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RESUMO

Arbovirus séo virus transmitidos a hospedeiros vertebrados por artréopodes e fazem parte de
varias familias de virus, como Flaviviridade, Togaviridade, Reoviridae, Rhabdoviridae e
Peribunyaviridae. No Brasil, as arboviroses sao consideradas um problema de saude publica e
a co-circulagao do virus Dengue (DENV), Zika (ZIKV), Febre Amarela (YFV) e Chikungunya
(CHIKV) vem mobilizando autoridades sanitarias devido a alta morbidade e mortalidade
associada a estas infecgdes. No entanto, existe outro arbovirus negligenciado, como o virus
Mayaro (MAYV), que também esta presente neste contexto epidemiolégico e causa sindromes
graves. Os surtos de MAYV estao geralmente localizados nos estados do norte e centro-oeste
do Brasil, no entanto, nos ultimos anos vém sendo detectados em outras regides do pais. As
medidas de vigilancia epidemioldgica ainda séo incipientes e ndo ha abordagens profilaticas
efetivas e nem tratamentos com drogas antivirais para este arbovirus negligenciado. Assim, o
objetivo deste estudo € avaliar a atividade antiviral de compostos sintéticos contra infecgdes pelo
MAYV usando para analise um sistema de microscopia de imunofluorescéncia de alto
rendimento (do inglés Image High-Throughput Screening, iHTS). Foram avaliadas duas
bibliotecas de compostos: 1) biblioteca comercial aprovada pela FDA (Torciscreen; n=52); e 2)
biblioteca de compostos do Laboratério de Virologia Molecular com 52 compostos (naringenina
e derivados n=21; crisina e derivados n=9; carbamatos n=22). Em uma primeira abordagem, a
triagem de compostos com atividade antiviral foi padronizada e validada por iHTS. Em uma etapa
posterior, os compostos que apresentaram a melhor atividade e menor toxicidade foram
selecionados para testes adicionais, como: 1) ensaios de citotoxicidade in vitro e apoptose; 2)
curvas de dose-resposta (calculo de CCso, ICso0 € IS); 3) estratégia de tempo de exposicao; 4)
confirmagéo da atividade antiviral em diferentes linhagens celulares e gendtipos virais. O ensaio
de iHTS apresentou os melhores resultados (Z score) quando realizado com os parametros de
2x10* células Huh7.5/pogo, MOI de 0,5 por 24 horas, resultando na média de infecgdo de
33,7%+6.3 com valor de confiabilidade estatistica representada pelo Z score de 0,9044. Assim,
iniciamos a triagem de 104 compostos divididos em flavondides (flavona e flavonona),
carbamatos e os aprovados pela FDA. Destes, 7 compostos (naringenina, LLA5A, LLASB,
LLA9A, crisina, éster C6 e PPC105) em diferentes concentragbes apresentaram os critérios
minimos de selecéo (80% de redugéo da infecgao e 80% de viabilidade celular por quantificagéo
nuclear). A curva dose-resposta foi determinada e 4 compostos candidatos foram selecionados
para atividade anti-MAYV por apresentarem os maiores indices de seletividade (IS). A dose
maxima néo toxica (DMNT) de cada composto foi determinada segundo dados de dois ensaios:
iIHTS e citometria de fluxo. Com isso, para naringenina, LLA9A, crisina e éster C6 as
concentragdes de 200, 50, 25 e 25 uM, respectivamente, foram determinadas como DMNT. Em
seguida, realizamos a investigacdo dos possiveis mecanismos de agdo de cada um dos
compostos, através do ensaio virucida, adsorgéo e internalizagao viral e tempo de adi¢édo. Os
trés primeiros ensaios indicaram que a atividade antiviral dos compostos ocorre durante as
etapas iniciais do ciclo de infecgdo do MAYV nas células. Como resultados, os tratamentos pés
infeccdo diminuiram significativamente a porcentagem de infecgéo e titulos de particula virais
infecciosas, indicando que a agao provavel ocorra em etapas da replicagao viral. Os dados foram
confirmados usando outras linhagens celulares, bem como, cepas de MAYV de outro gendtipo.
Nossos estudos abrem uma nova perspectiva para a inibicdo da infecgao pelo MAYV com a
identificacdo de compostos com atividade e deverao ser estendidos para avaliagdo em modelos
in vivo.

Palavras-chave: arboviroses, alfavirus, Mayaro virus, antivirais.



ABSTRACT

Arboviruses are viruses transmitted to vertebrate hosts by arthropods and are part of several virus
families, such as Flaviviridade, Togaviridade, Reoviridae, Rhabdoviridae e Peribunyaviridae. In
Brazil, arboviruses are considered a public health problem, and the co-circulation of Dengue
(DENV), Zika (ZIKV), Yellow Fever (YFV) and Chikungunya (CHIKV) viruses has been mobilizing
health authorities due to high morbidity and mortality. associated with these infections. However,
there is another neglected arbovirus, such as the Mayaro virus (MAYV), which is also present in
this epidemiological context, and causes severe syndromes. MAYV outbreaks are generally
located in the northern and central-western states of Brazil, however, in recent years they have
been detected in other regions of the country. Epidemiological surveillance measures are still
incipient and there are no effective prophylactic approaches or treatments with antiviral drugs for
this neglected arbovirus. Thus, the aim of this study is to evaluate the antiviral activity of synthetic
compounds against MAYV infections using an image High-Throughput Screening (iHTS) system
for analysis. Two libraries of compounds will be evaluated: 1) FDA-approved commercial library
(Torciscreen); and 2) library of compounds from the Laboratory of Molecular Virology with 52
compounds. In a first approach, the screening of compounds with antiviral activity was
standardized and validated by iHTS. In a later step, the compounds that showed the best activity
and the lowest toxicity were selected for additional tests, such as: 1) in vitro cytotoxicity and
apoptosis assays; 2) dose-response curves (calculation of CC50, IC50 and IS); 3) exposure time
strategy; 4) confirmation of antiviral activity in different cell lines and viral genotypes. The iHTS
assay showed the best results (Z score) when performed with the parameters of 2x10* Huh7.5
cells/well, MOI of 0.5 for 24 hours, resulting in an average infection of 33.7%=6.3 with a statistical
reliability value represented by the Z score of 0.9044. Thus, we started the screening of 104
compounds divided into flavonoids (flavone and flavonone), carbamates and those approved by
the FDA. Of these, 7 compounds (naringenin, LLASA, LLA5B, LLA9A, chrysin, C6 ester and
PPC105) at different concentrations presented the minimum selection criteria (80% reduction in
infection and 80% cell viability by nuclear quantification). The dose-response curve was
determined and 4 candidate compounds were selected for anti-MAYV activity because they had
the highest selectivity indices (SI). The maximum non-toxic dose (DMNT) of each compound was
determined according to data from two assays: iHTS and flow cytometry. Thus, for naringenin,
LLA9A, chrysin and C6 ester concentrations of 200, 50, 25 and 25 pM, respectively, were
determined as DMNT. Then, we carried out the investigation of the possible mechanisms of action
of each of the compounds, through the virucidal assay, viral adsorption and internalization, and
addition time. The first three assays indicated that the antiviral activity of the compounds occurs
during the initial stages of the MAYV infection cycle in cells. As a result, pre-treatments and post-
infection treatments significantly decreased the percentage of infection and infectious viral particle
titers, indicating that the action likely occurs at later stages of the viral cycle such as viral
replication and/or assembly. Data were confirmed using other cell lines as well as MAYV strains
from another genotype. Our studies open a new perspective for the inhibition of MAYV infection
with the identification of compounds with activity and should be extended for evaluation in in vivo
models.

Keywords: arboviroses, alphavirus, Mayaro virus, antiviral.



LISTA DE FIGURAS

Figura 1: Metodologias de infeccdo de Huh-7.5 com MAYV para triagem de
COMPOSIOS €M THTS. ... e ae e e e e e e e aeeaaaaaees
Figura 2: Metodologia utilizada no ensaio de tempo de adicdo dos compostos
hit @NEI-MAY V. e
Figura 3: Amplificagdes da RT-PCR para validagao dos estoques virais de

Y TN Y Ao T=T o To 1] oo 1 I U R
Figura 4: Permissividade celular de diferentes linhagens celulares para o MAYV
ENOLIPO D, oo e e e e
Figura 5: Padronizagao da infec¢cao de Huh-7.5 com MAYV gendtipo D para
ensaio de triagem POr THTS. ... e

Figura 6: Determinacao da concentracao de uso dos controles de atividade anti-

Figura 7: Metodologias de infeccao de Huh-7.5 com MAYV gendtipo D para
triagem de compostos em sistema iHTS..........cooooiiii e
Figura 8: Padronizagao da infec¢cao de Huh-7.5 com MAYV gendtipo D para
CItOMELria dE fIUXO. ...eeieiiiiiii e aa s
Figura 9: Triagem dos compostos com atividade anti-MAYV..........c.occiieeeeenns
Figura 10: Determinacdo da dose maxima nao téxica (DMNT) dos compostos
candidatos anti-MAYV. ... e
Figura 11: Ensaio virucida dos compostos candidatos anti-MAYV.......................
Figura 12: Ensaio de tempo de adigdo dos candidatos anti-MAYV...........ccccc......
Figura 13: Ensaio de adsor¢do e de internalizagdo viral dos compostos
candidatos anti-MAYV ... .o e aaaaaa s
Figura 14: Teste de eficacia antiviral dos compostos candidatos anti-MAYV em
INfFECCA0 €SIAbEIECIAA. ......uiiiiiiiii e
Figura 15: Teste de eficacia antiviral dos compostos candidatos anti-MAYV em
célula de epitélio pulmonar humano (A549) e neuronal (SH-SY5Y)........cccovuvnneee.
Figura 16: Teste de eficacia antiviral dos compostos candidatos anti-MAYV em

diferentes cepas de MAYV ... ... e

48

52

55

57

59

60

62

63
65

68

70

72

74

76

77



LISTA DE TABELAS

Tabela 1: Linhagens celulares utilizadas durantes os experimentos e suas
coNdIGOES PArA CUIIVO. .......coeiiiiiiiiie e e 43
Tabela 2: Lista de iniciadores e ciclagem utilizada para validagdo dos estoques
ViIrais POr RT-PCR. ..ot 45



LISTA DE ABREVIATURAS E SIGLAS

ANOVA: teste de analise de variancia;

CCso: Concentragao Citotoxica para 50% das células;

cDNA: DNA complementar;

CHIKV: Chikungunya virus;

CO.: dioxido de carbono;

DENV: virus da Dengue;

D-MEM/F-12: meio de cultura Eagle modificado por Dulbecco/mistura nutriente F12;
DMSO: dimetilsulfoxido;

DMNT: dose maxima nao toxica;

DNA: acido desoxirribonucleico;

DAPI: 4’, 6-diamidino-2-phenylindole;

FDA: agéncia federal de administragéo de alimentos e remédios dos Estados Unidos,
do inglés, Food and Drug Administration;

ICs0: Concentracgao Inibitéria para 50% da infecc¢do, do inglés, half maximal inhibitory
concentration;

IFI: ensaio de imunofluorescéncia indireta;

IFN-a 2A: interferon alfa 2A;

iHTS: sistema de microscopia de imunofluorescéncia de alto rendimento por imagem,
do inglés Image High-Throughput Screening;

IMN: intensidade média do controle n&o tratado;

IMV: valor da intensidade média da marcag¢ao nuclear com DAPI;

IS: indice de seletividade;

h: horas;

h.p.i: horas poés infecgéo;

H20;,: peréxido de hidrogénio;

mAb 1G1: monoclonal especifico para a proteina E2 do género alfavirus;

MAYV: Mayaro virus;

MAYV_D: Mayaro virus genétipo D;

mL: mililitros;

mM: mili molar;

mm: milimetros;

MOCK: controle negativo ndo tratado e nao infectado, ou seja, controle celular;

MOI: indice de multiplicidade de infeccao;

MTT: ensaio de viabilidade celular com 3-(4, 5-dimethylthiazolyl-2)-2, 5-

diphenyltetrazolium bromide;



NaHCOa3: bicarbonato de sédio;

ng/ml: nanogramas por mililitro;

nsP1-4: proteina ndo estrutural 1-4;

ns2 e 5: proteina nao estrutural 2 e 5;

pb: pares de base;

PBS: solugao salina fosfatada tamponada;

PBS-BSA1%: PBS com 1% albumina sérica bovina;

PBS-T: solugao salina fosfatada tamponada com 0,05% de Tween 20;
PCR: reacdo em cadeia da polimerase;

pfu/ml: unidades formadoras de placa por mililitro;

pH: potencial hidrogenidnico;

RNA: acido ribonucleico;

rpm: rotagées por minuto;

RT-PCR: reacao da transcriptase reversa seguida pela reagdo em cadeia da polimerase;
SBF: soro bovino fetal;

SINV: Sindbis virus;

Ul/ml: unidade internacional por mililitros;

YFV: virus da Febre Amarela, do inglés, Yellow Fever Virus;
ZIKV: Zika virus;

pug/ml: microgramas por mililitro;

°C: graus Celsius;

uL: microlitros;

MmM: micrometros;



LISTA DE SiMBOLOS

%: porcentagem;

>: maior que;

=: igual que;

<: menor que;

0: desvio padrao;

M: média da porcentagem de infecgao;

p: positivos;

n: negativos;

90’: noventa minutos;

X: porcentagem de células ndo viaveis da condicédo avaliada;

c: controles;

nt: porcentagem de células n&o viaveis nos pogos néo tratados;

pt: tratados com DMSO 20%;

T: titulo viral calculado por mililitro;

P: quantidade de placas contadas;

I: volume do inéculo;

D: diluicao onde foi realizada a quantificagéo das placas;

+: valor para mais ou para menos;

*. diferenga estatistica quando p<0,001 quando comparado ao controle infectado;
#: diferenca estatistica quando p<0,05 quando comparado ao controle infectado;
&: diferenga estatistica quando p<0,05 quando comparado a porcentagem das duas
cepas de MAYV.



SUMARIO

1. INErOAUGCAO...uuueeeiiiicniiircssannssiecsssssssssnsssseecsssssssssssssssessssssssssnssssssssssssssssassssssssssssssnnass 12

2. Capitulo I - Revisao Bibliografica: "Mayaro Virus: the state-of-the-art for

antiviral drug development'............iiciiviiicniinniinsssnricssssnnnecsssnsscssssssssssssssssssssssssssans 15

3. Capitulo 2 — Identificacio e caracterizacio in vitro da atividade antiviral de

compostos quimicos sintéticos contra 0 Mayaro VIFUS.......eeeeecseeesecsssecssnsssassssacnns 41
A, ODJELIVO.ecerersreesreserssesssrssasssnssanssssssnsssrssssssssssssssssssssssssssssssssssssssssssssssssssssssssasssasssssss 42
4.1. ODjetivos eSPeCIfICOS...cccerrerrensuecsenssensuecsensunnsarssenssecsaessessaecsssssecsseesesssesssssseessessaees 42
5. Materiais € MELOA0S. .uueeiicrrrnricsirsaniecsssnrecsssssssesssssssscsssssssssssssasssssssssssssssassssssssnnss 43
6.  ReSUILAAOS....cvvueiicirrrnriiiisrnniicsissnniecsssassecssssnssesssssssssssssssasssssnsssssssasssssssssssssssssssssssns 56
7o DISCUSSAOueciierissariecsssrnreossssassesssssssessssssssssssssssssssssassessssssssssssssssssssssassssssssssssssssassssssse 83
8.  ConSideracoes fiNMAIS.....ccccceeeereceecrrcsssnnereeececsssssnassssececcssssssasssssescessssssnsassssssssssssssans 90
L 2SS 5] %) 110 1R 91

10. Anexo I — Lista de compostos triados derivados de naringenina, crisina,

carbamatos € DIDIIOTECA FID A...uuueeeeeeeeereeeeeeeneeceeereeeeesesssssssssessssssssssesssssessssssssssssssssses 99

11. Anexo II — Development and characterization of the first monoclonal

antibodies against Oropouche Virus.......ccoeeviiuiiiiiiiiiiiiiiiniiieiiineciieneencenes 113

12. Anexo III — Comité de ética em pesquisa animal........cccceerveiessnnccssencsssanessnnees 151



12

1.  INTRODUGAO

Arboviroses sdo doengas virais transmitidas por vetores artropodes (do inglés,
arthorpod borne virus) a hospedeiros vertebrados (CALISHER; KARABATSOS, 1988;
KNIPE; HOWLEY, 2013). Os arbovirus possuem ampla distribuicdo geogréfica,
predominantemente em paises de clima tropical e subtropical, como o Brasil, onde séo
considerados um problema de saude publica (BRASIL, 2021). A crescente preocupacao
em relacao a infecgdo por essa classe de virus se deva a alta capacidade de adaptagao
a novos vetores e condi¢cdes do meio ambiente, alta taxa de dispersao e capacidade de
causar epidemias com grande numero de casos (COFFEY et al., 2013).

Os arbovirus se mantem na natureza através de um ciclo de transmissao
complexo, que envolve a replicagcdo em vetor artrépode hematofago, principalmente,
mosquitos da ordem Diptera e, através da picada desses insetos durante o repasto
sanguineo, sao transmitidos para hospedeiros vertebrados (CALISHER;
KARABATSOS, 1988; DONALISIO; FREITAS; ZUBEN, 2017; GO; BALASURIYA; LEE,
2014). Nos hospedeiros vertebrados, como por exemplo, o homem, quando sintomatica,
a doenga manifesta-se através de um quadro febril leve, mas dependendo do patégeno
envolvido e das caracteristicas imunes do hospedeiro, o quadro pode evoluir, resultando
em sindromes febris hemorragicas, neuroldgicas ou artralgias debilitantes (CALISHER,;
SHOPE; WALTON, 1988; LOPES; NOZAWA,; LINHARES, 2014).

Existem mais de 100 espécies de arbovirus que causam doengas em humanos e
sdo classificados em cinco familias: Peribunyaviridae, Flaviviridae, Reoviridae,
Rhabdoviridae e Togaviridae (CALISHER; KARABATSOS, 1988; TRAVASSOS DA
ROSA et al., 1989). As arboviroses que atualmente representam os maiores desafios a
Saude Publica no Brasil sdo: Dengue (DENV), Zika (ZIKV) e Febre Amarela (YFV)
pertencentes a familia Flaviviridae e o virus Chikungunya (CHIKV) pertencente a familia
Togaviridae (BRASIL, 2021). ZIKV e CHIKV foram considerados arboviroses
negligenciadas durante longo tempo, porém recentemente emergiram causando
epidemias com quadros clinicos graves nos individuos infectados e sobrecarregando o
sistema de saude publica (ALBUQUERQUE et al., 2012; ZANLUCA et al., 2015). Entre
os arbovirus negligenciados, o virus Mayaro (MAYV), pertencente a familia Togaviridae,
€ endémico em algumas partes da América Central, Caribe e América do Sul (PEZZI et
al., 2019). O MAYV é frequentemente detectado nas regides Norte e Centro-Oeste do
Brasil. No entanto, nos ultimos anos, o MAYV vem se dispersando para regides nao
endémicas e, portanto, apresenta potencial para emergir e causar epidemias em outras
areas do pais (BRUNINI et al., 2017; COIMBRA et al., 2007; DE PAULA SILVEIRA-
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LACERDA et al., 2021; LOPES; NOZAWA; LINHARES, 2014; ROMEIRO et al., 2020;
SAATKAMP et al., 2021). Uma vez que a maior parte da populagao ainda nao foi exposta
ao MAYV e a taxa de infestagdo de potenciais vetores artrépodes é alta na maior parte
das regides do pais, o cenario para uma epidemia em larga escala parece plausivel
(BRASIL, 2019, 2021; ESPOSITO; FONSECA, 2017; LORENZ; RIBEIRO;
CHIARAVALLOTI-NETO, 2019). Vale ressaltar, no entanto, que devido a estreita
relacao filogenética e antigénica entre CHIKV e MAYV, estudos recentes mostraram
uma protecao cruzada contra MAYV por resposta humoral induzida por uma infeccéo
prévia por CHIKV (FUMAGALLI et al., 2021; MALONIS et al., 2021; WEBB et al., 2019)
0 que poderia eventualmente ter um impacto na transmissdo e patogenicidde
relacionada ao MAYV.

Em geral, infec¢des por MAYV em humanos causam surtos focais caracterizados
por doenca febril inespecifica ou sindromes de artralgia (BRASIL, 1978; DA COSTA et
al., 2017; FIGUEIREDO; FIGUEIREDO, 2014; LIMA et al., 2021; LOPES; NOZAWA,;
LINHARES, 2014). Os principais sintomas variam de calafrios, febre, manifestagdes
gastrointestinais, tontura, coceira, dor nos olhos, mialgia e artralgia, que podem durar
de meses a anos, tornando a doencga causada pelo MAYV ainda mais debilitante do que
outras arboviroses, cujos sintomas duram aproximadamente 3 a 4 semanas (DA COSTA
et al., 2017; DIAGNE et al, 2020). Complicagbes graves como miocardite,
manifestacdes neuroldgicas e hemorragicas também podem ocorrer devido a infecgao
pelo MAYV (ANDERSON et al., 1957; BRASIL, 1978; DIAGNE et al., 2020; ESPOSITO;
FONSECA, 2017; MCGILL, 1995; PINHEIRO et al., 1981; THEILACKER et al., 2013).

