversion and low-titre viraemia, viruria and virus replication in [124]
(Puerto Rico/2015) internal organs. Two out of eleven pigs exhibited leg weakness, ataxia
and tremor
3 months old FSS13025 Subcutaneous or Subclinical infection without viraemia but with seroconversion [121]
(Cambodia/2010); intradermal/~105 p.f.u.
PRVABC59
(Puerto Rico/2015)
Mid-gestation PRVABC59 In Detection of ZIKV RNA in foetal membranes; persistent infection in [125]
(gestation day 50) (Puerto Rico/2015)utero intraperitoneally+intra amporcine conceptuses; no brain lesions or histopathology in offspring;
niotic or intracerebrall impaired health in offspring: weak piglets, delayed feeding, neonatal
/~105 TCID50 body length and weight lower than controls, seizures, splayed back
leg, reduced growth rate, aggressive behavior
Mid-gestation PRVABC59 In utero or intravenous /~105— Microcephaly in 2 out of 15 pigs inoculated in utero and mild to severe [ 126 ]
(gestation day 50) (Puerto Rico/2015) 6 TCID50 neuropathology, characterized by neuronal depletion in the cerebral

cortices of various lobes, in all foetuses
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Table 6. Non-human primate models for ZIKV

Animal species ZIKV strain Route of Major findings Reference
infection/dose
(countrylyear)
Rhesus H/PF/2013 (French Subcutaneous Viraemia in non-pregnant and pregnant animals for 21 days and for up to at [128]
macaque (Macaca Polynesia/2013) /104 to 106 least 57 days, respectively. Virus was present in saliva, urine and cerebrospinal
mulatta) fluid. Homologous challenge at 10 weeks after the initial infection resulted in
p.f.u. protection from disease and virus replication
Brazil/ZKV/2015 Subcutaneous/103 Animals were immunized with either an inactivated vaccine, a plasmid DNA [129]
(Brazil/2015) p.f.u. vaccine or a rhesus adenovirus serotype 52 vector-based vaccine. Vaccinated
animals developed neutralizing antibodies and were fully protected from
challenge
GZ01/2016 (China/2016)  Subcutaneous Fever, viraemia and ZIKV RNA excretion in urine, saliva and lacrimal fluid. [131]
/105 p.f.u. Necropsy of two infected animals revealed systemic infections involving the

CNS and visceral organs. Robust humoral and cellular response was detected
in infected animals

PLCal_zV (Canada/2014) Subcutaneous/106 High-level viraemia and viral detection in saliva, urine, cerebrospinal fluid (CSF) [132]

and p.f.u. and semen (but only transiently in vaginal secretions); increase in the levels of
aspartate aminotransferase, alanine aminotransferase, alkaline phosphatase
PRVABC59(Puerto and creatinine phosphatase. Animals were protected from heterologous ZIKV
Rico/2016) infection
MR766 (Uganda/1947) Subcutaneous/104 Immunity elicited by African lineage ZIKV protects against subsequent infection [ 133 ]
and to 106 with Asian lineage ZIKV; robust cellular and humoral immunity to ZIKV
H/PF/2013 (French p.f.u.
Polynesia/2013)
PRVABC59 (Puerto  Subcutaneous/104 Transient plasma viraemia and viruria from 1 to 7 days p.i.; rash, fever and [136]
Rico/2016) to 106 conjunctivitis; strong adaptive immune response to ZIKV, although systemic

cytokine response was minimal; virus detection in peripheral nervous tissue,
multiple lymphoid tissues, joints, and the uterus of the necropsied animals at 7
days p.i.

H/PF/2013 (French Subcutaneous or Application of high-dose ZIKV directly to the tonsils resulted in viraemia. [139]
Polynesia/2013) oral/105 Animals infected either to the palatine tonsils, conjunctivae or nasal passages


https://www.microbiologyresearch.org/content/journal/jgv/10.1099/jgv.0.001153#R128
https://www.microbiologyresearch.org/content/journal/jgv/10.1099/jgv.0.001153#R129
https://www.microbiologyresearch.org/content/journal/jgv/10.1099/jgv.0.001153#R131
https://www.microbiologyresearch.org/content/journal/jgv/10.1099/jgv.0.001153#R132
https://www.microbiologyresearch.org/content/journal/jgv/10.1099/jgv.0.001153#R133
https://www.microbiologyresearch.org/content/journal/jgv/10.1099/jgv.0.001153#R136
https://www.microbiologyresearch.org/content/journal/jgv/10.1099/jgv.0.001153#R139