Estudos epidemioldgicos demonstram o crescente numero de casos confirmados
de MAYV em regides endémicas e ndao endémicas, tanto no Brasil (BRASIL, 2021;
CASSEB et al., 2013; DA COSTA et al., 2017; LIMA et al., 2021; SAATKAMP et al.,
2021; UFRJ, 2019) como nas Américas (AGUILAR-LUIS et al., 2021; FIGUEIREDO;
FIGUEIREDO, 2014; LEDNICKY et al., 2016; LLAGONNE-BARETS et al., 2016;
MUTRICY et al., 2022) e casos humanos importados em outros continentes, como na
Europa (DIAGNE et al., 2020; LLAGONNE-BARETS et al., 2016; PEZZI et al., 2019;
SLEGERS et al., 2014; THEILACKER et al., 2013). No entanto, devido as manifestagbes
clinicas muitas vezes indiferenciadas das outras arboviroses, como DENV, ha
subnotificacdo de casos de MAYV, como demonstrado em estudos retrospectivos de
surtos, principalmente de arboviroses pertencentes a familia Flaviviridae (AGUILAR-
LUIS et al, 2021; DA SILVA PESSOA VIEIRA et al., 2015; LOPES; NOZAWA;
LINHARES, 2014; ROMEIRO et al., 2020). Além da subnotificacdo de casos, varios
vetores urbanos potencialmente competentes para transmitir o MAYV, como o Aedes

aegypti apontado experimentalmente, contribuem para a disseminacgao viral e infecgao
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humana (PEREIRA et al., 2020). A partir desses dados, fica evidente a prevaléncia e
dispersao do MAYV em diferentes regides nos ultimos anos, bem como sua implicagéao
em infeccdes humanas em areas urbanas, demonstrando seu potencial epidémico
(PAHO; WHO, 2019; ROMEIRO et al., 2020).

No caso de eventuais epidemias causadas pelo MAYV, ndo ha diagndstico
diferencial, profilaxia ou estratégias antivirais, ja que nao existem vacinas ou compostos
antivirais eficientes aprovados para a prevencgao e/ou tratamento da doenca (MELLO et
al.,, 2020). A abordagem clinica com anti-inflamatérios, antitérmicos e analgésicos
costuma ser utilizada no tratamento de sintomas secundarios e, em areas de risco, é
implantado o controle de vetores artropodes (LIMA-CAMARA, 2016). Neste contexto, a
identificacdo de substancias/moléculas especificamente direcionadas as infec¢des por
MAYYV se constituem uma prioridade.

Este estudo se divide em 2 capitulos abordando uma revisao bibliografica geral
sobre antivirais contra MAYV, nossos estudos com os compostos que apresentaram
atividade anti-MAYV além de um anexo contendo os nossos resultados sobre o
desenvolvimento de reagentes para deteccao e pesquisa de virus emergentes, como o
virus Oropouche (OROV).

Desta forma, como capitulo introdutério e revisao bibliografica sobre o tema
central da tese, apresentamos um artigo de revisao sobre 0s avangos mais recentes ao
entendimento do ciclo replicativo do MAYV além dos compostos com atividade anti-
MAYV descritos na literatura. Assim, detalhamos a estrutura e o ciclo de replicacao do
MAYV adicionando os possiveis mecanismos de acdo dos compostos citados na
revisdo. Cabe salientar que o artigo “Mayaro Virus: the state-of-the-art for antiviral drug
development” (Mayaro virus — o estado da arte do desenvolvimento de compostos
antivirais) escrito por Ana Paula Andreolla, Alessandra Abel Borges, Juliano Bordignon
e Claudia Nunes Duarte dos Santos e esta publicado na revista Viruses edi¢ao especial

“Chikungunya Virus and Emerging Alphaviruses”.
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Abstract: Mayaro virus is an emerging arbovirus that causes nonspecific febrile illness or arthralgia
syndromes similar to the Chikungunya virus, a virus closely related from the Togaviridae family.
MAYYV outbreaks occur more frequently in the northern and central-western states of Brazil; however,
in recent years, virus circulation has been spreading to other regions. Due to the undifferenti-
ated initial clinical symptoms between MAYV and other endemic pathogenic arboviruses with
geographic overlapping, identification of patients infected by MAYV might be underreported. Addi-
tionally, the lack of specific prophylactic approaches or antiviral drugs limits the pharmacological
management of patients to treat symptoms like pain and inflammation, as is the case with most
pathogenic alphaviruses. In this context, this review aims to present the state-of-the-art regarding the
screening and development of compounds/molecules which may present anti-MAYV activity and
infection inhibition.

Keywords: arbovirus; arthritogenic alphavirus; Mayaro virus; antivirals

1. Introduction

Arboviruses are viral diseases transmitted by arthropod vectors (arthroped-borne
virus) to vertebrate hosts during blood feeding [1,2]. Arboviruses have a wide geographic
distribution, predominantly in countries with tropical and subtropical climates, such as
Brazil [3]. This class of viruses is leading to a growing concern of viral dispersion and
new transmission cycles due to its ability to adapt to new vectors and environmental
conditions [4].

There are more than 100 species of arboviruses that cause disease in humans, classified
into five families: Peribunyaviridae, Flaviviridae, Reoviridae, Rhabdoviridae, and Togavividae [1,5].
The arboviruses that currently pose the major threats to public health in Brazil are Dengue
(DENV), Zika (ZIKV), and Yellow Fever (YFV) of the family Flaviviridae, and the Chikungunya
virus (CHIKV) of the family Togaviridae [3]. ZIKV and CHIKV were considered neglected
arboviruses until the recent reemergence of both, leading to explosive epidemics and causing
severe clinical symptoms [6,7]. Additionally, among neglected arboviruses, the Mayaro
virus (MAYV), is endemic in some regions of Central America, the Caribbean, and South
America [8]. Although MAYV is frequently detected in the northern and central-western
regions of Brazil, it has been spreading to non-endemic regions in recent years, posing a risk
of causing epidemics in large areas of the country [9-14]. Because most of the populations in
these areas are immunologically naive to MAYV, and considering the high potential rate of
vector infestation, the scenario for large-scale epidemics seems plausible [3,15-17]. It is worth
noting that some degree of cross-protection against MAYV by humoral response induced by
a previous CHIKV infection has been observed due to the close phylogenetic and antigenic
relationships between CHIKV and MAYV [18-20].
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In general, MAYV infections in humans cause focal outbreaks characterized by non-
specific febrile illness or arthralgia syndromes [9,21-25]. The main symptoms include chills,
fever, gastrointestinal manifestations, dizziness, itching, eye pain, myalgia, and arthralgia;
they can last for months to years, thus making MAYV more debilitating than that caused by
other arboviruses, whose symptoms might last approximately three to four weeks [23,26].
Severe complications like myocarditis and neurological and hemorrhagic manifestations
can also occur due to MAYV infection [15,24-29].

Epidemiological studies demonstrate a growing number of confirmed cases of MAYV
in endemic and non-endemic regions, both in Brazil and the Americas, and the occurrence
of imported human cases in other continents like Europe [8,21-23,26,30-34]. However, due
to clinical manifestations often confused with other arboviruses, such as DENV, there is a
large number of underreported MAYV cases, as shown by retrospective studies, especially
during other arboviruses epidemics [9,11,32,35]. Several urban vectors potentially able
to transmit MAYYV, like Aedes aegypti, might also contribute to viral spread and human
infection [36]. Recent surveillance studies have demonstrated the circulation and dispersion
of MAYV to previously unreported areas, as well as the detection of human infections
in urban settings, evidencing the potential risk of epidemics [11,37]. If epidemics caused
by MAYV eventually occur, there are no vaccines or other prophylactic methods or effec-
tive antivirals approved for human use to prevent or treat the disease [38]. The clinical
approach with anti-inflammatory drugs, antipyretics, and analgesics is usually used to
treat secondary symptoms, and, in risk areas, arthropod vector control is implemented [39].
Thus, there is an urgent need to search for new substances/molecules that specifically
target MAYV infections.

2. Viral Structure and Replication Cycle
2.1. Viral Particle

Mayaro virus (MAYV) is a member of the family Togaviridae, genus Alphavirus, belong-
ing to the Semliki forest serocomplex. The viral particle has an icosahedral capsid of about
70 nm in diameter and a lipid envelope derived from the host cell in which heterodimers
of the transmembrane glycoproteins E1 and E2 are embedded [40]. The heterodimers are
ordered in trimers on the virion surface [41]. The genetic material is composed of a single
strand of positive-sense RNA of ~12 kb with two open reading frames (a 7 kb and a 4 kb)
that each encodes a polyprotein, separated by a short non-coding sequence (Figure 1). From
the cleavage of the non-structural polyprotein, the following proteins are found: nsP1,
involved in mRNA capping; nsP2, with helicase /protease activities; nsP3, which has three
recognized domains (the macrodomain, the alphavirus unique domain (AUD) and the
hypervariable region) all of which are required for replication; nsP4, which is solely respon-
sible for the RNA synthetic properties of the viral replicase complex because it contains
the core RARp domain and motifs. After processing of the structural polyprotein, there are
associated proteins that result in the viral particle: C, capsid; E1, envelope glycoproteins of
higher molecular mass 1; E2, envelope glycoproteins of higher molecular mass 2; E3, lower
mass glycoprotein; 6K, protein that associates E1 and E2; TF, transframe protein involved in
viral assembly /budding and also virulence factor [42] (Figure 1) [21,41,43-43]. Notably, the

E3 protein is absent in the virion structure at 4.4 A resolution from cryo-electron microscopy
analysis (cryo-EM) [41].
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Figure 1. Schematic representation of MAYV particle and genomic organization. Electron microscopy
data [41] shows that the viral particle is about 70 nm in diameter, constituted of structural proteins (in
purple scale: C—capsid; El—envelope glycoproteins 1; E2—envelope glycoproteins 2; E3—envelope
glycoproteins 3; 6K—protein that associates E1 and E2). In addition to these, non-structural proteins
1 to 4 (in red scale: nsP 1-4) are synthesized in the early phase of the replication process.

2.2. Internalization

The MAYV replication cycle and the precise function of each viral protein produced
are not completely understood (Figure 2). The putative protein functions are inferred from
other alphaviruses. The binding of the virions to the cell receptor is primarily mediated
by the E2 protein [49]. The target cell receptors that mediate the entry of the virus are also
not fully known; however, the adhesion molecule Mxra8 (also known as DICAM, ASP3, or
limitrin, a member of the immunoglobulin superfamily) was recently described as a receptor
for MAYV and other arthritogenic alphaviruses, like CHIKV, Ross River, O'nyong nyong,
and Barmah Forest virus [46,50]. However, for encephalitic alphaviruses, such as VEEV
and EEV, this receptor, when blocked, does not seem to affect the infection [50]. The uptake
of the viral particle is closely linked to the lipid rafts of cell membranes, where cholesterol
is the main component [49]. Endocytosis occurs dependent and/ or independent of clathrin
(caveolar via), the former pathway most frequently used by MAYV [49]. Once endocytosed,
the clathrin layer (when present) is quickly removed from the vesicle, and the virus is
delivered to the initial compartment of the endosome. The presence of ATP-dependent
proton pumps is the critical characteristic of the endosome, which causes acidification of
the vesicle during the maturation stages. This pH change is fundamental to viral RNA
delivery to the cell cytoplasm, as it will be the initial event of intermembrane fusion (vesicle
and viral envelope) [49,51].
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Figure 2. The replicative cycle of MAYV. Cell entry of MAYV is mediated by endocytosis and occurs
via a clathrin-coated vesicle or, alternatively, caveolin. Internalization begins by binding the E2 virus
with host cell receptors, possibly Mxra8. After endosome formation, acidification of its interior
occurs, leading to structural changes in the viral envelope, exposing the E1 protein and promoting
cell membrane and virus fusion. As a result, the nucleocapsid and viral genome are released into the
cell’s cytoplasm. The genome is recognized by ribosomes, and a pair of nsP precursors is synthesized
from the generated viral mRNA. The replication complex (RC) produced from the interaction of nsP is
among the precursors. The RC catalyzes the synthesis of a negative-strand RNA that will, in turn, be
the template for generating genomic (495) and subgenomic (265) RNA. The 265 structural polyprotein
is generated, and the capsid protein is released and surrounds the 495 RNA through the action of the
autoproteolytic serine protease, assembling the nucleocapsid. The remainder of the polyprotein is
directed to the processing and maturation of E2 glycoproteins (through the E2 precursor protein; pE2)
and E1 glycoproteins in the endoplasmic reticulum and Golgi complex. The mature glycoproteins
will associate with and be transported to the cell membrane. The presence of the nucleocapsid in the
membrane allows the recruitment of E1, initiating the process of viral assembly and the release of
new MAYV and other alphavirus progenies through the cell membrane.

The events of alphavirus membrane fusion are comprised of three steps: (1) disso-
ciation of E1 from E2; (2) E1l insertion into the target membrane; and (3) the formation
of E1 homotrimers [51,52]. Intermembrane fusion starts from the acidification of the en-
dosome, which will promote the dissociation of the two envelope proteins (E1 and E2).
These proteins are associated in metastable conformation in the form of heterodimers, and
upon dissociation, the E1 fusion loop is exposed and inserted into the target membrane
of the vesicle. In a pH-independent interaction, the stem region of the E1 complex folds,
distorting the target membrane through the cooperative action of several trimers, providing
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the necessary energy to mediate membrane fusion. Fusion proceeds through a hemifusion
step where the two outer leaflets fuse. The final stable post-fusion E1 homotrimer is formed,
located on the same side as the fusion loops, and transmembrane domains are anchored.
Concomitantly, the E1 homotrimer refolds, resulting in complete fusion and thus forming
the fusion pore, which will allow the exit of the viral nucleocapsid (NC) from the endosome
to the cytoplasm of the cell [26,44,49,51].

2.3. Replication

Once the NC is in the cytoplasm of the cell, its disassembly is facilitated by interactions
with free ribosomes [53-55]. Cellular ribosomes recognize the CAP region and the 5'-AUG
initiator codon of the viral RNA in the cytoplasm, leading to the translation of 49S (genomic)
RNA and its processing [53,54,56]. This entire process occurs within bulb-like structures
present in the plasma membrane, known as spherules (Figure 2), and the structure of these
membranes as a type I cytopathic vacuole (CPV-I) [57-59]. After recognition of the CAP
region, the non-structural genes are recognized and translated, giving rise to polyproteins
P123 (precursor of nsP1, nsP2, and nsP3) in higher amounts and P1234 (P123 and nsP4) in
lower amounts. This phenomenon is due to the presence of a stop codon at the junction of
nsP3 and nsP4 [60,61]. In both situations, the P123 polyprotein is processed sequentially,
individualizing each protein into mature species. Through its proteolytic function, mature
nsP2 will catalyze cleavages on P1234 releasing RNA-dependent RNA polymerase (nsP4),
which forms the replication complex (P123+nsP4) when associated with P123 [62], involved
in the synthesis of complementary negative (—) RNA (Figure 2) [62-66]. In addition,
nsP2 will promote the shutdown of transcription mediated by RNA polymerase II of the
host. This process was evidenced through the interaction of nsP2 with subunit A of RNA
polymerase II (Rpbl) and subunit 2 of transcription initiation factor IIE (TFIIE2), suggesting
a shutdown of cellular transcription [67]. In addition to the pivotal role of nsP2, the release
of nsP1 is also reported as essential for creating a replication complex by associating with
nsP4 (nsP1 + P23 + nsP4), which will use the (—) RNA as a template to synthesize new
positive strands of genomic RNA [61,62,64]. However, the recent study by Gorchakov et al
(2008) [68] with the SINV indicated that the P123/nsP4 complex was able to synthesize (+)
RNAs without the need for cleaving nsP1 from the P123 protein [69]. This process is still
not fully understood with regard to MAYV. In addition to the transcription of (+) RNA,
a subgenomic mRNA (265 transcript) is also transcribed, which will be translated into a
structural polyprotein and give rise to structural proteins after cleavage (Figure 2) [70].

From the structural polyprotein precursor, the protein C is the first structural protein
generated through its processing by the action of the autoproteolytic serine protease to
encapsulate the newly synthesized RNA molecules, originating new NCs [48,51,71,72]. Con-
comitantly, the remaining polyprotein comprising the glycoprotein precursor (E3-E2-6k-E1)
is routed to the endoplasmic reticulum (ER). The N-terminal portion of the E3 glycopro-
tein contains a signal peptide which interacts with the ER membrane, translocating the
polyprotein to the ER lumen. Once in the ER, the host signalase recognize both the N
and C-terminal portions of the 6k, creating the products E3E2, 6k, and E1, which will be
anchored in the organelle membrane. Next, E3E2 and E1 associate to form dimers that
move with 6K through vesicles to the plasma membrane. Finally, E3E2 is cleaved by furin
proteases present in a post-Golgi compartment, generating the glycoproteins E3 and E2
(Figure 2) [40,44,71,72].

Notably, the 6k protein is palmitoylated, enabling it to anchor to the membranes. This
protein is involved in the transport of E1 and E2 to the plasma membrane and is a viroporin
that enhances membrane permeability in infected cells by forming ion channels [42]. The 6K
protein presents two transmembrane helices, classified as a Class I subclass A of viroporin
types, connected by a short cytoplasmic loop [42,73]. In addition, the 6k gene undergoes a
frameshift event and starts to produce the TF protein [42]. Within the gene encoding 6K, a
heptanucleotide slip site (UUUUUUA) is highly conserved among the alphaviruses that
causes a -1 ribosomal shift. This frameshift produces the TF protein in place of 6K and E1
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with a frequency ranging from 5% to 40%, depending on the alphavirus species [74,75]. The
6K and TF proteins have an identical N-terminal portion (including the first transmembrane
domain with ion channel activity) but differ in the C-terminal portion. The TF protein
contains a C-terminal extension of the 6K protein and a longer cytoplasmic domain than
6K [74]. Functionally, TF seems essential for viral assembly, presenting a virulence role as
antagonist of the host type I interferon responses [76].

24. Exit

The complete intracellular cycle of viral replication takes place four hours after the
virus enters the cell. Virus release occurs after the anchoring of the viral capsid in the
cell membrane; the viral lipid envelope is then formed through the budding mechanism
(Figure 2) [72,77,78].

NC interacts with E2 proteins, initiating the process of assembly and the budding of
viral particles [79-82]. This interaction occurs in a pocket (hydrophobic on the bottom and
hydrophilic on the top) in the C-terminal domain of protein C, to which the E2 protein is
non-covalently linked through its C-terminal domain [41]. In this interface, a consensus
motif containing threonine, proline, and tyrosine (TPY) is present, which is conserved
within the genus Alphavirus [83]. Previous results have suggested the co-transport of C
and E2 to the plasma membrane, as both proteins colocalize in mobile vesicles in the cell
cytoplasm [79].

The viral envelope is enriched with cholesterol and sphingolipids precisely because,
in mammals, it sprouts from host cell membrane domains rich in these components [49,84].
These sites are present both in the cell body and in intercellular extensions induced by the
virus itself (a phenomenon called cell-to-cell transmission) that facilitates the infection of
neighboring cells [85]. The alphavirus exit from cells is determined by host factors like actin
cytoskeleton remodeling, which promotes the transport of glycoproteins to the plasma
membrane. Microscopic studies have revealed actin rearrangements and the accumulation
of actin clusters in the cytoplasm at the final steps of viral infection with the co-localization
of E2 in these foci and along the filaments [86]. The precise mechanism(s) of cleavage of the
budding particles is still undetermined. It is unknown whether only the NC’s interaction
with the envelope is strong enough to detach itself; nevertheless, other viral proteins, like
6K and TF, are involved in the process [42,87]. Studies with mutants in the 6K and TF
proteins have shown that they play an essential role in the viral assembly and budding,
although the exact mechanism is not completely understood [42]. According to Ribeiro-
Filho et al. (2021) [41] the cryo-EM structure suggests that MAYV capsid assembly is based
on electrostatic contacts between the C proteins. In addition, data suggest a probable action
of nsP1 by inhibiting tetherin, an interferon-induced membrane protein, which has the
action of restricting the exit of enveloped viruses [88-90]. Additional studies are needed to
define the precise budding mechanism of alphaviruses from infected cells.

2.5. “Cell-to-Cell” Transmission

Alphavirus infection induces drastic remodeling of the cell cytoskeleton. This remod-
eling promotes the production of two types of cell extensions, the short- and long-filopodia-
like structures [85,91] with length, contacts, and components at their main differences. The
short ones are from 2 to 7 um in length and comprise only F-actin filaments. Its induction
requires the E2-C interaction [84,92] and is involved with nsP'1, as assays performed using
only structural proteins did not trigger such formations, and specific viral protein labeling
demonstrated the co-localization of E2-C and nsP1. However, it is unclear whether nsP1
can mediate cell-to-cell transmission or act to protect viral particles from neutralizing
antibodies [79,91].

The long intercellular extensions have more than 10 pm, can reach up to 60 um, and
are composed of F-actin and tubulin [79,91,93]. They are usually identified when there
is a production of active structural proteins, with E2, E1, and C detected throughout
the length of the filament. These extensions emerge from an infected cell towards to an
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uninfected cell through retrograde actin transport, and during this process viral particles
moved and budded from the infected cell through these extensions. The contact tip of the
filopodiume-like structure is usually flat and does not fuse with the other cell, hence the
name “virological synapse” [94]. Interestingly, there is a loss of stress fibers in infected cells
in the late periods of infection, correlating with the appearance of extensions [79,91].

The “cell-to-cell” transmission requires the budding and release of active viral particles.
Thus, transmission is not mediated by viral RNA transfer, replication complexes, or type II
cytopathic vacuoles (CPVIIs) [86]. This is in agreement with the observed lack of cytoplas-
mic or membrane continuity between the infected cells and the target [93]. Intercellular
transmission prevents the action of neutralizing antibodies on the virus, suggesting that
nascent particles are somehow protected from the extracellular environment [85,9596].
The data also strongly suggest that infection of target cells occurs by endocytosis and
fusion triggered by low pH, as does initial infection. Furthermore, the host determinants
for such a phenomenon to occur are unknown, and such structures are species and/or
cell-line dependent.

3. Antivirals

Presently, there are no specific antiviral treatments or vaccines against MAYV infec-
tions. In urban environments of endemic areas, vector control through insecticide spraying
is the only available measure to prevent infection. The clinical management of infected pa-
tients is limited to drug administration such as analgesics, non-steroidal anti-inflammatory
drugs, and antipyretics to relieve symptoms.

Several natural and synthetic compounds have been evaluated to identify those with
low cytotoxicity to host cells and the compounds” ability to inhibit viral infection [97]. The
parameters most commonly used for this purpose are the cytotoxic concentration for 50%
of the cells (CC50), inhibitory concentration for 50% of the infected cells (IC50), and the
selectivity index (SI) [98,99]. The Sl is a factor calculated using the two previous parameters
(CC50 and IC50), facilitating the comparison of compounds in terms of cytotoxicity and
antiviral potency [100]. Substances that present antiviral activity are able to inhibit critical
steps of viral replication, like events related to virus entry into host cells, activity of enzymes
involved in the replication complex (proteases, viral helicase, and RNA-dependent RNA
polymerase), or in late stages during particles assembly and release to the extracellular
medium [38].

In addition to substances that directly affect the activity of virus proteins or enzymes,
some compounds can modulate the host response and affect virus replication. Such sub-
stances can present the advantage of broad-spectrum use against other related alphaviruses.
However, these compounds must be carefully studied, as the side effects generated by
their use can cause disorders compared to compounds that act directly on virus pro-
teins or enzymes [101]. In this review, we describe the state-of-the-art on promising
substances /molecules with anti-MAYV activity, which are demonstrated in Figure 3.

3.1. Virucidal Compounds

Compounds or plant extracts are considered virucidal when they interact directly with
the viral particle and, consequently, prevent infection onset. Several reports indicate that
the flavonoid proanthocyanidin ([(-) epicatechin-(4f3 -> 8)-(-)-4'-methylepigallocatechin];
PAC) isolated from methanol extraction of Maytenus imbricata (Celastraceae) roots showed a
virucidal effect on MAYV. This compound acted directly in MAYV particles and not in the
host cells, with an EC50 (effective concentration for 50% of infected cells) of 37.9 + 2.4 uM
and a Sl above 43 [102]. Ginkgolic acid, a substance isolated from the Ginkgo biloba plant,
has a similar effect on MAYV infectivity [103].
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Figure 3. MAYV replication cycle and anti-MAYV compounds. Compounds with anti-MAYV activity
are described at different time points of viral replication. Proanthocyanidin, ginkgolic acid, Co and
Sn-protoporphyrin IX, schinus terebinthifolius, and punicalagin from Punica granatum have virucidal
action. The compounds of Cassia australis, bovine lactoferrin, thienopyridine derivatives (no. 104),
and the antibodies Fc-Mxra8 and anti-Mxra8, DC2M16 and DC2M357, MAY-115 and MAY-134 prevent
adsorption of the viral particle. Suramin acts by blocking fusion during the viral internalization step.
Ribavirin appears to interact with viral RNA before initiating replication, and quercetin acts to inhibit
viral RNA metabolism. Some compounds interact with non-structural proteins, such as orlistat,
cerulenin, CAY10566, and lactacystin that interact with nsP1; thienopyridine interacts with protease
(nsP2); EIDD-1931 and favipiravir interact with nsP4. Monensin and epicatechin act during viral
replication. Dasatinib and torin-1inhibit the translation of subgenomic mRNA. M132 interferes during
the synthesis of E1 and nsP1, possibly by compromising the action of lysosomal cysteine proteases.
Interferon alpha inhibits the protein synthesis of envelope glycoproteins, possibly by increasing
intracellular pH, compromising protein traffic. Prostaglandin Al also interferes with the synthesis
of envelope glycoproteins by acting on the synthesis of HSP70. Brefeldin A blocks the transport
of envelope proteins in the endoplasmic reticulum. Ammonium chloride and chloroquine act on
the Golgi complex, shifting the pH of the organelle and preventing the transport of glycoproteins
to the cell membrane. Bortezomib interferes with the ubiquitination of the viral capsid, preventing
the packaging of replicated viral RNA. Some compounds also target host factors like C11 (STING
antagonistand IRF3 phosphorylation), xanthenodiones (intracellular event not determined), silymarin
(oxidative stress modulation), SB203580 and losmapimod (p38 protein suppressors), PIM1 inhibitor
2 and AZD1208 (which interferes with the negative regulation of interferon-stimulated, like PML,
OASL, and TRIM5 genes).
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Hydrophobic molecules like Co-protoporphyrin IX and Sn-protoporphyrin IX also
have virucidal activity. By elucidating the mechanism of action of these compounds, it
was found that they act on the conformation of envelope proteins, deforming the viral
particle and preventing adsorption of receptors on the cell plasma membrane in an in vitro
model [104].

Compounds present in the extract of Schinus terebinthifolius fruit, which is a condiment
widely used in cooking, were evaluated against MAYV infection and proved to be virucidal
in an in vitro model. Four substances (two bioflavonoids and two ethyl acetate) were
isolated, and three of them had SI (60, 12, 98, 6, respectively) greater than that of ribavirin
(used as antiviral control; SI = 8) [105]. The virucidal mechanism of these substances remains
unknown. Another isolated compound is punicalagin from the extract of pomegranate
(Punica granatunt). Both extract and isolate proved virucidal for MAYV, with SI = 14 and
48, respectively [106]. The mechanisms of action for MAYV inhibition are still unclear.
Studies using SARS-CoV2 demonstrated that its action is through the reversible and non-
competitive binding to the viral surface glycoproteins [107].

3.2. Compounds That Interfere with Adsorption and Internalization of the Virus Particle

Some substances/molecules can prevent the anchorage, entry, and internalization of MAYV
to the cell by inhibiting fundamental pathways for the initiation of viral replication. For example,
it was found that extracts from Cassia australis leaves have an anti-MAYV effect, especially
those containing condensed tannins (SI = 33; relative potency—RP = 16.5). This substance
seems responsible for the antiviral activity since, characteristically, tannins have the ability
to produce complex lipo and glycoproteins. The viral envelope is mostly composed of
glycoproteins, so the compound possibly inhibits viral adsorption and internalization [108].

Bovine lactoferrin, a multifunctional globular protein isolated on a large scale from
bovine milk and easily found commercially, acts by blocking the entry of MAYV into the
host cell. The block seems to depend on the presence of sulfated glycosaminoglycans on
the cell membrane surface, preventing viral anchorage [109].

Compounds already employed in the clinic for the treatment of other conditions or
diseases, such as suramin, used to treat African sleeping sickness and onchocerciasis, also
showed anti-MAYV efficacy. After treating cells with this drug, the inhibition of MAYV en-
try was evidenced, possibly because it causes conformational changes in the viral envelope
proteins, impairing fusion with the host cell membrane [110]. A study analyzing the in vitro
infection with CHIKV suggested that suramin interacts with the E2 protein, inhibiting the
adsorption and/or conformational changes necessary for membrane fusion [111].

Another class of drugs is that based on antibodies. Only a few studies characterizing
the cell receptors involved in MAYV entry into host cells are available [46,51,112-114]. As
mentioned previously, it has been recently shown that the Mxra8 receptor is the putative
entry molecule for MAYV and other arthritogenic alphaviruses and, thus, a potential
therapeutic target. Using the Fc-Mxra8 fusion protein or anti-Mxra8 monoclonal antibody
as treatment, in vitro infection by MAYV, CHIKYV, Ross River virus, O'nyong nyong virus
(ONNV), and Barmah Forest virus was reduced. Additionally, mice (C57BL/6) infected
with CHIKV and ONNV and treated with Fc-Mxra8 fusion protein or anti-Mxra8 blocking
antibodies had reduced infection and disease signals (foot swelling) [50].

Specific anti-MAYV neutralizing antibodies are also available, representing poten-
tial therapeutic targets to interfere with viral adsorption and internalization. Of the
151 hybridomas generated in the study by Earnest, ].T. et al. (2019) [115], 11 presented
neutralization activity against MAYV. Neutralizing antibodies bind to E2 and E1 protein
from D and L genotypes, with EC50 lower than 10 ng/mL. Additionally, the anti-MAYV
neutralizing antibodies presented cross-reactivity and also inhibited the in vitro infection
by other alphaviruses, like UNAV and CHIKV [115]. The neutralization of MAYV in vitro
infection occurred mainly through monoclonal antibody recognition of the E2 protein, as
previously demonstrated for antibodies produced against CHIKV [116] and Eastern Equine
Encephalitis virus (EEEV) [117]. Tt was also demonstrated that an antibody cocktail that

24



Viruses 2022, 14, 1787

100f 21

recognizes E1 and E2 had a greater effect in in vivo infection of C57BL/6] mice [115]. There
are reports of humanized monoclonal antibodies that recognize different alphaviruses, like
MAYV and CHIKV. These monoclonal antibodies were developed through expression of
the E3-E2-E1 protein, using a more conserved region among the arthritogenic alphaviruses.
Two menoclonal antibodies, DC2.M16 and DC2.M357, were generated and recognized the
B domain of the E2 protein; they promoted neutralization, possibly through phagocytosis
performed by monocytes (in vitro test) [20].

3.3. Compounds That Interfere with Replication, Morphogenesis, and Viral Exit

There are substances/molecules with inhibitory activity beyond viral entry, affect-
ing steps such as viral replication, translation and the processing of viral proteins, mor-
phogenesis /maturation, and viral sprouting, which are critical events for the formation
of viral progeny [26].

Belonging to the class of immunomodulatory proteins, interferon alpha (IFN-) is one
of the viral inhibitors more widely used as an in vitro molecule to treat MAYV infection
in cell lines [118-121]. Analysis by SDS-PAGE and protein densitometry showed that the
inhibition of MAYV protein synthesis is heterogeneous after treatment with [FN-c, acting
more significantly on glycoproteins E1 (99%) and E2 (79%) and their precursors (84% and
77%, respectively) compared to protein C (28%) [120]. This phenomenon can be explained
by the increase in intracellular pH caused by treatment with IFN, compromising the traffic
of proteins in the endoplasmic reticulum and Golgi complex, as previously shown in
in vitro infections by vesicular stomatitis virus [122], herpes simplex viruses [119], CHIKYV,
ZIKV, and SARS-CoV-2 [118] and in the human treatment of hepatitis B [123].

Ribavirin (RIBV), another compound used in the clinic to treat viral infections [124-128]
and widely used to control MAYV infection, has well-known pharmacological properties,
such as bioavailability and toxicity. The putative mechanism of action of this compound
is through (1) inhibiting enzymes related to the capping reaction of the viral RNA, since it
is a guanosine analog; (2) suppressing the viral RNA synthesis by inhibiting the enzyme
inosine-5-monophosphate dehydrogenase; or (3) when phosphorylated, it can directly
interfere with viral RNA synthesis during transcription [126,129,130]. RIBV has already
been shown to be effective against CHIKV in mouse models, mainly when associated with
doxycycline [131].

Furthermore, it has been demonstrated that compounds fractioned from plant extracts
also impair MAYV replication. An example is quercetin isolated from Bauhinia longifolia
(Bong.), which has a robust anti-MAYV activity (SI = 94; relative potency = 5) compared to
ribavirin (SI = 8), and is used as a control compound [132]. Although the exact mechanism
of action of quercetin during MAYV infection remains unclear, it has been suggested that it
may be due to inhibition of viral RNA metabolism as observed for DENV-2 [132,133].

Epicatechin extracted from Salacia crassifolia is another compound that showed an
anti-MAYV effect (SI = 7; RP = 2). There is strong evidence of the interaction of epicatechin
with some viral components, possibly blocking important stages of the replication cycle and
formation of new viral progenies without interfering with host cell metabolism. However,
the precise mechanism of action of the compound action remains unknown [102].

In addition to natural compounds, synthetic molecules like thienopyridine derivatives
also stand out as antivirals. Candidate compound 104 (SI = 125), for example, has low
toxicity risks and severely influences viral protein synthesis, probably by inhibiting nsP2
transcription. There is a deficiency mainly in the assembly of the MAYV particle, favoring
the production of non-infectious particles [134]. This compound showed promising action
in inhibiting MAYV replication, acting at different points in the viral cycle. This conclusion
was supported because (a) the viral protein synthesis was highly impaired; and (b) trans-
mission electron microscopy after treatment with the candidate compound indicated action
on the viral envelope [134].

Additionally, drugs already employed to treat other pathologies have shown anti-
MAYYV activity, such as ammonium chloride and chloroquine. Their action is demonstrated
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by a large amount of virus within intracytoplasmic vacuoles, in addition to free precursors
and proteins (possibly capsid or nucleocapsid) in the cell cytoplasm, which are rarely seen
during untreated infection. This effect possibly occurs because these substances raise the pH
of the organelles of the Golgi complex, thus inhibiting the transport of glycoproteins to the
membrane. In addition, this pH change can impair the function of some enzymes involved
in the processing and maturation of viral glycoproteins, also affecting sprouting and viral
infectivity. Consequently, these drugs seem to force the virus to follow an alternative
morphogenesis route, leading to premature intracellular viral maturation [135].

The drugs EIDD-1931 and favipiravir have also been efficient in inhibiting MAYV
infection. In the clinic, they are used to treat influenza A and B and resistant pandemic
influenza viruses. Both drugs acted on MAYV viral replication in in vitro models by
inhibiting polymerase and causing lethal mutagenesis during viral replication [110], similar
to what has been reported for CHIKV [136,137] and Venezuelan Equine Encephalitis virus
(VEEV) [138]. In a C57BL/6 mouse model, favipiravir pre-treatment reduced infection,
RNA copies, and viral particle production in different tissues (e.g., brain, liver, heart, and
spleen) during infection by MAYV [139], CHIKV [140] and Western equine encephalitis
virus [141]. However, when the treatment of this compound is post-infection, of all tissues
tested (e.g., brain, liver, heart and kidney) only the right quadriceps muscles showed a
statistical decrease in MAYV infection [139]. A reduction in footpad swelling was also found
in an animal model for the evaluation of arthritis and arthralgia triggered by MAYV [139].
In addition, in a retrospective study with pregnant women who used favipiravir, no major
teratogenic effects were observed [142].

Inhibitors of the membrane-associated kinase family, such as Dasatinib and Torin 1,
appear to act more specifically in viral translation without interfering with host mRNA
translation [143,144]. It has been demonstrated that Dasatinib and Torin 1 inhibit the
translation of subgenomic mRNA, resulting in a decrease in viral infection not only for
MAYV but also for other alphaviruses [145].

In addition to drugs used as antivirals, some antibiotics have also been evaluated
as potential anti-MAYV molecules. Monensin is an example of a natural antibiotic used
as an additive in ruminant feed to increase feed efficiency. Its action, which has been
previously described for other alphaviruses, such as the Semliki Forest and Sindbis viruses,
has also been evaluated for MAYV. Treatment of both vertebrate and invertebrate cells with
Monesin showed severe inhibition of MAYV replication, although viral morphogenesis
was not affected [146].

3.4. Drugs That Modulate Host Response to Viral Infection

As previously mentioned, substances that may act on specific host factors are also
promising alternatives for the development of broad-spectrum antiviral drugs. Neverthe-
less, there are still gaps in understanding the MAYV infection cycle in the host cells that
would make the development and testing of this class of compounds a challenge.

After a high-throughput screening of 52,000 compounds, a small molecule named C11
that activates the signaling of the innate immune response was identified. C11 acts as an
agonist of the adaptor protein STING and activates antiviral genes through phosphorylation
of IRF3, mainly inducing the IFN type I response. Since alphaviruses are sensitive to the
IFN response, including MAYV, this substance decreased the viral titer in an in vitro
model [147].

Brefeldin A, a fungal metabolite reported to block newly synthesized endoplasmic
reticulum protein transport, can also inhibit MAYV replication. By analyzing its effect
during infection, a drastic reduction in the synthesis of viral proteins in mammalian cells
was found which may or may not affect their glycosylation [148].

Prostaglandin Al (PGA1) is another compound that has been shown to be effective
against MAYV. This widely studied compound plays a role in several physiclogical and
pathological processes, in addition to influencing the replication of several viruses like
SINV [149], vaccinia virus [150] and Sendai virus [151]. After treating Vero cells with PGA1
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and challenging them with MAYV, inhibition of E1 and E2 glycoprotein synthesis was found
to be associated with triggering the synthesis of 70 kDa heat shock cell protein (HSP) [152].

The cyclic ketones, which are classified into different groups based on their chemical
structure, have also been evaluated for their activity against different microorganisms and
diseases. Among them, the xanthenodiones stand out as anti-bactericidal, anti-leishmania,
antifungal, antitumor, anti-trypanosome, and antiviral substances [153,154]. Several com-
pounds of this group were produced from the mixture of 1,3-diketone, aldehyde, and
ZrOCl,8H;0 and evaluated during in vitro infection by MAYV [155]. Only one of them,
compound 9, remained in the test, as it obtained the best SI (15.8) [156]. However, when
evaluating its anti-MAYV action, it was found to be effective only in pre-treatment or in
high concentrations (338.8 umol/L) [156], unlike what was verified for ZIKV, in which
it interacts with viral envelope proteins preventing adsorption [155]. The likely mecha-
nism of action is unclear, and it is believed that it may act on intracellular events. This
hypothesis is based on some antiviral assays where there was no virucidal action or activity
in the early stages of entry, as there is no decrease in infection compared to the positive
control [134,156].

Drugs that act to inhibit the synthesis of new long-chain fatty acids, like orlistat (anti-
obesity FDA approved) and cerulenin (antibiotic in test phase), which impair the activity of
fatty acid synthase, as well as the substance CAY10566 that acts on the activity of stearoyl-
CoA desaturase, have been shown to reduce in vitro MAYV replication. These enzymes
seem important in the MAYV replication cycle and other arthritogenic alphaviruses, as they
interfere with the plasma membrane anchoring of the nsP1 protein present in the replication
complex [157]. Furthermore, cerulenin, considered an inhibitor of lipid synthesis, has been
shown to reduce MAYV replication, probably preventing the incorporation of [3H] glycerol
into lipids at any time after infection. Activity analysis at different time points during
infection showed that the inhibition was more pronounced at the beginning of the infection,
as it interferes with the synthesis of viral proteins [158].

Proteasome inhibitors are another class of virus inhibitory substances that can affect
different stages of the replication cycle of CHIKY, rotavirus, and vaccinia virus [159-161].
Many viruses have evolved to hijack the proteasome machinery to make their replication
more efficient, as this pathway is essential for cellular processes such as the cell cycle,
immunity, and autophagy [162-164]. These drugs are described in the literature as acting
at different stages of the viral replication cycle, both in protein expression [165], matu-
ration [166] and budding [167,168]. For MAYV infection, the compounds MG132 and
lactacystin have been shown to modulate the synthesis of E1 and nsP1, constituting critical
steps during the replicative cycle. This drug activity reduces the amount of infectious viral
particles produced in in vitro assays [77]. Another study with EEEV and VEEV compared
the effectiveness of MG132 with another proteasome inhibitor, Bortezomib, which is FDA-
approved to treat some forms of myeloma and lymphoma. In an in vitro model, there was
a decrease in viral genomic copies, possibly due to interference by the ubiquitination of the
viral capsid, preventing viral RNA from going into the cell’s cytoplasm [169]. Furthermore,
MG132 also showed activity in the inhibition of additional targets, like certain lysosomal
cysteine proteases, calpains, and cathepsins [170].

Another example is a plant-derived compound, silymarin, obtained from Silybum marianum.
This substance acts on MAYV replication with a SI = 29.6, but the mechanism of action
remains to be elucidated. One hypothesis that explains the anti-MAYV activity of silymarin
in vitro is the modulation of cellular oxidative stress triggered by viral infection, decreasing
the formation of ROS and, consequently, the levels of MDA (malondialdehyde) and protein
carbonyl [171]. The efficacy of silymarin was assayed in a non-lethal model of disease in
BALB/C mice [172,173]. In addition to the drastic decrease of viral infection in various
organs (e.g., liver, spleen, brain) and serum, there was a control of the oxidant activity
caused by the virus (carbonyl protein and MDA) and an increase of antioxidants (catalase,
glutathione, and SOD activity). Thus, protection of the liver (ALT and AST activity) and
other organs and the controlling of pro-inflammatory factors like IFN-b, TNF, IL-6, and
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IL-1B were also observed [28,173-175]. The in vivo (mouse model) as well as in vitro cell
assays findings support the hypothesis that the modulation of MAYV-induced oxidative
stress increases disease severity [176].