Animal species

ZIKV strain

(countrylyear)

Route of
infection/dose

Major findings

with saliva from monkeys infected subcutaneously did not become infected

Reference

p.f.u.
Brazil/ZKV/2015 Intravenous/105 p.f.Animals had no clinical disease; short-lived viraemia that cleared as [135]
(Brazil/2015) u. neutralizing antibody developed; ZIKV RNA detected in urine and saliva; virus
present in lymph nodes, spleen, cardiopulmonary, gastrointestinal, integument
and genitourinary tissues
H/PF/2013 (French Subcutaneous or Pregnant macaques had viraemia from 11 to 70 days p.i.; head circumference [137]
Polynesia/2013) oral/104 (HC) in all foetuses was between one and three sd below the mean and ZIKV
RNA was detected in tissues from all foetuses, suggesting consistent vertical
p.f.u. transmission
PRVABC59(Puerto  Subcutaneous/103 Persistence in central nervous system, lymph nodes and colorectal tissues for [144]
Rico/2016) or to 105f.f.u. weeks after virus has been cleared from peripheral blood, urine and mucosal
Brazil/zKV/2015 secretions
(Brazil/2015)
ArD 41525 Intravaginal or  No overt clinical signs; viraemia was detected in 50 and 100% of macaques [138]
(Senegal/1984) intrarectal/107 p.f.u.inoculated intravaginally or intrarectally, respectively
Brazil/ZKVv/2015 Subcutaneous/103 Infection of pregnant monkeys recapitulates many lesions that are characteristic [ 143 ]
(Brazil/2015) p.f.u. of CZS, including consistent neuropathology in the foetal brain and spinal cord.
Pregnant animals infected early in pregnancy exhibited prolonged viraemia
(28-70 days) compared with dams infected later in pregnancy (14—42 days)
Cynomolgus PRVABC59 (Puerto  Subcutaneous/105 Viraemia, viral detection in lymph nodes, CNS and male (seminal vesicles, [132]
macaques (Macaca Rico/2016) TCID50 testes, prostate) and female genital tracts (uterus, ovaries)
fascicularis)
ArD 41525 Intravaginal or  No overt clinical signs; viraemia was detected in 50 and 100% of macaques [138]
(Senegal/1984) intrarectal/107 p.f.u.inoculated intravaginally or intrarectally, respectively
PRVABC59(Puerto  Subcutaneous/104 RVABCS59 strain induced viraemia detectable up to day 10 and moderate viral [134]
Rico/2016) or FSS13025 to 105 in testes, urine and saliva. FSS13025 strain induced shorter and lower viraemia
(Cambodia/2010) or compared to PRVABC59 and had detectable viral loads in testes but not in
IBH30656 (Nigeria/1968) p.f.u. urine and saliva. IBH30656 failed to establish infection


https://www.microbiologyresearch.org/content/journal/jgv/10.1099/jgv.0.001153#R135
https://www.microbiologyresearch.org/content/journal/jgv/10.1099/jgv.0.001153#R137
https://www.microbiologyresearch.org/content/journal/jgv/10.1099/jgv.0.001153#R144
https://www.microbiologyresearch.org/content/journal/jgv/10.1099/jgv.0.001153#R138
https://www.microbiologyresearch.org/content/journal/jgv/10.1099/jgv.0.001153#R143
https://www.microbiologyresearch.org/content/journal/jgv/10.1099/jgv.0.001153#R132
https://www.microbiologyresearch.org/content/journal/jgv/10.1099/jgv.0.001153#R138
https://www.microbiologyresearch.org/content/journal/jgv/10.1099/jgv.0.001153#R134

Animal species

Pig-tailed
macaque (Macaca
nemestrina)

Marmoset (Callithrix
jacchus)

ZIKV strain

(countrylyear)

FSS13025
(Cambodia/2010)

MR766 (Uganda/1947)

SPH2015 (Brazil/2015)

Route of Major findings
infection/dose

Subcutaneous/107 The pregnant inoculated animal did not develop clinical disease; foetal
p.f.u. necropsy revealed ZIKV in the brain, and marked cerebral white matter
hypoplasia, periventricular white matter gliosis, and axonal and ependymal
injury
Intramuscular/105 pNo overt clinical signs; virus persistence in body fluids such as semen and
fu. saliva for longer periods of time than in serum; strong neutralizing antibodies

and antiviral responses; MR766-infected animals rechallenged with the
SPH2015 Brazilian strain were fully protected.