Other cellular factors that appear to be necessary for efficient replication of MAYYV,
at least in a cell model, are the mitogen-activated protein kinases (MAPKs) [177]. These
proteins are involved in several cell cycle stages, like proliferation, growth, cytokine produc-
tion, and stress response, controlling and regulating transduction signaling pathways [178].
It has been shown that the main pathway of MAPKs involved in MAYV replication is p38
since the addition of the p38 inhibitor (SB203580) leads to a severe reduction in infection
and the production of viable particles [177]. Studies carried out with enteroviruses [179]
and SARS-CoV-2 [144] found that this pathway interferes directly with the synthesis of viral
proteins. When treating MAYV infection with two compounds that act on this pathway,
NR-7h (which blocks several isoforms of p38) and losmapimod (a compound used in
Phase 2 clinical study for the treatment of individuals with facioscapulohumeral muscular
dystrophy, which blocks p38) there is a reduction in the expression of E1 [177].

Another family of protein kinases, the proviral integration sites of Moloney murine
leukemia virus (PIMs), was evaluated during MAYV infection [180]. PIMs act in different
cellular pathways, including migration, metabolism, and proliferation, and are closely
linked to the prognosis of some cancers, such as colon, pancreatic and prostatic [181-183].
Studies using an in vitro model have shown that PIM 1 inhibitor 2 (isoform 1 only) and
AZD1208 (pan-PIM kinase inhibitor for all PIM isoforms) show decreased rates of MAYV
infection, viral progeny and protein synthesis of E1 and nsP1 [184]. This activity was
verified during ZIKV and UNAYV infections but not in CHIKV [185,186].

4. Conclusions

In this review, we describe compounds that are potentially effective against MAYV
infection. They include synthetic molecules extracted from natural products as well as
approved medicines already used to treat other diseases. Drug repurposing seems to
be a promising strategy since the toxicity parameters have already been determined for
use in humans, making the final approval by regulatory agencies faster than with other
drugs. Still, non-commercial compounds (synthetic or extracted from plants) do not have
safety test data, as most are in the preclinical development stages. Despite this, chemical
engineering can benefit and improve molecules that have promising inhibitory results,
both the synthetic ones and those isolated from natural extracts. Chemical engineering of
molecules could lead to reduced toxicity, as well as high antiviral activity in drugs.

Considering that MAYV infection causes an acute and debilitating disease and the
recent spread of this virus to broader regions in Brazil and South America [10,14,187-189],
there is an urgent need for effective anti-MAYV compounds. Additionally, the lack of
knowledge on the precise mechanism of MAYV replication and pathogenesis makes this
neglected emergent virus a potential threat to all tropical and sub-tropical areas of the globe.
Finally, further studies on MAYV replication and pathogenesis, including animal models,
are essential for the future development of new, effective, and safe anti-MAYV drugs.
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3. CAPITULO 2 - IDENTIFICAGAO E CARACTERIZAGAO IN VITRO DA
ATIVIDADE ANTIVIRAL DE COMPOSTOS QUIMICOS SINTETICOS CONTRA
O MAYARO VIiRUS

Neste segundo capitulo sdo apresentados os dados de triagem, identificacado e
caracterizacgao in vitro da atividade antiviral de compostos quimicos sintéticos contra o
MAYV. Estes dados, apds serem discutidos durante a defesa da tese, serao publicados
em revista ainda nao definida.

Assim, aqui demonstramos a triagem de varias classes de compostos, dentre eles,
flavondides (naringenina e crisina, além de compostos derivados), carbamatos e alguns
compostos da biblioteca FDA n°5932. 4 compostos foram classificados como mais
promissores e, com eles, avangamos com alguns testes de mecanismo de acéo durante

o ciclo de replicagao de MAYV. Todos os dados podem ser analisados abaixo.
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4. OBJETIVO
Avaliar a atividade antiviral de compostos comerciais aprovadas para uso em
humanos pela agéncia federal de administragédo de alimentos e medicamentos dos
Estados Unidos (do inglés, Food and Drug Administration — FDA) e compostos sintéticos

purificados, em modelo in vitro, na inibicao da infec¢ao pelo MAYV.

4.1. OBJETIVOS ESPECIFICOS

4.1.1 Analisar a citotoxicidade das substancias usando um sistema de triagem de
alto rendimento (/HTS) por imagem (imunofluorescéncia indireta - IFI);

4.1.2 Padronizar e validar ensaios de triagem de atividade antiviral por iHTS
contra infecgdes por MAYV;

4.1.3 Determinar a atividade antiviral das substancias por iHTS anti- MAYV;

4.1.4 Determinar valores de concentracao citotoxica para 50% das células (CCso),
concentracao inibitéria de 50% da infecc¢éo viral (ICs0) e o indice de seletividade (IS)
para a definigdo das substancias que apresentarem melhor atividade;

4.1.5 Analisar a atividade virucida dos compostos selecionados;

4.1.6 Realizar ensaios de atividade antiviral com os compostos selecionados
utilizando diferentes cepas virais do MAYV;

4.1.7 Realizar ensaios de atividade antiviral dos compostos selecionados em
diferentes linhagens celulares relevantes para o ciclo de transmissédo viral e
patogénese;

4.1.8 Identificar os possiveis mecanismos de acao das substancias com maior

atividade no processo de inibigdo da infecgao.
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5. MATERIAIS E METODOS

5.1. CELULAS, CEPAS VIRAIS E COMPOSTOS

As linhagens celulares utilizadas nesse estudo foram: C6/36 (Aedes albopictus;
ATCC CRL-1660), Vero E6 (macaco verde africano; ATCC CRL-1586), A549
(adenocarcinoma alveolar humano, ATCC CCL-185), Huh-7.5 (hepatocarcinoma
humano; ATCC PTA-8561), A172 (glioblastoma humano; ATCC CRL-1620), SH-SY5Y
(neuroblastoma humano; ATCC CRL-2266), THP-1 (leucemia monocitica aguda
humano; ATCC TIB-202) e macréfagos derivados de THP-1 (Tabela 1). A diferenciagao
de THP-1 em macréfagos derivados de THP-1 foi induzida com 100 ng/ml de phorbol
myristate acetate (PMA) por 48h. Todas as linhagens celulares supracitadas estéo

disponiveis no laboratério de Virologia Molecular do ICC/Fiocruz.

Tabela 1: Linhagens celulares utilizadas durantes os experimentos e suas condi¢gdes para

cultivo.
Célula Meio de cultivo Suplementacao Cultivo
C6/36 Leibovitz L15 5% de soro bovino fetal (SBF) 28°C
25 pg/ml de gentamicina
0,26% de triptose
Vero E6 DMEM/F-12# 10% de SBF 37°C
A549 14 mM de NaHCO3 5% de CO:
Huh-7.5 100 Ul/ml de penicilina
A172 100 pg/ml de estreptomicina
SH-SY5Y
THP-1 RPMI-1640* 2 mM glutamina 37°C
Macrofagos 10% de SBF 5% de CO..
derivados de 100 Ul/ml de penicilina
THP-1 100 pg/ml de estreptomicina

0,25 ug/ml anfotericina B
0,05 mM de B-mercaptoetanol

# Eagle modificado por Dulbecco/mistura nutriente F12 (DMEM/F-12)

*Roswell Park Memorial Institute media 1640 com 2 mM L-Glutamine (RPMI-1640;
Catalog #: BE12-702F; Lonza)

O estoque da cepa viral MAYV gendtipo D (MAYV_D) pertencente ao banco de
virus do Laboratério de Virologia Molecular do ICC/Fiocruz/PR e da cepa viral MAYV

BeAr20290 (GenBank numero KT754168) que foi generosamente cedida pela Dra.



44

Alessandra Abel Borges do Laboratério de Pesquisa em Virologia e Imunologia
(LAPEVI) da Universidade Federal de Alagoas de Maceio/AL, foram amplificados em
células C6/36 e titulados na mesma célula através do ensaio de formacao de placa (ver
protocolo 5.3).

Os compostos naringenina (pureza >95%; SC-203443; Santa Cruz
Biotechnology), crisina (pureza = 97%; C80105; Sigma-Aldrich) e ribavirina (Sigma-
Aldrich, St. Louis, MO, USA) foram diluidas a 20 mM em dimetilsulféxido 100% (DMSO
— Sigma-Aldrich). Interferon a-2A (IFN-a 2A; Blau Farmacéutica, Cotia, SP, Brazil) foi
diluida & 1000 Ul/ml. Os demais compostos (flavondides derivados de naringenina ou
de crisina e carbamatos) utilizadas na triagem foram sintetizadas pelo Dr. Mauro Vieira
de Almeida da Universidade Federal de Juiz de Fora e diluidas em DMSO 100% (anexo
I). A biblioteca Tocriscreen de compostos aprovados pelo FDA numero 5932 foi
adquirida e esta alocada no laboratério de Virologia Molecular do ICC/Fiocruz/PR
contendo 159 compostos a 10 mM diluidos em DMSO 100%, conforme recomendacao

do fabricante.

5.2. VALIDAGAO DOS ESTOQUES VIRAIS POR RT-PCR

Apos a produgdo dos estoques virais de MAYV_D, o RNA viral foi extraido via
QlAamp Viral RNA mini Kit (Qiagem) e transformado em DNA complementar (cDNA)
através da ImProm Il Reverse Transcription System kit (Promega), segundo instru¢des
dos fabricantes. Através do cDNA, foram realizados varios ensaios de reacao em cadeia
da polimerase (RT-PCR) utilizando iniciadores e ciclagem, segundo a Tabela 2 e seus
respectivos artigos de referéncia. Os iniciadores para flavivirus genérico, aura virus e
denso virus foram utilizados para verificar possiveis virus contaminantes no estoque
viral. O produto de PCR amplificado através dos iniciadores Alpha 1+ e Alpha 1- com o
cDNA de MAYV_D foi purificado utilizando High Pure PCR Product Purification Kit
(Roche), seguindo recomendacgdes do fabricante e sequenciados através do método
Sanger utilizando o equipamento ABI3500 na WEMSeq Biotecnologia. As sequéncias
obtidas de MAYV_D foram comparadas com o banco de dados GenBank usando a
ferramenta Blast
(https://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastn&PAGE_TYPE=BlastSearch
&LINK_LOC=blasthome).
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Tabela 2: Lista de iniciadores e ciclagem utilizada para validagdo dos estoques virais por RT-

PCR.
Gene Alvo  Nome Iniciador Sequéncia (5’ - 3’) Ciclagem
Alfavirus 94°C — 2 min
_ GAY GCI TAY YTI GAY ATG
genérico nsP4  Alpha 1+ 94°C-30s

, GTI GAI GG
(SANCHEZ- 52°C — 1 min 40x
KYT CYT CIG TRT GYT TIG TIC
SECO, M. Paz etAlpha 1- 72°C — 1 min
CIGG _
al., 2001) 72°C — 5 min
GAY YTI GGI TGY GGl IGI GGl
. Flavi 1+ RGI TGG _
Flavivirus 94°C — 2 min
. TCC CAI CCI GCIRTR TCR TCI
genérico nsS . 94°C-30s
) Flavi 1- GC
(SANCHEZ- 47°C — 1 min 40x
YGY RTI YAY AWC AYS ATG
SECO, M. P. et . 72°C —1 min
Flavi 2+ GG _
al., 2005) 72°C — 5 min
CCA RTG ITC YKY RTT IAl RAA
Flavi 2- ICC
95°C-15s
Panalpha F1 TCA GCA GAA GAY TTYGAY _
55°C (-1°C/ciclo) -
GC
Alfavirus 20 s (10x)
. Panalpha R1 CGTCCATGATYTTIACYT
genérico nsP4 72°C-30s
CCAT
(HERMANNS et 95°C-15s
Panalpha F2 CCT GTA CTR GAR ACI GAY
al., 2017) 45°C -20s [ 35x
AT
72°C-30s
Panalpha R2 ACATTC CAGAYTTCATCAT
72°C — 5 min
95°C — 1 min
TAGATGCCAGAAAATGCGTAA
Aura virus nsP2 95°C-30s
AURAYV 5F AAAGAG
(MOSIMANN et 50°C — 1 min 35x
ATAGTCATTCCCCGCATTTTC
al., 2018) 72°C — 1 min
AURAYV 6R TGG
72°C — 5 min
93°C — 3 min
) AAT CGA GAA ACA GCA
Denso virus ns2 DNV 3F 93°C-30s
TAC TACACATTG GT
(MOSIMANN et 50°C —30s [ 40x
TTT ATT TCC ATA GAT ATT
al., 2011) DNV 3R 72°C-30s

GAC TGTTTC GAT
72°C — 5 min
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5.3. TITULAGAO VIRAL POR FORMAGAO DE PLACA

Para avaliar a quantidade de particulas virais viaveis utilizamos o ensaio de
titulagao por formacgdo de placa. Consiste em infectar células C6/36 (1x10° células por
poco) com varias diluicdes seriadas (1:10) do material a ser utilizado (estoque viral ou
sobrenadante celular infectado). Apds as diluigbes, é inoculado 0,4 ml em cada pogo e
incubado por 1 h a 28 °C. Ao findar o tempo de incubacao, o tapete celular é lavado com
PBS e adicionado meio de cultivo semi-sdlido (mistura 1:1 de 3,2% CMC e meio de
cultivo L-15 acrescido de SBF e antibidtico) para incubagao a 28 °C por 7 dias. Apos
esse periodo inicia-se a revelagao, retirando o meio semissolido, lavando 3 vezes com
PBS, fixando o tapete celular com 0,5 ml de parafolmoldeido a 3% e corando-0 com
cristal violeta a 2%. Apds a retirada do corante e lavangem abundante com agua, as

placas formadas foram contadas e o titulo viral, em pfu/ml, foi obtido utilizando:

T=P XIXD
Onde P é a quantidade de placas contadas; | o volume do inéculo em ml; e D

corresponde a diluigdo onde foi realizada a quantificacao das placas.

5.4. PADRONIZAGAO DO ENSAIO DE TRIAGEM DE ANTIVIRAIS ANTI-
MAYV

A permissividade de MAYV_D nas linhagens C6/36, Vero E6, A549, Huh-7.5, A172
e SH-SY5Y e Macréfagos derivados de THP-1 foi avaliado através de IFI em iHTS
utilizando 1x10* células/pogo semeadas em placas de 96 pogos. As células foram
infectadas com MOl de 0,1, 1 e 10 de MAYV_D e incubadas por diferentes tempos (24h,
48h ou 72h). Apos cada tempo de incubacao, as placas foram fixadas, marcadas e
analisadas através do ensaio de Imunofluorescéncia Indireta (IFl). Nucleos celulares e
porcentagem de infecgdo de MAYV_D foram avaliadas através da marcagdao com DAPI
e mAb 1G1 seguido anticorpo anti-IgG de camundongo conjugado com Alexa Fluor 488,
respectivamente (ver protocolo de IFI no item 5.5).

Para a linhagem THP-1 foi utilizado citometria de fluxo (ver protocolo de citometria
de fluxo no item 5.6) para avaliagédo da permissividade utilizando 2x10° células/pogo em
placas de 24 pocos utilizando as mesmas condigdes de infec¢ao supracitadas (24h, 48h
e 72h).

Determinamos que, a linhagem celular base do nosso teste de triagem deve ser
aquela com maior relevancia bioldgica, tanto em ser permissiva ao virus, tanto como ser

sensivel a alteragdes citotoxicas dos compostos. Assim, iniciamos a padronizagao da
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infecgdo das células Huh-7.5 com MAYV para /HTS. 1 e 2x10* células/pogo foram
semeadas em placas de 96 pocos e infectadas com diferentes MOls (0,02, 0,1, 0,5, 2,5,
12,5) de MAYV e incubadas 24 e 48 h. Apds cada tempo de incubagéo, as placas foram
fixadas, marcadas e analisadas através do ensaio de IFI (item 5.5). Assim, definimos o
MOI de 0,5 por 24h a melhor condi¢ao de infec¢ao. Entretanto, a concentragao celular
no poco foi determinada através do ensaio de confiabilidade estatistica.

Através dos resultados obtidos, 3 experimentos independentes de confiabilidade
estatistica foram realizados para entéo verificar a homogenicidade da porcentagem de
infeccao viral em duas concentracdes de células por poco diferentes. Esse ensaio
consiste em utilizar placas de 96 pogos previamente semeadas com 1 ou 2x10*
células/poco e dividi-las em MOCK (sem infec¢do; negativo) e MAYV (infectado com a
melhor condig&o; positivo). Para determinar o valor de confiabilidade, foi utilizado o
calculo do Z score que é definido pela equacao:

Z = ([B@xop)+ (B xon)])/|up — un

Onde o é o desvio padréo e p € a média da porcentagem de infec¢do dos pogos
positivos (p) e dos negativos (n).

Utilizando as condigbes de infeccao padronizadas para os testes de triagem
(2x10* células Huh7.5 infectadas com MOI 0,5 por 24 h), determinamos a concentragéo
de uso da ribavirina e do IFN-a 2a para, assim, serem empregados como controles in
vitro de atividade anti-MAYYV. Para isso, diferentes concentragdes de cada composto (40
— 1,25 uyM e 4000 — 31,25 Ul/ml para ribavirina e IFN-a 2a, respectivamente) foram
incubadas com MAYV MOI 0,5 por 24 h. Prosseguiu-se com a IF| e aquisi¢ao dos dados
de quantificagdo nuclear e porcentagem de infeccao.

Com o sistema de triagem padronizado, avaliamos duas metodologias de infecgao
(técnica classica em virologia e a técnica utilizada em triagem de compostos em grande
escala por sistema iHTS), descritas na figura 1. A diferengca entre os métodos é a
retirada ou nado do indculo viral apdés a incubacdo da infecgdo. Para tal teste,
comparamos o desempenho de 2 compostos em diferentes concentra¢des (200, 100 e
50 uM) e analisamos por IFI (protocolo do item 5.5). Valores de quantificagéo nuclear e
porcentagem de infecgao, tanto absolutos como normalizados, juntamente com seus
desvios padroes, foram analisados para determinar a metodologia que foi utilizada para

o sistema de triagem.
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Figura 1: Metodologias de infec¢ao de Huh-7.5 com MAYV para triagem de compostos em iHTS.
As células previamente semeadas foram, em A, infectadas utilizando a metodologia classica de
virologia que consiste em adicionar o inoculo viral (MAYV MOI 0,5) juntamente com o composto
diluido em meio de cultivo sem SBF, incubar por 90 minutos, lavar 3 vezes com PBS, adicionar
o0 composto diluido em meio de cultivo com SBF e fixar apds 24 h. Em B, esta representada a
metodologia utilizada em triagem de compostos por iHTS, onde o MAYV e o composto séo
diluidos em meio de cultivo com SBF, incubados com as células por 24 h e entéo fixados. Apos

a fixagdo de ambas metodologias, a IFI foi realizada e analisada como ja descrita.

5.5. IMUNOFLUORESCENCIA INDIRETA (IFl) PARA IHTS

Os ensaios de IFI foram realizados em formato de placas de 96 cavidades, tendo
2x10* células semeadas por pogo de Huh-7.5. Estas células foram infectadas com
MAYV_D MOI 0,5, na presenca ou auséncia dos compostos em teste. 24 horas pos
infecgéo (24 h.p.i.), cada poco em teste é fixado com 200 pL/pogo de metanol-acetona
(1:1) e incubadas a -20°C por 1 hora. 100 pL/pogo do mAb 1G1 (monoclonal
desenvolvido utilizando a proteina E2 de CHIKV que reconhece cruzadamente outros
alfavirus artritogénicos, como o MAYV) diluido 1:100 em PBS-BSA1% (solugao salina
fosfatada tamponada com 1% albumina sérica bovina) foi incubado por 1 hora a 37°C.
Apés trés lavagens com PBS-T (solucdo salina fosfatada tamponada com 0,05% de
Tween 20), anticorpo anti-lgG de camundongo conjugado com Alexa Fluor 488 (Alexa
488; Sigma-Aldrich) e DAPI (4’.6-diamidino-2-phenylindole) foram diluidos 1:1000 e 0,3
mM, respectivamente, em PBS-BSA 1% e incubados por 1 horas a 37 °C, seguido por
trés lavagens e adi¢ao de PBS (solugéo salina fosfatada tamponada). As imagens foram
capturadas com o equipamento Operetta CLS High-Content Analysis System
(PerkinElmer, Massachusetts, EUA) utilizando 8 campos na objetiva de 20x ndo confocal
e analisadas através do Harmony High Content Imaging and Analysis Software
(PerkinElmer). Quantificagéo de nucleos e porcentagem de infeccao de MAYV_D foram

avaliadas através da marcacdo com DAPI e Alexa Fluor 488, respectivamente.
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5.6. CITOMETRIA DE FLUXO

Apos o tempo de incubacao apds a infeccao de MAYV (24h ou 48h), as células
foram recuperadas por centrifugagdo (2500 rpm por 5 min), bloqueadas com 200
uL/pogo de tampao bloqueio (PBS + 5% SBF + 1% soro humano) por 20 minutos a
temperatura ambiente. Apds a incubagéao, as células foram centrifugadas e fixadas com
100 uL de Citofix/Citoperm (BD Biosciences, USA) por 20 min em TA. Apds nova
centrifugacao seguiram-se trés lavagens com solucao de Perm/Wash (200 uL/pogo) e
incubacao com o anticorpo mAb 1G1 (diluido 1:100 em Perm/Wash — BD Biosciences)
por 30 minutos a 37 °C. Lavou-se trés vezes com Perm/Wash e incubou-se com
anticorpo anti-IgG de camundongo conjugado com Alexa Fluor 488 diluido 1:400 em
Perm/Wash nas mesmas condi¢gdes anteriores. Ao fim, as amostras foram lavadas trés
vezes com PBS e recuperadas em 200uL/pogco de PBS para analise imediata por
citometria de fluox. A quantificacao das células infectadas foi realizada no equipamento
BD FACS Canto Il (BD Biosciences, USA) e os dados de porcentagem de infecgao

analisados com o software FlowJo versao 10.