Intramuscular/105 pPregnant animals had no overt clinical signs; seroconversion; induction of type
fu. I/ll interferon-associated genes and proinflammatory cytokines; persistent
viraemia and viruria; spontaneous pregnancy loss was observed 16—-18 days
p.i., with extensive active placental viral replication and foetal neurocellular
disorganization similar to that seen in humans

Reference

[130]

[140]

[141]


https://www.microbiologyresearch.org/content/journal/jgv/10.1099/jgv.0.001153#R130
https://www.microbiologyresearch.org/content/journal/jgv/10.1099/jgv.0.001153#R140
https://www.microbiologyresearch.org/content/journal/jgv/10.1099/jgv.0.001153#R141
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CURRICULUM VITAE (LATTES)

Ligia Rosa Sales Leal
Curriculum Vitae

Nome civil

Nome Ligia Rosa Sales Leal

Atuacéao profissional

1. Universidade Federal de Pernambuco - UFPE

Vinculo institucional

2019 - 2019  Vinculo: Estagio de docéncia , Enquadramento funcional:
Estagio de Docéncia , Carga horaria: 4, Regime: Parcial
Outras informacoes:

Professora auxiliar da Disciplina de Genética Humana.

2018 - 2019  Vinculo: Estagio de docéncia , Enquadramento funcional:
Estagio de Docéncia , Carga horaria: 4, Regime: Parcial
Outras informagdes:

Professora auxiliar da disciplina de Biotecnologia Aplicada a Saude.

Atividades

05/2020 - Atual Pesquisa e Desenvolvimento, Centro de Ciéncias Bioldgi-
cas
Linhas de pesquisa:
Desenvolvimento de estrategias vacinais contra 0 Sars-
CoV-2.

03/2016 - Atual Pesquisa e Desenvolvimento, Centro de Ciéncias Biologi-
cas
Linhas de pesquisa:
Desenvolvimento de estratégias vacinais contra o Zika vi-
rus.

2012 - Atual  Pesquisa e Desenvolvimento, Centro de Ciéncias Biologi-
cas
Linhas de pesquisa:
Biologia Molecular Aplicada ao Estudo da Papilomavirose
Humana



129

2. Istituto Nazionale Tumori Regina Elena - IRE

Vinculo institucional

2019 - 2019  Vinculo: Missao de curta duracao , Enquadramento funcio-
nal: Bolsista , Carga horaria: 40, Regime: Integral
Outras informagodes:

Missao de curta duracao realizada ao laboratério do Dr. Aldo Venuti, que
desenvolve pesquisas sobre canceres relacionados a HPV
e imunoterapias contra cancer. Financiado pelo edital FA-
CEPE 01/2017de Estimulo a cooperacéo Internacional dos
Programas de Pds-graduacao de Pernambuco.

Linhas de pesquisa

1. Biologia Molecular Aplicada ao Estudo da Papilomavirose Humana
2. Desenvolvimento de estrategias vacinais contra o Sars-CoV-2.
3. Desenvolvimento de estratégias vacinais contra o Zika virus.

Areas de atuagio

1. Genética

2. Biologia Molecular

3. Vacinas e Kits para Diagnésticos

4, Genética Molecular e de Microorganismos
Producéao

Producéo bibliografica
Artigos completos publicados em periédicos

1. SILVA, ANNA JESSICA D.; JESUS, ANDRE LUIZ S.; LEAL, LIGIA ROSA S
SILVA, GUILHERME ANTONIO S.; MELO, CRISTIANE MOUTINHO L.; FREITAS,
ANTONIO C.

Pichia pastoris displaying ZIKV protein epitopes from the Envelope and NS1 induce in
vitro immune activation. VACCINE. , v.39, p.2545 - 2554, 2021.

2. SILVA, ANNA JESSICA DUARTE; DE MACEDO, LARISSA SILVA; LEAL, LIiGIA
ROSA SALES:; DE JESUS, ANDRE LUIZ SANTOS; FREITAS, ANTONIO CARLOS
Yeasts as a promising delivery platform for DNA and RNA vaccines. FEMS YEAST
RESEARCH. , v.21, p.foab018 -, 2021.

3. OLIVEIRA, T. H. A;; BARROS JR, M. R.; SANTOS, D. L.; SILVA, R. C. O,
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MARCOS, B. S.; NASCIMENTO, K. C. G.; LEAL, L. R. S.; SILVANETO, J. C.; SILVA,
A.J. D.; FREITAS, A. C.

Expression of the Oncoprotein E5 from Human Papillomavirus and miR-203 in Pre-
Cancer Lesions and Cervical Cancer. Clinics in Oncology. , v.5, p.76 -, 2020.

4. PENA, LINDOMAR JOSE; MIRANDA GUARINES, KLARISSA; DUARTE SILVA,
ANNA JESSICA; SALES LEAL, LIGIA ROSA; MENDES FELIX, DANIELE; SILVA,
ADALUCIA; DE OLIVEIRA, SHEILLA ANDRADE; JUNQUEIRA AYRES, CONSTAN-
CIA FLAVIA; JUNIOR, ABELARDO SILVA; DE FREITAS, ANTONIO CARLOS

In vitro and in vivo models for studying Zika virus biology. Journal of General Virology.
,v.1,p.1-,2018.

Trabalhos publicados em anais de eventos (resumo)

1. BOMFIM, M. A,; SILVA, A. J. D,; LEAL, L. R. S.; FREITAS, A. C.
EXPERIENCIAS VIVENCIADAS POR UM GRADUANDO EM UM LABORATORIO
DE BIOTECNOLOGIA APLICADA A SAUDE In: lll Congresso Internacional das Cién-
cias da Saude, 2021

Il Congresso Internacional das Ciéncias da Saude - COINTER PDVS 2021. ,
2021.

2. SILVA, A. J. D.; LEAL, L. R. S.; Cardozo, GHA; Ribeiro, I.S.; BENEVIDES, T. F.;
JESUS, A. L. S.; FREITAS, A. C.
PRODUCTION OF RECOMBINANT ZIKA VIRUS NS3 PROTEIN FOR ASSESSMENT
OF DIAGNOSTIC AND IMMUNOGENIC POTENTIAL. In: XXVIII Congresso Brasileiro
de Virologia, 2017, Belo Horizonte.

Anais do XXVIII Congresso Brasileiro de Virologia. , 2017. p.1 - 440

3. SILVA, A. J. D,; LEAL, L. R. S;; SILVA, A. C.,; MACEDO, L. S.; JESUS, A. L. S
FREITAS, A. C.
YEAST PICHIA PASTORIS FOR THE PRODUCTION OF ZIKA VIRUS VLPS In:
XXVIII Congresso Brasileiro de Virologia, 2017, Belo Horizonte.

Anais do XXVIII Congresso Brasileiro de Virologia. , 2017. p.1 - 440

Apresentacéao de trabalho e palestra

1. FREITAS, A. C.; SILVA, A. J. D,; LEAL, L. R. S.; INVENCAO, M. C. V.
Desenvolvimento de Estratégia vacinal contra a Covid-19 em Pernambuco:
como as leveduras podem nos ajudar a combater a Covid-19?, 2020. (Semina-
rio,Apresentacao de Trabalho)

2. LEAL, L. R. S.; SILVA, A. J. D.; JESUS, A. L. S,; FREITAS, A. C. )
DESENVOLVIMENTO DE CANDIDATOS A VACINAS DE DNA PROFILATICAS
CONTRA ZIKA VIRUS, 2018. (Outra,Apresentacgéo de Trabalho)

3. SILVA, A. J. D,; Silva, G.A.S.; LEAL, L. R. S.; Aguiar, L.M.S; JESUS, A. L. S,
MELO, C. M. L.; PENA, L. J.; FREITAS, A. C.
Pichia Pastoris as a vacinal platform for the Zika virus, 2018.
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(Congresso,Apresentacéo de Trabalho)

4. SILVA, A. J. D.; LEAL, L. R. S.; JESUS, A. L. S.; FREITAS, A. C.
Ancoragem de proteinas do Zika virus na superficie de Pichia pastoris como
plataforma diagnostica e vacinal., 2017. (Simpésio,Apresentacéo de Trabalho)

5 LEAL,L.R. S.
Construcao de candidatos a vacinas de DNA baseados nos genes prM e Enve-
lope do Zika virus., 2017. (Seminario,Apresentacao de Trabalho)

Producéo técnica
Demais producdes técnicas

1. LEAL, L. R. S;; SILVA, A. J. D.; Campos, A.P.F.
Producéo de proteinas heter6logas em E.coli para fins diagnosticos e vacinais.,
2018. (Outro, Curso de curta duragado ministrado)