5.7. TRIAGEM DE COMPOSTOS ANTIVIRAIS ANTI-MAYV

Apds a padronizagdo da metodologia de iHTS, os flavondides, carbamatos e os
compostos da biblioteca aprovada pela FDA foram triados em diferentes concentragdes
(200, 100 e 50 uM) frente a infeccdo de MAYV_D. Como controles de atividade antiviral
do teste, utilizamos os compostos ribavirina (20 uM) e IFN-a 2A (1000 Ul/ml). Tanto os
compostos em teste, bem como os controles, de forma individual, foram acrescidos ao
in6culo de MAYV_D MOI 0,5. Assim, cada mistura (composto + virus) foi incubada em
2x10* células/pogo de Huh-7.5 semeadas em placas de 96 pogos. 24 h.p.i., as placas
foram fixadas e prosseguiu-se com a IFI, captura e analise da infecgao e quantificagao
nuclear das diluicbes testada para cada composto (conforme item 5.5).

O primeiro critério utilizado para a selegdo dos compostos candidatos com
atividade anti-MAYV foi através de grafico de dispersao dos resultados normalizados.
As concentragcdes que apresentaram mais de 80% de reducdo da porcentagem
normalizada de infecgao viral e 80% de viabilidade celular normalizada por quantificacao
de nucleos foram selecionadas para o préoximo teste. Para aqueles compostos que
obtiveram resultados dentro dos limites estabelecidos acima foi determinado o indice de
seletividade (IS), através do ensaio curva dose-resposta. O ensaio se baseia em avaliar
8 diferentes concentragdes de cada composto (800, 400, 200, 100, 50, 25, 12.5 € 6.25
uM) por meio da porcentagem normalizada dos valores de quantificacdo nuclear e

infeccao, sendo o indice de seletividade (IS) definido por:
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_ CC50
~IC50

Onde o CC50 é a concentragédo citotoxica para 50% das células calculado a partir

IS

dos dados normalizados da quantificagdo nuclear do controle MOCK e IC50 ¢é a
concentragao inibitéria de 50% da infecgdo viral calculado a partir dos dados
normalizados da porcentagem de células infectadas do controle MAYV_D. A partir dos
valores de IS, determinamos os compostos candidatos com atividade anti-MAYV mais
promissores. Para cada classe de composto (flavonas, flavononas, carbamatos e
biblioteca FDA) foram selecionados no maximo dois compostos dos quais possuiram os
maiores IS. Tais compostos selecionados passaram por teste confirmatério visual da
imagem adquirida a fim de confirmar a normalidade da morfologia nuclear, via marcacao
de DAPI. Ao fim dessas avaliagbes dos critérios por nés definidos, obtivemos 4

compostos promissores anti-MAYV: naringenina, LLA9A, crisina e éster C6.

5.8. DETERMINAGAO DA DOSE MAXIMA NAO TOXICA DOS COMPOSTOS
CANDIDATOS ANTI-MAYV

Um total de 2x10* células/pogo de Huh-7.5 foram tratadas durante 24 h com 6
diferentes concentragdes (400, 200, 100, 50, 25 e 12.5 uM) de cada composto candidato
anti-MAYV (naringenina, LLA9A, crisina e éster C6). Ao término do periodo de
tratamento, cada poco foi fixado com 200 ul de metanol-acetona (1:1) por 1h a -20 °C.
O fixador foi descartado e as células marcadas com DAPI (0,3mM) diluido em PBS-
BSA1% por 1h a 37 °C e a captura das imagens foram nas mesmas condigbes descritas
para a IFl. A andlise consistiu em determinar e discriminar, através da intensidade da
marcagao nuclear, as células saudaveis daquelas em processo de morte celular. Para
isso, determinamos um ponto de corte, através da intensidade média de marcacao
nuclear das células nao tratadas. Assim, utilizou a seguinte equagéo:

IMV = IMN + (3 X ont)

Onde IMV ¢é o ponto de corte da intensidade da marcacao nuclear com DAPI
definido pela intensidade média do controle nao tratado (IMN) adicionado trés vezes o
seu desvio padrao (ont). Assim, os valores da intensidade de cada célula que estiver
acima do IMV foram considerados nao viaveis.

A partir desse valor, obtivemos a porcentagem de células, na area analisada,
consideradas nao viaveis e, com isso, normalizamos os dados calculando a

porcentagem de viabilidade para cada concentracao através da equacéo:
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% viabilidade = 2"
(cpt — cnt)

Onde X é a porcentagem de células n&o viaveis da condi¢cdo avaliada e os
controles (c) sdo a porcentagem de células n&o viaveis nos pogos nao tratados (nt) e
tratados com DMSO 20% (pt). A maior concentragdo de cada composto analisado que
possui valor maior que 80% de viabilidade e 80% de quantificagao nuclear foi definido
como a DMNT.

Com o objetivo de confirmar a DMNT realizamos o ensaio de morte celular
utilizando os marcadores Annexin-V (FITC) e 7-AAD (BD Biosciences, San Jose, CA,
USA) para marcagéo celular. Assim, Huh7.5 (1x10° células por pogo em placas com 24
cavidades) foram tratadas por 24h com 6 concentra¢des de cada composto candidato
(naringenina, LLA9A, crisina e éster C6), que variou de acordo com o resultado obtido
no ensaio de DMNT através do sistema iHTS. Assim as doses testadas foram 3200,
1600, 800, 400, 200 e 100 yM para naringenina, 800, 400, 200, 100, 50 e 25 uM para
LLA9A, 400, 200, 100, 50, 25 e 12.5 uM para crisina e éster C6. Como controle de morte
celular utilizamos temperatura, expondo as células a 56 °C por 30 minutos. Apds a
incubacao, as células foram tripsinizadas, marcadas com Annexin-V (FITC) e 7-AAD,
conforme orientagdes do fabricante. Os dados foram coletados utilizando citometria de
fluxo (FACS Canto Il; BD Biosciences, Sao Jose, CA, USA) e analisados no software
FlowJo. As células consideradas como viaveis foram aquelas que, ao analisadas,

mostraram-se duplo negativa para ambos os marcadores.

5.9. ENSAIO VIRUCIDA

Em um microtubo foram incubados a 37 °C um mix contendo 2x10° pfu/ml de
MAYV_D e a DMNT de cada composto candidato anti-MAYV (naringenina, LLA9A,
crisina e éster C6), em um volume final de 100 pul. Ao passar 1 h, prosseguimos o ensaio
virucida dos compostos por meio do ensaio de titulagao por formacao de placas (ver
item 5.3), conforme descrito previamente (FERRAZ et al., 2019). Brevemente, a mistura
(virus + composto) foi diluido em meio de cultura e, diferentes diluicbes da mistura foram

inoculadas em células C6/36.

5.10. ENSAIO DE TEMPO DE ADIGAO

No ensaio de triagem de compostos anti-MAYV as substancias candidatas
(naringenina, LLA9A, crisina e éster C6) foram avaliadas quanto o efeito tanto na

entrada quanto durante a replicagdo viral (composto adicionado durante e apds a
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infeccao). Visando melhor determinar 0 momento em que os compostos atuam
realizamos o ensaio de tempo diferencial de adicao dos compostos na infecgdo. Assim,
em placas de 96 pogos semeadas previamente com 2x10* células Huh-7.5 adicionamos
as substancias em diferentes tempos para determinar em qual momento ocorre a
atividade antiviral (pré tratamento, durante infecgdo, durante/pds, pds infecgao),
conforme esquematizado na figura 2. O pré tratamento consistiu em expor as células a
DMNT de cada substancia por diferentes tempos (2 h, 4 h, 8 h, 16 h, 24 h) antes de
infecta-las (no tempo 0 h) e, apds essa incubagao, as células foram mantidas em meio
de cultivo por 24 h. No tratamento durante infeccdo a DMNT de cada composto foi
adicionado ao mesmo tempo que o inoculo viral (0 h), dos quais ficaram em contato com
as células pelo mesmo periodo (1h30"), lavadas e adicionado meio de cultivo, sem o
composto, seguido por 24h de incubagao. Ja no tratamento pds infecgao, apds ocorrer
a infeccao viral (sem a presenca do composto), o indculo viral foi retirado das células
(tempo 1h30’°), o tapete celular lavado e a DMNT de cada composto candidato foi
adicionada e incubadas durante 24 h em meio fresco. A infecgao durante/pds infeccao
foi utilizado como controle do experimento, pois mimetiza o ensaio de triagem em que
selecionamos os compostos mais promissores. Em todas as formas de tratamento a
infeccao foi realizada utilizando MAYV_D MOI 0,5 durante 1h30’ e, apés decorridas 24

h.p.i., as células foram fixadas e prosseguiu-se com a IFI.
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Figura 2: Metodologia utilizada no ensaio de tempo de adi¢do dos compostos candidatos anti-
MAYV. Cada linha, representada na figura acima, demonstra um tratamento diferente. O pré
tratamento consiste em adicionar os compostos e incuba-los por2 h, 4 h, 8 h, 16 h € 24 h antes
da infecgao; tratamento durante infecgdo consiste em submeter as células aos compostos
apenas durante a infecgdo (tempo 1h30’); o tratamento pds infecgdo consiste em adicionar o
composto apenas apds a retirada do inéculo viral (tempo 1h30’) e incubado por 24h; e o
durante/pds representa a uniao dos tratamentos durante infec¢do e pds infecgéo. Linha em cor
cinza corresponde o tempo pds semeadura das células na placa, cor preta o periodo de
tratamento, cor vermelha a infecgdo sem tratamento e na cor verde o meio de cultivo adicionado
sem tratamento. Em todos os tratamentos, a infecgao ocorreu no tempo 0 h e permaneceu até o
tempo de 1h30'.

5.11. ENSAIO DE ADSORGAO VIRAL

A avaliagdo da capacidade dos compostos candidatos anti-MAYV (naringenina,
LLA9A, crisina e éster C6) de interagir na adsorg¢ao viral foi definida utilizando placas de
96 cavidades previamente semeadas com 2x10* células Huh-7.5 por pogo. Inoculamos
MAYV_D MOI 0,5 conjuntamente com a DMNT das substancias pertencentes ao hit anti-
MAYV e incubamos por 1h30’ a 4 °C. Decorrida a incubagao, o tapete foi lavado,
adicionamos meio de cultivo e, apds 24 h.p.i. a 37 °C, fixamos com metanol-acetona e
prosseguimos com a IFl conforme descrito no subitem 5.5. O sobrenadante foi

submetido a titulagdo conforme descrito no subitem 5.3.

5.12. ENSAIO DE INTERNALIZAGAO VIRAL

O ensaio de internalizagéo viral consiste em infectar com MAYV_D MOI 0,5 as
células Huh-7.5 previamente semeadas em placas de 96 cavidades por 1:30h a 4 °C.
Passada a incubacéo, adicionamos cada composto candidato anti-MAYV (naringenina,
LLA9A, crisina e éster C6) na DMNT e incubamos por 1:30 h a 37 °C. Apds essa

segunda incubacgao, lavamos o tapete celular com PBS e tratamos com tampao citrato
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(40 mM acido citrico, 10 mM de cloreto de potassio, 135 mM de cloreto de sdédio, pH 3)
por 1 minuto. Novamente lavamos e meio de cultivo foi adicionado, incubamos por 24 h
a 37 °C, fixamos com metanol-acetona e prosseguimos com a IFI conforme descrito no
subitem 5.5. O sobrenadante foi submetido a titulacdo conforme descrito no subitem

5.3.

5.13. TESTE DE EFICACIA ANTIVIRAL EM INFECGAO ESTABELECIA

Este teste consiste em infectar 2x10* células Huh-7.5 com MAYV_D MOI 0,5
durante 1h30’. Apds esse periodo, o inéculo foi retirado, as células lavadas com PBS e,
em diferentes tempos pos-infecgao (Oh, 2h, 4h e 6h), foi adicionado os compostos
candidatos anti-MAYV (naringenina, LLA9A, crisina e éster C6) nas suas DMNT,
conforme figura 14A. Ao se passar 24hpi e lavagem, as células foram ent&o fixadas com
metanol-acetona e prosseguiu-se com a IFl conforme descrito no subitem 5.5. O

sobrenadante foi submetido a titulagcdo conforme descrito no subitem 5.3.

5.14. TESTE DE EFICACIA ANTIVIRAL EM OUTRAS LINHAGENS HUMANAS

A fim de verificar se os compostos candidatos anti-MAYV (naringenina, LLA9A,
crisina e éster C6) podem atuar de forma independe do tipo celular, analisamos a agéao
destes em outras linhagens de células humana, a A549 (células de adenocarcinoma
humano do epitélio alveolar basal) e a SH-SY5Y (células de neuroblastoma humano).
Com isso, determinamos como melhor condi¢ao de infecgdo MOI 1 por 24h para ambas
linhagens. Assim, 2x10* células A549 e SH-SY5Y foram adicionadas em cada pogo de
placas com 96 cavidades e infectadas com MAYV_D conforme determinado acima.
Apds 1h30’, as células foram lavadas com PBS e adicionado meio de cultivo contendo
cada composto candidato anti-MAYV na DMNT. Apds 24 h.p.i. a 37°C, fixou-se o tapete
celular com metanol-acetona e prosseguiu-se com a IFl conforme descrito no subitem

5.5. O sobrenadante foi submetido a titulagdo conforme descrito no subitem 5.3.

5.15. TESTE DE EFICACIA ANTIVIRAL EM DIFERENTES CEPAS DE MAYV

Para verificar se a agdo de cada composto candidato anti-MAYV (naringenina,
LLA9A, crisina e éster C6) é cepa dependente, utilizamos cepas de gendtipos diferentes
de MAYV para este ensaio. Para isso, padronizamos a infecgdo da cepa BeAr 20290
(Figura 16A) em células Huh-7.5, utilizando diferentes MOls (12,5, 2,5, 0,5, 0,1 e 0,002)

e tempos de infecgao (24hpi e 48hpi). Definimos que a melhor condi¢ao de infeccdo nao
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deveria saturar o sistema, ou seja, a porcentagem de células infectadas deve estar
aproximadamente em 60%. Assim, determinamos MOI de 0,1 por 24h.

Com a padronizacao da infeccdo de ambas as cepas finalizada, demos
prosseguimos o teste de eficacia antiviral, utilizamos apenas o tratamento pds a infeccéo
(figura 1A). Assim, 2x10* células Huh-7.5 em placas de 96 cavidades foram infectadas
com as cepas MAYV_D ou BeAr20290 com MOI 0,5 e 0,1, respectivamente. Apos
1h30min a 37°C, as células foram lavadas com PBS e adicionamos a DMNT dos
compostos candidatos anti-MAYV. Ao fim das 24h de incubagédo a 37°C, fixou-se as
células com metanol-acetona e prosseguiu-se com a IFl conforme descrito no subitem

5.5. O sobrenadante foi submetido a titulagdo conforme descrito no subitem 5.3.

5.16. ANALISE ESTATISTICA

Os resultados foram avaliados estatisticamente pelo software Prism (GraphPad
Software, San Diego, CA) utilizando o teste de analise de variancia (ANOVA) seguido
por teste de Tukey (p<0,05). Para calculos de CC50 e IC50 foi utilizado analise de

regressao nao linear seguido do teste de inclinagao variavel.
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6. RESULTADOS

6.1 VALIDAGAO E CERTIFICAGAO DO ESTOQUE VIRAL MAYV-D

Antes de amplificar o estoque viral de MAYV_D foi realizada uma verificagao para
possiveis virus contaminantes e certificar a identidade da cepa de MAYV, conforme a
tabela 2. O ensaio de RT-PCR realizada a partir do RNA do estoque de MAYV_D para
o género flavivirus (figura 3A) e, para os virus especificos de células de mosquitos, aura
(Figura 3B) e densovirus virus (Figura 3C), foram negativos. Em relagdo ao resultado
com iniciadores do género alfavirus, o estoque de MAYYV foi positivo (Figura 3 D). Apds
a amplificacdo, o amplicon gerado pela RT-PCR com os iniciadores Alpha 1+ e 1- foi
purificado para a realizacao de sequenciamento nucleotidico (Figura 3E). O fragmento
de 453 pares de bases (pb) obtido através de amplificagdo demonstrou que se trata de
uma cepa genotipo D com 99% de identidade e cobertura com a cepa TRVL 15537
(KP842810.1). Assim, o estoque viral de MAYV_D foi amplificado e titulado em C6/36.

Esse lote apresenta titulo de 1.9x108pfucess/ml (Figura 3F).
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Figura 3: Amplificagcbes da RT-PCR para validagcéo do estoque viral de MAYV_D. Utilizando o
cDNA sintetizado a partir do RNA extraido das amostras de MAYV_D, demonstra-se os produtos
amplificados a partir dos iniciadores Flavi 2+ e 2- (A), AURAV 5F e 6R (B), DNV 3F e 3R (C),
Pan alpha F2e R2 (D), descritos na tabela 1. Em E, os produtos purificados das amplificacdes
com os iniciadores Alpha 1+ e 1 — C-: controle negativo da reacgéo utilizando agua; 1Kb:
marcador de peso molecular. Géis de agarose em 1% corados com brometo de etideo. Em F, a
metodologia de titulagdo por formacgao de placa em células C6/36 foi empregada para titulagéo
do estoque da cepa de MAYV_D. As diluigdes iniciaram em 10" até 1070, entretanto
demonstramos apenas os pogos utilizados para o calculo de titulo viral (10° e 10°6). MOCK:

controle negativo do ensaio de titulagdo. Cristal Violeta foi utilizado para coloragao.
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6.2 PADRONIZAGAO DO ENSAIO DE TRIAGEM ANTIVIRAL PARA MAYV
EM IHTS

As linhagens celulares C6/36, Vero E6, Huh-7.5, A172 e A549 foram permissivas
ainfecgao por MAYV_D (Figura 4A) e apresentaram infecgao produtiva (Figura 4C), com
diminuicdo na quantidade de nucleos da cultura de células infectadas quando
comparadas ao MOCK (Figura 4C). A linhagem THP-1 (Figura 4B-C) e de macréfagos

diferenciados de THP-1 foram refratarias a infecg¢éao (Figura 4A-C).
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Figura 4: Permissividade celular de diferentes linhagens celulares para o MAYV_D. E
demonstrado, em A, a imagem representativa da permissividade ao MAYV_D (MOI 0,1) de
culturas de C6/36, Vero E6, Huh-7.5, A172, A549 e macrofagos diferenciados de THP-1, por IFI
apos 72h de infecgcado. A THP-1, representada em B, foi avaliada através de citometria de fluxo
(MOI 0,1; 72h de infecgao). Dados de infecgao (C) e numero de nucleos por pogo para cada
linhagem (exceto para THP-1; D) sdo demonstrados para cada MOl testado (0,1, 1 e 10) e tempo
pos infeccao (24, 48 e 72 h.p.i.). Sdo demonstrados os dados de trés réplicas biolégicas em
triplicata técnica. Em azul, nucleos corados com DAPI e, em verde, MAYV_D marcado com
mAb1G1 seguido de anticorpo anti-lgG de camundongo conjugado com Alexa Fluor 488. MOCK:
células nao infectadas apos 72 h.p.i.; MAYV: células infectadas com MAYV MOI 0,1 e 72 h.p.i
Barras correspondem a quantificagdo nuclear e as linhas correspondem a porcentagem de
células infectadas; azul: MOCK; Vermelho: MOI 0,1; verde: MOI 1; lildas: MOI 10. Barra naimagem
MOCK C6/36 corresponde ao valor de referéncia de 100 um.