Educacéo e Popularizacédo de C&T
Apresentacéo de trabalho e palestra

1. FREITAS, A. C.; SILVA, A. J. D.; LEAL, L. R. S.; INVENCAO, M. C. V.
Desenvolvimento de Estratégia vacinal contra a Covid-19 em Pernambuco:
como as leveduras podem nos ajudar a combater a Covid-19?, 2020. (Semina-
rio,Apresentacao de Trabalho)

2. SILVA, A. J. D,; LEAL, L. R. S.; JESUS, A. L. S.; FREITAS, A. C.
Ancoragem de proteinas do Zika virus na superficie de Pichia pastoris como
plataforma diagnostica e vacinal., 2017. (Simpésio,Apresentacdo de Trabalho)

3.LEAL,L.R. S,
Construcgao de candidatos a vacinas de DNA baseados nos genes prM e Enve-
lope do Zika virus., 2017. (Seminario,Apresentacao de Trabalho)

Curso de curta duracéo ministrado

1. LEAL, L. R. S,; SILVA, A. J. D.; Campos, A.P.F.
Producédo de proteinas heter6logas em E.coli para fins diagnodsticos e vacinais.,
2018. (Outro, Curso de curta duragao ministrado)

Demais producdes técnicas

1. LEAL, L. R. S;; SILVA, A. J. D.; Campos, A.P.F.
Producéo de proteinas heter6logas em E.coli parafins diagnosticos e vacinais.,
2018. (Outro, Curso de curta duragao ministrado)
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Orientacdes e Supervisdes

Orientacdes e supervisfes concluidas
Trabalhos de conclusé&o de curso de graduacao

1. MYLENNA MAYRA GOIS DE SOUSA. CONSTRUC}AO DE VETORES DE DNA
COMO CANDIDATOS A VACINA CONTRA ZIKA VIRUS. 2021. Curso (Biomedicina)
- Universidade Federal de Pernambuco<br/>Inst. financiadora: Conselho Nacional de
Desenvolvimento Cientifico e Tecnoldgico

Iniciacdo cientifica

1. Mylenna Mayra Gois de Sousa. CONSTRUQAO DE VETORES DE DNA PARA
CANDIDATOS A VACINA CONTRA ZIKA VIRUS. 2018. Inicia¢éo cientifica (Biome-
dicina) - Universidade Federal de Pernambuco

Orientagdes e supervisdes em andamento
Iniciacdo cientifica

1. Nathalya Lima de Queiroz. ANCORAGEM DE PROTEINAS DO PAPILOMAVIRUS
HUMANO NA SUPERFICIE DE Pichia pastoris. 2020. Iniciac&o cientifica (Biomedi-
cina) - Universidade Federal de Pernambuco<br/>Inst. financiadora: Conselho Nacio-
nal de Desenvolvimento Cientifico e Tecnoldgico

Bancas
Participacdo em banca de trabalhos de concluséao
Graduacao

1. HATZLHOFER, B. L. D.; LEAL, L. R. S.

Participacdo em banca de Ana Carine de Miranda Rios. Utilizacdo de células den-
driticas na producdao de vacinas anti-HPV - uma revisao de literatura., 2018
(Farmacia) Universidade Federal de Pernambuco

2. LEAL,L.R. S.; FONTES, K. F. L. P.

Participacdo em banca de Gabriel Henrique de Arruda Cardozo. Construcao de vetor
de expressao para o gene sintético E5 multiepitopos de HPV-16 em Escherichia
coli, 2017

(Biomedicina) Universidade Federal de Pernambuco

3.LEAL,L.R.S.; JESUS, A. L. S.
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Participacdo em banca de Larissa Silva de Macédo. Producéo das proteinas estru-
turais do Zikavirus em células de levedura Pichia pastoris como plataformapara
producao de VLPs., 2017

(Biomedicina) Universidade Federal de Pernambuco

Participacdo em banca de comissdes julgadoras
Outra

1. 22 Sepec - Semana de Ensino, Pesquisa, Extenséo e Cultura da Universidade
Federal de Pernambuco, 2018
Universidade Federal de Pernambuco

2. 12 Sepec - Semana de Ensino, Pesquisa, Extensado e Cultura da Universidade
Federal de Pernambuco, 2017
Universidade Federal de Pernambuco