Escolhemos a linhagem Huh-7.5 para ser a célula base do nosso teste de triagem,
pois, além de ser permissiva ao MAYYV, ela é relevante biologicamente no metabolismo
dos compostos. Diferentes parametros foram analisados para a padronizagao do ensaio
de iHTS visando a triagem de compostos anti-MAYV, como: quantidades de células
Huh-7.5 (1 e 2x10* células/pogo); MOls (12,5, 2,5, 0,5, 0,1 e 0,02); e tempos de infecgao
(24 e 48 h.p.i.) (Figura 5A-B). As condigdes de infec¢ao foram determinadas a partir do
maior MOI e menor tempo de incubagdo em que n&o houve redugdo no numero de
nucleos contados, quando comparados com o MOCK (Figura 5B). Assim, o MOI 0,5 por
24h foi considerada a melhor condi¢ao de infecgéo, com média e desvio padrao de 25.31
% + 4,4 e 33.7 % + 6.3, para 1 e 2x10* células/pogo, respectivamente.

Ao calcular o valor médio de infeccao e indice Z para ambas quantidades de
células por meio do teste de confiabilidade estatistica (Figura 5C), temos: 29,87% de
células infectadas e Z score de 0,8304 para 1x10* células/pogo e 44.84% e Z score de
0,9044 para 2x10* células/pogo. Com isso, 2x10* células/pogo demonstrou melhor

desempenho estatistico quando comparado a 1x10* células/pogo.
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Figura 5: Padronizagao da infecgdo de Huh-7.5 com MAYV _D para ensaio de triagem por iHTS.
Duas quantidades diferentes de células (1 e 2x10* células/pogo) foram semeadas e infectadas
com MAYV_D por tempos (24 e 48 h.p.i.) e MOlIs (12,5, 2,5, 0,5, 0,1 e 0,02) diferentes. A
porcentagem de células infectadas (A) e a quantificacdo nuclear (B) foram analisadas por IFI.
Em C, mostramos o representativo do ensaio de confiabilidade estatistica utilizando meia placa
de 96 pocos nao infectada (MOCK) e meia placa infectada com as condi¢des padronizadas de
infecgdo de MAYV (2x10* células/pogo, MOI 0,5 por 24h). Nos graficos de barras A e B, em
vermelho MOCK, verde MOI 0,02, laranja MOI 0,1, marrom MOI 0,5, roxo MOI 2,5, azul MOI
12,5. Nas imagens (C), em azul marcacgéo nuclear com DAPI e em verde marcacéo de MAYV
utilizando mAb 1G1 seguido de anti-IgG de camundongo conjugado com Alexa Fluor 488. A barra
na imagem C, corresponde a 1Tmm. Os dados expressos correspondem a valores médios com
os respectivos desvios padrdo de trés experimentos independentes em ftriplicata técnica.
Diferenga significativa representada por (*) quando p<0,001 e (#) quando p<0,05 ao comparar o
grupo nao infectado (MOCK) correspondente, analisando os dados usando ANOVA seguido por

teste de Tukey, de trés réplicas biologicas em triplicata
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Os compostos ribavirina (Figura 6A) e IFN-a 2a (Figura 6B) foram testados em
diferentes concentragbes para determinar a dose de uso que inibe mais que 80% da
infecgéo viral por MAYV_D e tenha no minimo 80% de viabilidade celular por
quantificagao nuclear. Assim, utilizaremos 20 uM de ribavirina e 1000 Ul/ml de IFN-a. 2a
como controles positivos de atividade anti-MAYV durante todos os seguintes testes in

vitro.
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Figura 6: Determinacdo da concentragdo de uso dos controles de atividade anti-MAYV. Dois
compostos, ribavirina (A) e IFN-a 2A (B) foram diluidos serialmente (1:2) em meio de cultivo
celular contendo MAYV_D (MOI 0,5), incubados em células Huh-7.5 e fixados 24 h.p.i. Dados da
porcentagem normalizada da quantificagao nuclear (circulos azuis com linha verde) e da infecgéo
(quadrados vermelhos com linha lilas) sao mostrados em grafico curva dose-resposta, de trés

experimentos independentes em triplicata técnica. Linha pontilhada representa a IC80.

Para finalizar a padronizacdo do teste de triagem, comparamos duas

metodologias diferentes de infeccéo: a classicamente utilizada em virologia (Figura 1A),
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onde se retira o inéculo viral apds a infecgéo; e a utilizada em triagem de compostos no
modelo iHTS (Figura 1B), onde o indculo viral € mantido durante todo o experimento
com a posterior adicdo dos compostos. Ao se utilizar os dois compostos escolhidos
aleatériamente (LLA10A e CSP1B) em ambas metodologias, a B possuiu menor desvio
padrao, principalmente, na concentracdo de 50 uM com os dois compostos quando
comparados com a metodologia A, tanto em numeros absolutos de nucleos (Figura 7A),
como em contagem de células positivas (Figura 7B), além dos valores normalizados de
quantificacdo nuclear (Figura 7C). Entretanto, ao analisar os controles de atividade
antiviral, ha diferencga estatistica entre a porcentagem de infecgao (Figura 7C) onde B

manteve a reducao de 80% da infeccdo quando comparado com o controle MAYV.
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Figura 7: Metodologias de infecgdo de Huh-7.5 com MAYV_D para triagem de compostos em
sistema iHTS. Utilizamos duas metodologias (descritas na Figura 1) em dois compostos
diferentes, LLA10A e CSP1B e analisamos, apos 24h da infecgéo os valores: nucleos absolutos
(A), numero absoluto de células positivas infectadas com MAYV_D (B) (barras pretas —
metodologia A; barras cinzas — metodologia B) e os dados normalizados da porcentagem da
quantificagdo nuclear e infeccéo (C — barras e linhas, respectivamente). Os dados expressos
correspondem a valores médios com os respectivos desvios padrao de trés experimentos
independentes em ftriplicata técnica. Diferencga significativa representada por (*) quando p<0,001
ao comparar a mesma concentragcdo em metodologias diferentes, analisando os dados usando

ANOVA two way seguido por teste de Tukey, de trés réplicas bioldgicas em triplicata
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6.3 PADRONIZAGAO DA INFECCAO DE MAYV EM HUH-7.5 POR
CITOMETRIA DE FLUXO

Diferentes parametros foram analisados para a padronizacdo da infeccéo de
MAYV_D em citometria de fluxo, como: MOls (0,02, 0,1 e 0,5) e tempos de infeccao (24
e 48 h.p.i.) (Figura 8). As condigdes de infeccdo foram determinadas a partir da
comparagao das porcentagens de infecgdo com aquelas obtidas no sistema J/HTS.
Assim, MOI 0,5 por 24h foi considerada a melhor condi¢ao de infeccao de células Huh-

7.5 para a citometria de fluxo apresentou média e desvio padrao de 45,8 % +6,5.
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Figura 8: Padronizag&o da infecgdo de Huh-7.5 com MAYV_D para citometria de fluxo. 2x10°
células/pogo foram infectadas com diferentes MOI (0,02, 0,1 e 0,5) de MAYV e incubadas por 24
e 48 h.p.i. Apos fixadas, marcadas com mAb1G1 seguido de anticorpo anti-IgG de camundongo
conjugado com Alexa Fluor 488, os dados foram adquiridos e as porcentagens de infecgédo para
cada condicéo foram analisadas. Em vermelho — MOCK, verde — MOI 0,02, laranja — MOl 0,1,
marrom — MOI 0,5. Dados médios com seus respectivos desvios padrdo de trés experimentos
independentes em ftriplicata técnica. Diferenca significativa representada por (*) quando p<0,001
ao comparar o grupo controle ndo infectado (MOCK) correspondente, analisando os dados

usando ANOVA seguido por teste de Tukey, de trés réplicas bioldgicas em triplicata

6.4 TRIAGEM DE COMPOSTOS ANTIVIRAIS ANTI-MAYV
Um total de 104 compostos, divididos em flavonoides (flavononas - naringenina e
derivados, n=21; flavonas - crisina e derivados, n=9), carbamatos (n=22) e bliblioteca

Tocriscreen (n=52) foram testados quanto a sua atividade anti-MAYV. Destes, 7
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compostos, em diferentes concentragdes, possuiram mais de 80% de redugido de
infecgdo mantendo a integridade de nucleos: naringenina, LLA5A, LLA5SB, LLA9A,
crisina, éster C6 e PPC105 (Figura 9A). Os compostos carbamatos apresentaram menor
citotoxicidade quando comparados aos flavonoides, entretanto sem atividade anti-
MAYV, exceto PPC105. Em relagao aos compostos Tocriscreen, nao houve resultados
promissores em nenhum dos compostos testados.

O perfil de curva dose/resposta e valores de CCsp, ICso € IS dos 7 compostos
selecionados sdo mostrados na Figura 9B. Para cada grupo de substancias foram
selecionados os dois compostos com melhor IS, sendo chamados de compostos
candidatos anti-MAYV (Figura 9C): naringenina, LLA9A, crisina e éster C6. O carbamato
PPC105 foi descartado como composto promissor, pois, imagens da microscopia (figura
9D), mostraram toxicidade superior alteragdes nucleares iniciais (condensagao nuclear)
bem pronunciadas. Assim, por mais que a quantificacao nuclear nao foi alterada, o
composto mostrou-se ser toxico na concentragdo que o classificou como candidato.
Também foram descartados os compostos LLAS5A e LLASB, por possuirem IS menor

que naringenina e LLA9A (figura 9D).
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Figura 9: Triagem dos compostos com atividade anti-MAYV. Em A, 30 compostos flavonoides
(azul), 22 carbamatos (laranja) e 52 compostos da biblioteca Tocriscreen aprovada pela FDA (n°
5932; cinza) foram analisados quanto a sua atividade antiviral contra MAYV_D (MOI 0,5; 24 h.p.i.)
por iHTS utilizando células Huh7.5. A distribuicao dos pontos do grafico de dispersao mostra a
meédia da atividade de cada concentracao (200, 100 e 50 uM), em duplicata técnica, dos
compostos utilizando as porcentagens normalizadas de redugéo da infecgdo e de numero de
nucleos. A caixa no grafico corresponde aos compostos que possuiram valores 280% de redugao
da infecgao viral e 280% de quantificagao nuclear, também chamados de compostos candidatos
anti-MAYV. Cada ponto do grafico corresponde a duplicata técnica do teste de triagem. Os
circulos de controle na figura A correspondem: rosa-MOCK; preto-virus MAYV; verde-IFN; e
castanho-ribavirina (RIB). A curva dose resposta com valores de CCso, ICso € IS dos compostos
com <80% de reducao da infecgdo viral e <80% de quantificagdo nuclear sdo demonstrados em
B. O representativo das imagens adquiridas por IF| de cada concentragéo testada dos compostos
que ficaram dentro dos parametros sao mostrados: C) os compostos classificados com
candidatos anti-MAYYV; D) os compostos descartados por IS ou citotoxicidade; e E) os controles
MOCK, MAYV, IFN e Ribavirina. Nas imagens, em azul estd marcado o nucleo celular por DAPI
e, em verde o MAYV através do mAb 1G1 seguido de anticorpo anti-lgG de camundongo
conjugado com Alexa Fluor 488. As barras brancas correspondem a 100 ym. Para célculos de

CC50 e IC50 foi utilizado analise de regressao nao linear seguido do teste de inclinagao variavel.

6.5 DETERMINAGAO DA DMNT

A DMNT foi determinada por duas metodologias, iIHTS e morte celular por
citometria de fluxo. A etapa inicial foi baseada nas doses da triagem dos compostos
candidatos (naringenina, LLA9A, crisina e éster C6), utilizando 6 concentragcbes para
cada composto (400, 200, 100, 50, 25 e 12,5 yM). As concentragdes que conferiam mais
que 80% de viabilidade celular, pelo método de quantificacao nuclear (marcagao de
DAPI) foram consideradas como dose nao toxica e, a partir delas, selecionamos a maior
concentracdo como a DMNT. Baseado nessa premissa, determinamos para
naringenina, LLA9A, crisina e éster C6 as concentragdes de 200, 50, 25 e 25 uM,
respectivamente (figura 10A).

Com o intuito de confirmar essas doses e de acordo com os dados obtidos
anteriormente, determinamos 6 novas doses, contemplando doses maiores € menores
das pré-definidas pelo sistema /HTS, para utilizar na citometria de fluxo. Estas
concentracgdes foram utilizadas para analisar a morte celular induzida pelos compostos
candidatos utilizando os marcadores Annexin V (FITC) e 7-AAD (figura 10B). Com o
resultado da citometria, confirmamos que as doses selecionadas por iHTS como nao-
téxica e sao 2x menor que a margem de segurancga determinada por citometria (figura
10B).
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Figura 10: Determinagédo da dose maxima nao téxica (DMNT) dos compostos candidatos anti-
MAYV. Em A, determinamos a DMNT utilizando o sistema iHTS com o critério de selegdo sendo
a maior concentracdo do composto em teste que possua viabilidade e quantificagdo nuclear
maior que 80% quando comparado com o controle de morte celular (DMSO 10%). As
concentracdes testadas variaram entre 400 a 12,5 uM para todos os compostos candidatos,
diluidos sericamente (1:2). Definimos assim, 200, 50, 25 e 25 pM para naringenina, LLA9A,
crisina e éster C6, respectivamente. A fim confirmatério, utilizamos o ensaio de morte celular
(Anexina V e 7AAD; em B) com 6 concentragdes diferentes para cada composto escolhidas a
partir das concentragdes definidas no iHTS (naringenina — 3200 a 100 uM; LLA9A — 800 a 25
MM; crisina e éster C6 — 400 a 12,5 yM). Células consideradas viaveis sdo aquelas duplo-
negativo de marcagao (Anexinna V /7AAD ) e consideradas n&o viaveis aquelas positivas par
um dos marcadores, sendo o controle de morte celular as células expostas a 56 °C por 30 min
(Temperatura). Diferenga estatistica contra o controle celular (MOCK) esta representado por (*)
quando analisado usando ANOVA seguido por teste de Tukey (p<0,001) de trés réplicas

bioldgicas em triplicata técnica.
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6.6 ENSAIO VIRUCIDA

A fim de determinar a acao direta do (s) composto (s) sobre o virus, o ensaio
virucida foi realizada através de titulagdo viral por formacéo de placas (Figura 11A),
utilizando a DMNT para cada composto. Assim, verificou-se que a infeccao viral se
manteve constante quando o MAYV foi exposto diretamente aos diferentes compostos,
pois nao houve diferencga estatistica quando comparados o titulo viral dos tratamentos
com o controle infectado MAYV_D (Figura 11B).

A Ribavirina Etanol  Naringenina  LLA9A Crisina Ester C6 MOCK

B
106 * *
105
€ 100
%103
2 102
101
100 (1] (1] [1-] o (1]
s 2 & 2 8 5§ 2 =
le] 5 5 ® = ~ = <
= > O o 2 ° z =
= ‘w s =
k: oo

Figura 11: Ensaio virucida dos compostos candidatos anti-MAYV. O MAYV_D foi exposto as
DMNT de cada composto candidato (naringenina - 200 uM, LLA9A — 50 uM, crisina - 25 pM e
éster C6 — 25 pM) a fim de determinar a agéo virucida do composto. Ao findar o tempo de
incubagéao, prosseguiu-se com a titulagéo por formagao de placa corada com cristal violeta (A) e
a analise estatistica dos dados obtidos por meio de contagem das placas formadas (B). O Etanol
70% foi utilizado como controle virucida do ensaio. Diferenga significativa contra o grupo MAYV
esta representada por (*) quando comparados, usando ANOVA seguido por teste de Tukey
(p<0,001) de trés réplicas bioldgicas em ftriplicata.
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6.7 ENSAIO DE TEMPO DE ADIGAO

O ensaio de tempo de adicao foi realizado para determinar em que etapa do ciclo
de replicagao viral os compostos apresentam atividade. O ensaio foi dividido em trés
etapas gerais: tratamento pré-infec¢ao das células Huh-7.5 (Figura 12 A-B), tratamento
durante a infecgao e tratamento pés-infeccao (Figura 11C-D). Ao analisar os tempos de
pré-tratamento, uma diminuicdo progressiva da infecgdo é observada, diretamente
proporcional ao aumento do tempo de contato entre o composto e a célula que,
posteriormente, foi infectada (Figura 12A). Também, se observa diferenga significativa
no tempo poés-infeccao, quando comparado com o controle infectado (MAYV; Figura
12C — barra lilas). Entretanto, ao analisar o tratamento durante infecgdo, em nenhum
composto testado é observada diferenga estatistica quando comparados com o controle
MAYV (Figura 12C — barra vermelha). Além disso, os dados de infecgcédo viral se
comportam igual ao analisar a liberagcado de particulas virais por meio da titulagédo do

sobrenadante proveniente do ensaio (Figura 12 B-D).
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Figura 12: Ensaio de tempo de adic&do dos candidatos anti-MAYV. Em diferentes momentos, foi
adicionado os tratamentos nas DMNT (naringenina - 200 yM, LLA9A — 50 uM, crisina - 25 pM e
éster C6 — 25 uM), nos tempos que precedem a infecgdo (em A e B; barras azuis - 2 horas de
pré-tratamento, vermelhas - 4 horas de pré-tratamento, verde - 8 horas de pré-tratamento, roxas
- 16 horas de pré-tratamento, laranjas - 24 horas de pré-tratamento), ao mesmo tempo que ocorre
a infecgéo (C e D; barras vermelhas - tratamento durante a infecgédo) e depois da infecgéo (C e
D; barras lilas - tratamento pos infecgéo). Como controle do experimento temos as amostras néo
infectadas (MOCK) e infectado sem tratamento (MAYV), além do controle de atividade antiviral
(ribavirina). Apos as incubacgdes, prosseguiu-se com a IFl (A-C) e a titulagdo dos sobrenadantes
por ensaio de formacao de placas coradas com cristal violeta (B-D), normalizagéo dos dados e
anadlise estatistica. Diferenga significativa representada por (*) quando p<0,001 e (#) quando
p<0,05 ao comparar o grupo infectado (MAYV) correspondente, analisando os dados usando

ANOVA seguido por teste de Tukey, de trés réplicas bioldgicas em triplicata.

6.8 ENSAIO DE ADSORCAO E INTERNALIZAGCAO VIRAL

Para avancar no entendimento do potencial mecanismo de agao dos compostos
candidatos nas etapas iniciais do ciclo replicativo, os ensaios de adsor¢cdo e
internalizagao viral foram realizados e avaliados por meio de IFI (Figura 13A-C) e o
sobrenadante resultante foi titulado por ensaio de formagéo de placas (Figura 13B-D).
Ambas as técnicas ndo demonstraram diminui¢cdo significativa na infeccao viral ou
producao de particulas virais viaveis indicando que os compostos nao interferem nestas

etapas do ciclo de infecgao viral.
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Figura 13: Ensaio de adsor¢ao e de internalizagao viral dos compostos candidatos anti- MAYV.
A acao dos compostos anti-MAYV (naringenina - 200 uM, LLA9A — 50 uM, crisina - 25 yM e éster
C6 — 25 uM) foram analisados na capacidade de interagdo com o MAYV_D em dois momentos
distintos na replicagdo, na adsor¢do e na internalizacdo. Em A e C, é demonstrada a andlise
através dos dados normalizados do sistema iHTS, respectivamente, através da marcagao do
mAb 1G1 seguido de anticorpo anti-IgG de camundongo conjugado com Alexa Fluor 488. Em B
e D, quantificacéo das particulas virais viaveis do sobrenadante oriundo dos ensaios de A e C,
por meio do ensaio de titulagéo viral por formacao de placa, respectivamente. Em ambos ensaios
e técnicas néo houve diferencga estatistica (*) na infecgao por MAYV quando analisado usando
ANOVA seguido por teste de Tukey (p<0,05) de trés réplicas bioldgicas em triplicata.
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6.9 TESTE DE EFICACIA ANTIVIRAL EM INFECCAO ESTABELECIA

O ensaio consiste em avaliar quanto tempo, apds a infecgdo, os compostos
candidatos anti-MAYV possuem efeito na redugdo da porcentagem de células
infectadas quando comparadas ao controle positivo infectado nao tratado (MAYV_D;
Figura 14A). O composto naringenina reduziu a infecgédo em todos os tempos testados
(Ohpi, 2hpi, 4hpi e 6hpi) (Figura 14B). LLA9A obteve resultados parecidos com o controle
antiviral (ribavirina), possuindo diferenga até 2hpi (Figura 14B). A crisina reduziu
estatisticamente a infeccao até 4hpi e éster C6 apenas quando adicionado no tempo
Ohpi (Figura 14B). Além disso, a titulacdo demonstrou a que produgédo de particulas
viaveis de MAYV_D seguiu a mesma tendéncia demonstrada na IFI (Figura 14C). Esses
dados em conjunto com o ensaio de tempo de adigao sugerem que, todos os compostos
candidatos podem estar atuando na replicagéo, maturacao ou montagem das particulas

virais.
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Figura 14: Teste de eficacia antiviral dos compostos candidatos anti-MAYV em infecgéo
estabelecida. Os compostos candidato anti-MAYV (naringenina, LLA9A, crisina e éster C6) e o
controle antiviral (ribavirina) foram avaliados quanto a sua agao antiviral ao decorrer da infecgéo
(células Huh-7.5; MAYV_D MOI 0,5, 24h), sendo adicionadas as DMNT de cada composto,
conforme esquema em A, nos tempos Oh (azul), 2h (vermelho), 4h (verde) e 6h (rosa) apds o
estabelecimento da infecgdo. Dados obtidos da IFI através da marcagdo de com anticorpo
monoclonal 1G1 seguido de anticorpo anti-lgG de camundongo conjugado com Alexa Fluor 488
(B) e da titulagdo do sobrenadante (C) sdao mostrados em forma de graficos. Diferenga
significativa contra o grupo infectado nao tratado (MAYV_D) esta representada por (*) quando
p<0,0001 e (#) quando p<0,05, usando ANOVA duas vias seguido por teste de Tukey da média

de trés réplicas biolégicas em cada um em triplicata técnica.

6.10 TESTE DE EFICACIA ANTIVIRAL EM DIFERENTES LINHAGENS
CELULARES

Como a infecgdo pelo MAYV pode atingir diferentes 6rgados em hospedeiros,
analisamos se o efeito antiviral dos compostos candidatos anti-MAYV é limitado apenas
em células hepaticas ou pode atuar independente da linhagem celular. Por isso,
analisamos a acao anti-MAYV dos compostos durante infecgdo das linhagens celulares
humanas de origem pulmonar (A549; Figura 15A-B) e neuronal (SH-SY5Y; Figura 15C-
D) com MAYV_D. Todos os compostos (naringenina, LLA9A, crisina e éster C6)
reduziram a porcentagem de células infectadas (Figura 15A-C) e producao de particulas
virais (Figura 15B-D) quando comparadas ao controle ndo infectado, indicando que a

acao dos compostos € independente do tipo de célula infectada.
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Figura 15: Teste de eficacia antiviral dos compostos candidatos anti-MAYV em célula de epitélio
pulmonar humano (A549) e neuronal (SH-SY5Y). Células A549 (A-B) e SH-SY5Y (C-D) foram
infetadas com MAYV_D (MOI 1) e tratadas com a DMNT de cada composto candidato anti-MAYV
(naringenina em vermelho, LLA9A em verde, crisina em lilas, éster C6 em laranja) conforme
metodologia pds infecgao (figura 2). Como controle antiviral utilizamos ribavirina (em preto). Em
A e C, é demonstrado por graficos os dados de infeccdo normalizada obtidos por IFl e, em B e
D, os dados do sobrenadante titulado por meio de formagéo de placas. Diferenga significativa
contra o grupo infectado n&o tratado (MAYV_D) esta representada por (*) quando p<0,0001 e (#)
quando p<0,005, usando ANOVA uma via seguido por teste de Tukey da média de trés réplicas
bioldgicas em triplicata.
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6.11 TESTE DE EFICACIA ANTIVIRAL EM DIFERENTES CEPAS DE MAYV

Por meio de analises filogenéticas, foram identificados 3 gendtipos de MAYV, a
saber D, L e N, sendo o D e o L os mais prevalentes. Assim, para avaliar se o efeito dos
compostos candidatos anti-MAYV é genétipo especifico, avaliamos a porcentagem de
células infectadas com duas cepas diferentes de MAYV: gendtipo D (MAYV_D; Figura
16B; barras azuis) e L (BeAr20290; Figura 16B; barras vermelhas). Inicialmente,
padronizamos a infeccgdo do MAYV BeAr20290 na linhagem celular Huh-7.5.
Determinamos que o MOI 0,1 por 24 hpi a melhor condi¢ao de infecgdo. A partir dessa
determinagao, analisamos a eficacia dos compostos candidatos anti-MAYV para este
genotipo também. Com excegdo ao composto LLA9A que obteve diferenga estatistica
apenas na infeccao por MAYV_D, todos os outros compostos (naringenina, crisina e
ésterC6) diminuiram a infec¢do (Figura 16B) e produgdo de particulas virais (Figura
16C) de ambas as cepas, sendo mais expressivo no gendtipo L (Figura 16B), dado esse
também confirmado através da metodologia de titulagcdo (Figura 16C). Deste modo
demonstramos que a atividade anti-MAYV dos compostos naringenina, crisina e éster

C6 ¢ independente do gendtipo de MAYV responsavel pela infecgéo.
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Figura 16: Teste de eficacia antiviral dos compostos candidatos anti-MAYV em diferentes cepas
de MAYV. Em A, demonstramos a padronizacdo da infeccao para a cepa BeAr20290, com
diferentes MOls (0,02 - preto, 0,1 - laranja, 0,5 - lilas, 2,5 - verde e 12,5 - vermelho) e diferentes
tempos (24, 48 e 72 h.p.i.). As barras correspondem a quantificagao absoluta de nucleos no
campo visual adquirido e, as linhas correspondem a porcentagem de células infectadas de MAYV
normalizadas. Assim, células Huh-7.5 foram infectadas com a cepa MAYV_D (azul; MOI 0,5) ou
BeAr20290 (vermelho; MOI 0,1) e tratadas com os compostos candidatos anti-MAYV
(naringenina, LLA9YA, crisina e ésterC6) ou ribavirina (controle antiviral). Apds 24h de tratamento
seguindo a metodologia pos infecgao e realizagédo da IFI, a porcentagem de células infectadas
foi analisada (B). Em C, é demonstrado os dados obtidos da titulacdo por formagéo de placas
corada com cristal violeta dos sobrenadantes. Diferenga significativa contra o respectivo grupo
infectado ndo tratado (MAYV_D ou BeAr20290) esta representada por (*) quando p<0,0001 e
quando comparada a porcentagem de infec¢do das duas cepas com o mesmo tratamento esta
representada por (&) com p<0,005, usando ANOVA duas vias seguido por teste de Tukey da

média de trés réplicas biolégicas em triplicata.



83

7. DISCUSSAO

O MAYV €& um virus relacionado a surtos frequentes nos estados do Para e
Amazonas, embora mais recentemente, casos de infeccdo tenham sido notificados em
outras regidbes do pais, confirmando a dispersdo desse virus (BRASIL, 2019;
FIGUEIREDO; FIGUEIREDO, 2014; LIMA-CAMARA, 2016; LOPES; NOZAWA;
LINHARES, 2014; MAVIAN et al., 2017). Nao ha estratégias imunoprofilaticas ou
tratamentos antivirais disponiveis para infec¢gdes por MAYV, consequentemente, a
investigacdo de compostos com potencial efeito antiviral € de extrema valia para
preencher esta lacuna. Neste estudo, demonstramos, em ensaios in vitro, que
compostos flavondides, como naringenina e crisina sao potenciais compostos-
candidatos anti-MAYV. A atividade antiviral destes compostos foi descrita para outros
arbovirus como CHIKV (AHMADI et al., 2016; POHJALA et al., 2011), DENV
(FRABASILE et al., 2017; SUROENGRIT et al., 2017), ZIKV (CATANEO et al., 2019;
SUROENGRIT et al., 2017), SARS-CoV-2 (GULER et al., 2021; TUTUNCHI et al., 2020)
e hepatite C (GOLDWASSER et al., 2011; SAJITHA LULU et al., 2016), em todos os
casos relacionados e atividade durante etapas de sintese do RNA viral.

A plataforma iHTS tem sido amplamente utilizada para a avaliacdao de
citotoxicidade e atividade antiviral de compostos em linhagens celulares (ABRAHAM et
al., 2008; CRUZ et al., 2013; MARTIN, Heather L et al., 2014). Trata-se de uma
plataforma de alta eficiéncia e rendimento, permitindo a triagem simultdnea de um
grande numero de compostos com a vantagem de ser customizavel para a inclusao de
novos virus. A avaliagao do potencial citotéxico dos compostos testados € mais efetiva,
possibilitando detectar efeitos pré-apoptoticos (por exemplo, mudangas morfoldgicas no
nucleo e citoplasma), além de substituir varias técnicas classicas de avaliagdo de
toxicidade celular (como MTT, Vermelho Neutro e deteccdo de morte celular por
Anexin), em um Uunico teste, aumentando a sensibilidade, especificidade e
reprodutibilidade. (MARTIN, Heather L et al, 2014; OBRIEN et al., 2006).
Adicionalmente, por ser um sistema automatizado, tem o potencial de limitar a
subjetividade da interpretagdo dos dados, aumentando a confiabilidade do resultado,
além da possibilidade da analise individual de cada célula que estd sendo testada
(LUCKE; MUMTSIDU, 2009). A padronizacao inicial de todos os parametros do teste,
visa diminuir o viés de interpretacao tornando os dados mais confiaveis. Como exemplo
da importancia desta etapa de validacdo, a escolha da célula utilizada no ensaio
fundamental, pois a hepatotoxicidade medicamentosa, que é considerado o principal
efeito relacionado a retirada de medicamentos do mercado, pode ser prevista utilizando
células derivadas de figado humano, como a Huh7 (CVCL_0336), Huh7.5 (ATCC PTA-
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8561) e HepG2 (ATCC HB-8065) (FUNG et al.,, 2001). Além disso, ensaios que
permitem a deteccdo de alteragbes celulares em fase inicial e sutis (exemplo:
condensacao citoplasmatica e nuclear), reduzem as chances destas substancias
prosseguirem para fases posteriores de triagem, aumentando a seguranca da utilizacéo
dos compostos (ABRAHAM et al., 2008; CRUZ et al., 2013; FUNG et al., 2001; MARTIN,
Heather L et al., 2014; O’'BRIEN et al., 2006).

Além da toxicidade induzida pelo composto a ser testado, alguns estudos
demonstram que o MAYV, ao entrar na célula hospedeira, induz aumento de H>O,
intracelular causando estresse oxidativo, além de promover alteragdes no metabolismo
da glicose através da ativagado da enzima 6-phosphofructo 1-kinase (CAETANO et al.,
2019; EL-BACHA et al., 2004), induzindo intenso efeito citopatico. Nossos dados
demonstram uma diminuicdo acentuada na quantidade de nucleos em todas as
linhagens infectadas (C6/36, Huh-7.5, A549 e A172) sendo mais acentuada na linhagem
Vero EG. Essa informacéao € relevante, pois a literatura indica que essa linhagem é a
mais utilizada em triagens de compostos com acgao anti-MAYV (AMORIM et al., 2017;
CARVALHO et al., 2014; DOS SANTOS et al., 2014), mesmo tratando-se de uma
linhagem derivada de rim de macaco. Com isso, buscando validar o sistema com células
mais relevantes do ponto vista clinico-farmacolégico, selecionamos a linhagem Huh-7.5
(derivada de hepatocarcinoma humano) para os testes. Essa escolha foi baseada em:
1) essa linhagem foi permissiva a infeccao por MAYV; e 2) como citado anteriormente,
0 dano hepatico induzido por compostos € o ponto mais critico da avaliagdo dos
compostos (ABRAHAM et al., 2008; FUNG et al., 2001; O'BRIEN et al., 2006).

Infecgdes por membros da familia Togaviridae, na sua maioria, induzem
alteragbes no citoesqueleto da célula infectada promovendo a producdo de
prolongamentos, philopodia- like structures, que facilitam a infecgéo de células vizinhas
(BROWN; WAN; KIELIAN, 2018; HAHON; ZIMMERMAN, 1970; MARTINEZ et al.,
2014). Ao aumentar a densidade celular no pocgo, diminuindo a distancia entre as
células, a infeccao foi mais homogénea, por facilitar o contato célula-célula através dos
prolongamentos induzidos pelo MAYV, melhorando os indices de qualidade do teste
estatistico. Ademais, a escolha da metodologia de infecgao para o teste de triagem foi
de extrema importancia, pois permitiu menos manipulagao no ensaio, diminuindo a taxa
de erro, possibilitando maior agilidade na montagem do teste e maior numero de
compostos triados por vez, conforme literatura nos indica (CRUZ et al., 2013).

Em estudos de triagem de compostos que possuem atividade antiviral, os
controles de tratamento utilizados séo o IFN-a 2A (CATANEO et al., 2019; ISHIDA et
al., 2021) e a ribavirina (DOS SANTOS et al., 2014; SPINDOLA et al., 2014). Ambos

compostos atuam em etapas distintas da replicagao viral, seja na inibicdo da sintese
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proteica das glicoproteinas de envelope (FERREIRA; REBELLO, 1998a; GRABARZ et
al., 2021; REBELLO et al., 1994) ou impedindo o inicio da replicagao viral por interferir
na reacao de capeamento do RNA viral, por ser um analogo de guanina (BRIOLANT et
al., 2004; CUMMINGS et al., 2001; GRACI; CAMERON, 2006; ROTHAN et al., 2015),
respectivamente. Em ensaios anteriores onde nao havia sido padronizada a infecgao, o
IFN-a 2A nao apresentou atividade antiviral (dados ndao mostrados). Essa auséncia de
inibicao da infec¢ao possivelmente ocorreu por termos saturado o sistema, isto é, mais
que 90% das células estavam positivas para o MAYV (FERREIRA; REBELLO, 1998a;
HE et al., 2006; SU; LIAO; LIN, 2002). Quando as condigbes de infeccao foram
ajustadas em relacao ao MOI e tempo de infecgao e realizado o teste de curva dose-
resposta, o IFN-a 2A teve o efeito inibitorio relatado na literatura. Assim, os dados
indicam que o IFN-a 2A induziu um estado antiviral nas células, desde que o sistema
nao esteja saturado, em todas as concentragdes testadas (mesmo na concentragao que
nao havia apresentado atividade anteriormente) e pode ser utilizado como controle de
atividade anti-MAYV nos testes de triagem (FERREIRA; REBELLO, 1998b). Por outro
lado, a Ribavirina, utilizada em condi¢cdes similares ao IFN-a 2A, controlou a infecgao
mesmo com o sistema saturado (dados ndo mostrados) e em doses baixas, sendo
considerada assim, mais efetiva para ser utilizada como controle positivo de atividade
antiviral (GRACI; CAMERON, 2006).

A triagem dos compostos da biblioteca Tocriscreen foi iniciada e avaliada quanto
a sua atividade antiviral contra o MAYV. Essa biblioteca contém 159 substéncias que
possuem aprovacao de comercializagcdo e de uso em humanos pela Administracao de
Alimentos e Medicamentos dos Estados Unidos da América (do inglés, U.S. Food and
Drug Administration — FDA) e muitas delas possuem também autorizacédo da Agéncia
Nacional de Vigilancia Sanitaria brasileira (ANVISA). Ou seja, a reposi¢cao de farmacos
de qualquer composto que demonstre ser eficaz contra o MAYV, passara mais rapido
pelas etapas de validacao, visto que a citotoxicidade é conhecida, tanto experimental
como clinicamente (ALBULESCU et al., 2020; LANGENDRIES et al., 2021). Entretanto,
dos 52 compostos testados até 0 momento (Anexo I), nenhum mostrou-se promissor.

A triagem dos compostos pertencentes a biblioteca do Laboratério de Virologia
Molecular, demonstrou que a naringenina e a crisina possuem efeito inibitorio contra a
infecgédo viral e que modificagbes na estrutura das substancias alteram tanto a
citotoxicidade (ALBUQUERQUE DE OLIVEIRA MENDES et al., 2020; SUROENGRIT et
al., 2017; ZANELLO et al., 2015), bem como a atividade contra o MAYV. As alteracoes
na estrutura dos compostos que originaram os derivados de naringenina e crisina
impactaram positiva e negativamente na quantificagcdo nuclear, provavelmente, por

induzirem a proliferacédo e a toxicidade celular, respectivamente (KEILER et al., 2015).
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Além disso, a infecgdo viral também ¢é afetada, visto que o tratamento com alguns
compostos diminuiram e outros aumentaram a porcentagem de células infectadas
quando comparadas ao controle MAYV (PAREDES et al., 2003; ZANDI et al., 2012).
Entretanto, esses dados devem ser analisados com cautela e a realizagao de ensaios
complementares deverao ser realizados para embasar essas observac¢des (AHMADI et
al.,2016; MURALI et al., 2015; POHJALA et al., 2011). Todavia, as alteracoes realizadas
durante a sintese do derivado LLA9A de naringenina apresentou menor toxicidade tanto
para a linhagem Huh7.5, bem como para a linhagem A549 (ALBUQUERQUE DE
OLIVEIRA MENDES et al., 2020; CATANEO et al., 2019), mas foi menos eficiente em
relacdo a inibicdo da infeccao de MAYV e de ZIKV (ALBUQUERQUE DE OLIVEIRA
MENDES et al., 2020; CATANEO et al., 2019) quando comparado com o composto de
origem.

A partir da triagem e sele¢éo dos compostos mais promissores, determinamos, no
mesmo sistema ja padronizado (em células Huh7.5), a DMNT de cada composto
utilizando dois parametros sobre a citotoxidade: diminuigdo da quantidade de células no
poco e intensidade de marcagao do DAPI. Esse segundo parédmetro demonstra,
morfologicamente, o grau de condensacao do DNA nuclear quando comparado com o
controle nao tratado e nao infectado, ou seja, quanto maior o valor da intensidade de
marcagao mais condensado estara o nucleo, correspondendo a etapa inicial da
apoptose celular (MARTIN, H.L. et al., 2014; O'BRIEN et al., 2006). Quando esse valor
€ normalizado em relagdo ao controle ndo tratado (ou seja, controle celular), o viés
relacionado a replicagdo celular é corrigido e, os valores acima da intensidade de
marcacao definida nos pocos tratados, sdo, entdo, células entrando em apoptose.
Devido a essas observacgdes, a técnica de marcagao com Anexina V e 7-AAD foi
escolhida para confirmagao dos dados, ja que esses marcadores avaliam a morte celular
através da marcacao de fosfatidilserina na membrana plasmatica externa e do nucleo
celular (sugerindo permeabilidade celular), indicando apoptose e necrose celular,
respectivamentel (CATANEO et al., 2019; GARVEY et al., 2016; MARTIN, H.L. et al.,
2014). Assim, demonstramos que os resultados obtidos pelo sistema /HTS corresponde
aos valores obtidos pela metodologia de quantificagdo de apoptose mais comumente
utilizada. Tal resultado demonstra que a concentragéo de uso definida como DMNT esta
com margem de segurancga alta (2x menor), portanto a sensibilidade da técnica iHTS
esta precedendo mudangas sutis pré-apoptoticas de nucleo e membrana (MARTIN, H.L.
et al., 2014; O'BRIEN et al., 2006) que n&o sao vistas no ensaio comparado. Ao
comparar as DMNT com outros estudos, confirmamos que a concentragao definida esta

abaixo da concentragcado téxica para A549 tratada com naringenina (1,25x menor)
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(CATANEO et al., 2019) e para BHK tratada com crisina (8x menor) (POHJALA et al.,
2011).

Com a DMNT determinada, prosseguimos com ensaios que indicam 0 mecanismo
de acao de cada um dos compostos utilizados. Inicialmente, a primeira questao a ser
esclarecida é se a acao na infeccao viral esta intimamente ligada a particula ja formada
ou em etapas criticas da replicagao ou ainda, na prépria célula hospedeira. O ensaio
virucida determina se o composto atua diretamente na particula viral, por meio de
neutralizacao ou desnaturacao proteica de proteinas do virion, que impedira a entrada
do virus na célula hospedeira (AMORIM et al., 2017; FERRAZ et al., 2019). Para tanto,
utilizamos o etanol 70% como controle positivo de acao, pois € um agente desnaturante
proteico amplamente utilizado (CENTERS FOR DISEASE CONTROL AND
PREVENTION, 2013; MOORER, 2003). Nenhum dos compostos candidatos anti-MAYV
diferiram estatisticamente do controle de infegao nao-tratado, indicando que a acdo dos
compostos nao esta agindo na particula e ndo impede a interacéo viral com a célula
hospedeira, corroborando os resultados de outros estudos realizados com o CHIKV
(AHMADI et al., 2016; POHJALA et al., 2011), SINV (PAREDES et al., 2003), DENV
(FRABASILE et al., 2017; SUROENGRIT et al., 2017), ZIKV (CATANEO et al., 2019;
SUROENGRIT et al., 2017), SARS-CoV-2 (GULER et al., 2021; TUTUNCHI et al., 2020)
e HCV (ELTAHLA et al., 2015; GOLDWASSER et al., 2011).

Os potenciais mecanismos de agdo dos compostos candidatos podem ser
divididos em trés grupos: inducdo da atividade antiviral na propria célula, atividade
durante as etapas de entrada (adsorcdo, internalizacdo e desnudamento) ou de
replicacao viral e saida (sintese proteica, replicacdo do genoma viral, morfogénese e
saida da particula) (ABDELNABI; DELANG, 2020). Com isso, o ensaio de tempo de
adicéo das drogas foi desenhado a fim de se se avaliar as diferentes etapas do ciclo
replicativo viral, desde a inducao de atividade antiviral na célula (pré tratamento), até a
acao dos compostos diretamente na replicagao viral, tanto em fases iniciais de entrada
(durante infecgdo) como em fases posteriores a entrada viral (pds infecgao). Esse
formato esta sendo bastante utilizado para avaliagdo da atividade antiviral de diferentes
compostos contra os virus MAYV (AMORIM et al., 2017; SUGASTI-SALAZAR et al.,
2022), Venezuelan Equine Encephalitis (AMAYA et al., 2015), ZIKV (CATANEO et al.,
2019; FRABASILE et al., 2017) e DENV (CRUZ et al., 2013; FRABASILE et al., 2017;
KOISHI et al., 2012; ZANELLO et al., 2015).

O pré-tratamento, apresentou bons resultados de reducao da infecgdo em tempos
mais longos. Esse efeito também foi observado em outro estudo envolvendo a

naringenina e o ZIKV, onde a redugao de infecgao foi se acentuando ao longo do tempo
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de pré-tratamento, possuindo agdo semelhante entre pré-tratamento de 24h e tempo de
adicéo do composto pés infecgao viral (CATANEO et al., 2019).

Ao analisar o tratamento durante a infeccao e os ensaios especificos de entrada
viral que compreende esse tratamento, adsor¢do e internalizacdo viral, nao foi
observado diminuicdo na infeccdo viral e nem na produgdo de particulas virais em
nenhum dos compostos testados. Esses dados corroboram os resultados descritos em
estudos anteriores em ensaios com naringenina e crisina durante infecgcdo com CHIKV
(AHMADI et al., 2016; POHJALA et al., 2011), SINV (PAREDES et al., 2003),DENV
(FRABASILE et al., 2017; SUROENGRIT et al., 2017) e ZIKV (CATANEO et al., 2019;
SUROENGRIT et al, 2017), possivelmente por esses compostos apresentarem
atividade durante a replicacgéo.

Resultados de estudos anteriores indicam que os compostos em teste atuam nas
fases poés-entrada do virus na célula, a saber para naringenina, nas proteinas nao
estruturais virais, como a protease viral (NS2b-NS3) de ZIKV (CATANEO et al., 2019) e
a nsP3 de CHIKV (AHMADI et al., 2016; POHJALA et al., 2011). Uma diminuicao
significativa na porcentagem de células infectadas e de particula viaveis secretadas n&o
foi observada exclusivamente nos ensaios de infeccdo em linhagem de células
hepaticas, mas também em linhagens de células de origem pulmonar e neuronal,
corroborando os resultados demonstrados durante infecdo por ZIKV e DENV
(CATANEO et al., 2019; FRABASILE et al., 2017). Além disso, em intervalo de tempo
maiores de adicao dos compostos apds o estabelecimento da infecgdo, o composto
naringenina apresentou resultados mais satisfatérios do que o tratamento com ribavirina
(controle) (4hpi e 6hpi). O efeito inibitério foi observado durante tratamento com
naringenina em infecgéo pelo ZIKV quando comparado ao controle antiviral (interferon-
o 2A), em tempos de até 24hpi (CATANEO et al.,, 2019) e com CHIKV quando
comparado com ribavirina até 12hpi (AHMADI et al., 2016), demonstrando que, mesmo
com a infecgao ja estabelecida, o composto ainda é capaz de diminuir a infe¢ao.

O tratamento com naringenina apresenta vantagens, uma vez que também
apresenta atividade analgésica e anti-inflamatéria (JIN et al., 2017; MANCHOPE et al.,
2016; PINHO-RIBEIRO et al., 2016a, 2016b),caracteristicas importantes no controle da
artralgia, um dos principais sintomas observados em pacientes infectados com MAYV
(DA SILVA PESSOA VIEIRA et al., 2015). Com menor efeito quando comparado ao
controle (ribavirina), o tratamento com crisina apresenta caracteristicas semelhantes ao
tratamento com naringenina. Crisina € descrita como uma droga hepatoprotetora,
antialérgica, antiinflamatoria, antioxidante, atividades também importantes para controle

da sintomatologia desencadeada por infecgdes por MAYV e outros virus artritogénicos
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(NAZ et al, 2019; SOUZA et al., 2015, STOMPOR-GORACY; BAJEK-BIL;
MACHACZKA, 2021).

Com excecao da droga LLASA, todos os compostos testados apresentam
atividade independente do gendtipo viral testado. Resultados similares fora observados
em estudos com tratamento com naringenina durante infecgdo dos quatro sorotipos do
DENV (FRABASILE et al., 2017) e dois genétipos de ZIKV (CATANEO et al., 2019).
Resultados utilizando tratamento com crisina durante infecgcdo de outros arbovirus,
como DENV, ZIKA (SUROENGRIT et al., 2017) e CHIKV (POHJALA et al., 2011)
corroboram nossos achado com MAYV. Nossos estudos utilizaram duas cepas de
MAYV: 1) MAYV_D é um isolado clinico e 2) a BeAr20290 é uma cepa isolada em 1960
de mosquitos Haemagogus (ESPOSITO; DA FONSECA, 2015). A diferenca observada
para durante o tratamento com o composto LLA9A pode estar relacionada a diferencas
entre as cepas, sendo que a cepa BeAr20290 é uma cepa que vem sendo cultivada em
diferentes substratos o que pode ter originado mutagdes adaptativas diferindo da
sequéncia genémica do isolado clinico de MAYV mais recente e consequentemente na
susceptibilidade ao tratamento (RADIGAN et al., 2015). No entanto, estes dois gendtipos
s&o os mais prevalentes em numero de casos no mundo e avangos em pesquisa nos
compostos anti-MAYYV (naringenina e crisina), com ambos sao relevantes.

Durante o desenvolvimento do projeto, demonstramos por diversos ensaios que
todos os compostos candidatos anti-MAYV (naringenina, LLA9A, crisina e ésterC6)
foram capazes de reduzir a infeccdo e producdo de particulas virais infecciosas.
Ademais, tratamentos com naringenina e crisina além de controlar a replicacao,
possuem eficacia para tratar os sintomas relacionados a infecdo em pacientes como
febre, artralgia constituindo um interessante composto terapéutico durante infecgdes por
MAYV.
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8. CONSIDERAGOES FINAIS

Inicialmente, esse estudo objetivava realizar a triagem antiviral ndo apenas para
infecdes por MAYV, mas também pelo virus Oropouche (OROV). Devido a pandemia
de SARS-COV-2 e, uma série de restricdes para o desenvolvimento da pesquisa e, 0
estudo envolvendo OROV foi paralisado. Por se tratar de um virus negligenciado nao
ha reagentes disponiveis comercialmente que permitam estudos mais aprofundados
sobre a biologia e patogénese relacionadas a OROV. Nesse contexto, foram
desenvolvidos e caracterizados anticorpos monoclonais dirigidos contra proteinas do
OROV (mAbs OROV). No ANEXO II, esta apresentado um estudo demonstrando a
aplicabilidade dos mAbs ORQOV em ensaios diagnésticos por IFI e Imunohistoquimica
além de indicar que esses reagentes podem ser utilizados para outros estudos
relacionados a OROV e como testes de triagem antiviral.

Em relacdo ao estudo envolvendo MAYV, dois compostos de referéncia
(naringenina e crisina) e, dois compostos derivados (LLA9A e éster C6) apresentaram
atividade inibitéria da infeccdo, todos com possivel acdo nas proteinas nsP
responsaveis pela replicacao viral. Neste contexto, pretendemos dar prosseguimento
aos testes de eficacia e toxicidade em ensaios in vivo utilizando camundongos como
modelo para os desafios. Adicionalmente, iremos avaliar o mecanismo de acao de cada
composto através de docking molecular e, dependendo dos resultados, realizar
experimentos de cristalografia dos virus na presenga dos compostos utilizados como
tratamento, visando determinar a proteina alvo. Além disso, ha disponivel no laboratério
outros compostos aprovados pelo FDA que ainda nao foram triados, muitos deles com
autorizacdo de uso em humanos concedida pela Agéncia Nacional de Vigilancia
Sanitaria brasileira (ANVISA), permitindo um processo de validagao para uso em

pacientes mais célere.
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10. ANEXO | - LISTA DE COMPOSTOS TRIADOS DERIVADOS DE NARINGENINA,
CRISINA, CARBAMATOS E COMPOSTOS DA BIBLIOTECA TOCRISCREEN (FDA).

Compostos derivados do flavonoide (flavonona) naringenina (ALBUQUERQUE

DE OLIVEIRA MENDES et al., 2020)

Caédigo

da Estrutura dos compostos Massa
molar
amostra
OH
Naringen HO. . © 272,25
ina | _ g/mol
OoH O
OY\/\/\/\/\/
o O 9 636,86
\/\/\\/\/\/\“—'0 )
LLA4A I G S/mol
OH O
O\n/\/\/\/\/\/
HO O O 8]
LLA4B 454,55
g/mol
OH ©
O\H/'\,/\/\/‘\/
o] 0
LLASA | SISO S 580,75
0 > g/mol
OH O
DY\/\N\/
HO 0 g 0
LLASB 426,5
g/mol
OH O
Q
CSP1A NS 468,54
o) g
HO
CSP1B 370,39
g/mol
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777,21
CSPTA Wn\wﬂw g/mOI
B oH © e ——
OH
0 0 g 440,57
LLA7B G il
OH O )
OH
0 0 O 412,52
LLASB G e
OH O
OH
0 0 g 496,68
LLA9A @ pridye
OH O
OT/\/\N\/\/\/
OO 0 692,96
LATOA | S /o
OH O
Oxrr‘\/\./\/\/\/\/
HO 0 g] o 482,61
LLA10B G /ol
CH O
OW
\/\/\/YO Q O 0 5245R,6
LLAT1A T Q o
OH O
D\n/\/‘\_,/\/
HO o g 0 308,45
LLA11B @ ol
OH O
0.
Y\/\/\/\/\/\/\/
o 0 O 0 749,07
LLA12A T @ o/mol
OH O
O\H/\/\/\/\/\/‘\/‘\/
HO 0 O 0 510, 66
LLA12B O /ol
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OH
NN A O O
CSP2B 398,49
g/mol
OH O
OH
i D) 9] O
CSP3B 384,47
g/mol
OH O
OH
S AD o O
CSP4B 356,41
g/mol
OH O
OH
WO o O
CSP5B ‘ 328,36
g/mol
OH O
Compostos carbamatos
Cédigo Estrutura Massa Molar
i
] l"-] ™
PPC140 | H ! 306,40 g/mol
0
i)
HM . £
PPC81 . 306,40 g/mol
el
i B
T ME K
PPC97 M ! 385,30 g/mol
14 ;
1 HE o
PPC96 ‘I ! 336,43 g/mol
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Ho
PPC105 s 321,42 g/mol
N O
i ¥ i'\'\i Ll
PPCS88 w I 286,42 g/mol
} .I
1 HN
PPC111 & 244,36 g/mol
i
PPC138 B =3 272,39 g/mol
i M
PPC141 50 286,42 g/mol
i
:Iirii
PPC145 N 320,43 g/mol
[
Ll
HM
PPC87 N ! 300, 39 g/mol
1
HMN
PPC107 ' 258,32 g/mol
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i

PPC110 M 258,32 g/mol
i :
PPC139 N 1 286,37 g/mol
il
PPC142 . 1 300, 39 g/mol
1N
|
PPC123 i 334,42 g/mol
HMN
PPC116 | | 284,40 g/mol
HN
PPC117 . 242,32 g/mol
HN
PPC146 b L 270,37 g/mol
!-11'*';
PPC120 W 318,42 g/mol




Compostos derivados do flavonoide (flavona) crisina

Cédigo da amostra

Estrutura dos compostos

Massa molar

(g/mol)
Crisina 254
Acetato crisina 296
OH [e]

Eter C6 crisina g O | 478
| o N

Eter C12 crisina /M O | 422

OH o

Eter C16 crisina T O | I 478
Ester C6 crisina \/m\”/ O | 352
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Ester C10 crisina \/H"\”/O | 408
o]
OH (o)
| o N
Ester C14 crisina \/(%\”/ O | 482
o)
OH (6]
Cafeoil crisina > 532
R= o
AcO
X oH
AcO
. OH
Benzoato crisina 358

AcO

AcO
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#5932 Tocriscreen FDA-Approved Compounds - Testados

Cat.No

Product Name

Brief Description

Concentration

Product Data

/ Solvent Sheet
0425 UK 14,304 alpha2 agonist ;glr:tli\grl])MSO Datasheet 0425
0427 Bromocriptine Sele(_:tive D2-like 10mM DMSO Datasheet 0427
mesylate agonist solution
0475 Dihydroergotamine | Partial alph_a agonist. 10mM DMSO Datasheet 0475
mesylate Non-selective solution
Dobutamine alpha1, beta1 and 10mM DMSO
0515 hydrochloride beta2 agonist solution Datasheet 0515
Diltiazem Ca2+ channel blocker | 10mM DMSO
0685 hydrochloride (L-type) solution Datasheet 0685
Pilocarpine - . 10mM DMSO
0694 hydrochloride Muscarinic agonist solution Datasheet 0694
NMDA antagonist, 10mM DMSO
0869 Felbamate acts glycine site solution Datasheet 0869
L H2 antagonist, 11 10mM DMSO
0902 Cimetidine agonist solution Datasheet 0902
. . Selective M4 10mM DMSO
0909 Tropicamide muscarinic antagonist | solution Datasheet 0909
. . Kir6 (KATP) channel |10mM DMSO
0911 Glibenclamide blocker solution Datasheet 0911
Estrogen receptor
0999 Tamoxifen citrate | partial 10mM DMSO Datasheet 0999
: . solution
agonist/antagonist
Promotes assembly
1097 | Taxol and inhibits 10mM DMSO | b 3tasheet 1097
; : solution
disassembly of mi
. Topoisomerase |l 10mM DMSO
1226 Etoposide inhibitor solution Datasheet 1226
. Benzodiazepine 10mM DMSO
1328 Flumazenil antagonist solution Datasheet 1328
1453 Clemastine H1 antagonist 10mM DMSO Datasheet 1453
fumarate solution
Cardiac Na+ channel
1470 Flecainide acetate | blocker. 10mM DMSO Datasheet 1470
X . solution
Antiarrhythmic
. Potent HMG-CoA 10mM DMSO
1530 Lovastatin reductase inhibitor solution Datasheet 1530
PDE3A inhibitor. Also
1692 Cilostazol adenosine uptake 10mM DMSO Datasheet 1692
S solution
inhibitor
Cyclooxygenase
1706 Acetaminophen inhibitor; may be 10mM DMSO Datasheet 1706
: solution
selective for CO
Peripheral H1
1944 | Loratidine antagonist: antiallergic| | OMM DMSO | bt acheet 1944
agent solution
. . HMG-CoA reductase | 10mM DMSO
1965 Simvastatin inhibitor solution Datasheet 1965
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- Ca2+ channel blocker | 10mM DMSO
2004 Isradipine (L-type) solution Datasheet 2004
Potent inhibitor of
2175 Tetrabenazine vesicular monoamine 10mM DMSO Datasheet 2175
solution
transpor
: Selective estrogen
2280 Ea!lcr)c))((lzfﬁlr;?i de receptor modulator ;ngt'i\gr?MSO Datasheet 2280
y (SERM)
. H1 receptor
2429 Eegggﬁi) er:g: antagonist; non- ;ngt'i\gr?MSO Datasheet 2429
y sedating antiallergic
Inhibits viral DNA
2513 Acyclovir polymerase; ;ngt'i\gr?MSO Datasheet 2513
antiherpetic agent
2571 Amlodipine Ca2+ channel blocker 10mM DMSO Datasheet 2571
besylate (L-type) solution
. Angiotensin-
2578 Eeggzceh?grli de converting enzyme ;c?ITt'i\gr?MSO Datasheet 2578
y (ACE) inhibitor
DNA
2624 Decitabine methyltransferase 10mM DMSO Datasheet 2624
o solution
inhibitor
. Selective D2-like 10mM DMSO
2664 Cabergoline agonist solution Datasheet 2664
Glucosidase alpha 10mM DMSO
2673 | Acarbose inhibitor (intestinal) | solution Datasheet 2673
Sodium 4- Histone deacetylase | 10mM DMSO
2682 Phenylbutyrate inhibitor solution Datasheet 2682
beta-adrenoceptor
2685 | Carvedilol and alphai- 10mMDMSO | b 5tasheet 2685
solution
adrenoceptor anta
DNA topoisomerase | | 10mM DMSO
2688 CPT 11 inhibitor; antitumor solution Datasheet 2688
Cyclooxygenase
2796 | (S)-(+)-Ibuprofen |inhibitor (COX-1> | 1OMMDMSO 5 - cheet 2796
solution
COX-2)
. Antiepileptic; binds 10mM DMSO
2839 Levetiracetam SV2A solution Datasheet 2839
. Activator of
2864 | ofrormin LKB1/AMPK; 1omM OMSO | patasheet 2864
y antidiabetic agent
. Dual
2917 xec?rlgi?\)l(clar:i%e serotonin/noradrenalin ;ngt'i\gr?MSO Datasheet 2917
y re-uptake inhibitor
- Ca2+ channel blocker | 10mM DMSO
2960 Felodipine (L-type) solution Datasheet 2960
2964 Doxazosin alpha1 antagonist 10mM DMSO Datasheet 2964
mesylate solution
3016 Miconazole nitrate | Antifungal agent ;ngt'i\gr?MSO Datasheet 3016
. Na+/2CI-/K+ (NKCC) | 10mM DMSO
3108 Bumetanide symporter inhibitor solution Datasheet 3108
. Antianginal, activates
3118 cl?i?\nglriilsliri de pyruvate ;ngt'i\gr?MSO Datasheet 3118
y dehydrogenase
Selective beta1 10mM DMSO
3256 Metoprolol tartrate antagonist solution Datasheet 3256
Gemcitabine DNA synthesis 10mM DMSO
3259 | hydrochloride inhibitor solution Datasheet 3259
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. D2 receptor
3287 Zirnci(;Telzrt'gerazme antagonist. Also 5- lg{:t'i\gr?MSO Datasheet 3287
HT3 and nAChR an
. . Potent HMG-CoA 10mM DMSO
3309 Fluvastatin sodium reductase inhibitor solution Datasheet 3309
Potent aromatase 10mM DMSO
3388 Anastrozole (CYP19) inhibitor solution Datasheet 3388
#5932 Tocriscreen FDA-Approved Compounds — Nao testados
. sl Concentration / Product Data
Cat.No |Product Name Brief Description Solvent Sheet
L Kiré channel (KATP) [10mM DMSO
0583 Minoxidil opener solution Datasheet 0583
: alpha1 and alpha2B
0623 Erifc?i?ori e antagonist. MT3 ;gmgr?'\"so Datasheet 0623
y antagonist
I /Adenosine transport  [10mM DMSO
0691 Dipyridamole inhibitor solution Datasheet 0691
AMPA selective
0713 (Cyclothiazide desensitization ;c?th'i\gr?MSO Datasheet 0713
inhibitor
. : . . 10mM DMSO
0937 Pimozide D2-like antagonist solution Datasheet 0937
. . Blocks desensitization [10mM DMSO
0964 Diazoxide of AMPA receptors solution Datasheet 0964
Estrogen receptor 10mM DMSO
1047 ICI 182,780 antagonist solution Datasheet 1047
Anti-inflammatory 10mM DMSO
1126 Dexamethasone glucocorticoid solution Datasheet 1126
Progesterone and
1479 Mifepristone glucocorticoid rec:eptormm'.vI DMSO Datasheet 1479
solution
antagon
Inosine
1505 Mycophenolic acid |monophosphatase 10mM DMSO Datasheet 1505
-~ . . |solution
dehydrogenase inhibit
Potent thrombin 10mM DMSO
1637 /Argatroban inhibitor solution Datasheet 1637
5-HT4 agonist;
1695 Cisapride stimulates intestinal 10mM DMSO Datasheet 1695
solution
ACh release
: Selective high affinity
2007 FIutlc_:asone glucocorticoid rec:eptormm'.vI DMSO Datasheet 2007
propionate g0 solution
Potent 5-HT2
2018 Mirtazapine antagonist. Also 5- ;ngt'i\gr?MSO Datasheet 2018
HT3, H1 and alph
- Antitumor antibiotic
2052 Eoé‘;g‘hbl'gr'ige agent. Inhibits DNA ;c?ITt'i\gr?MSO Datasheet 2252
y topoisom
Sertraline 5-HT re-uptake 10mM DMSO
2395 | drochloride inhibitor solution Datasheet 2395
Mexiletine Na+ channel blocker; [10mM DMSO
2596 hydrochloride antiarrhythmic agent |solution Datasheet 2596
: Deoxycytidine kinase [10mM DMSO
2600 Clofarabine (dCK) substrate solution Datasheet 2600
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Blocks voltage-

10mM DMSO

2625 Zonisamide sensitive Na+ and solution Datasheet 2625
Ca2+ channels (T
Synthetic 10mM DMSO
2671 Budesonide glucocorticoid; anti- . Datasheet 2671
; solution
inflammatory and ¢
. DNA-methylating 10mM DMSO
2706 Temozolomide antitumor agent solution Datasheet 2706
- Potent, highly
2749 Ee(;(rrgsr?lztrci)dn;ldme selective alpha2 ;c?ITt'i\gr?MSO Datasheet 2749
y agonist. Active iso
. Non-selective inhibitor
2831 Eugrfgr:?gri de of dopamine and ;ngt'i\gr?MSO Datasheet 2831
y noradren
RARbeta and 10mM DMSO
2852 Adapalene RARgamma agonist _solution Datasheet 2852
. Mineralocorticoid 10mM DMSO
2968 Spironolactone receptor antagonist _ solution Datasheet 2968
Orally active, selective|10mM DMSO
3000 Iressa EGFR inhibitor solution Datasheet 3000
Tamsulosin Selective alpha1A 10mM DMSO
3050 hydrochloride antagonist solution Datasheet_3050
Na+/2CI-/K+ (NKCC)
3109 Furosemide symporter inhibitor. 10mM DMSO Datasheet 3109
solution
Also anta
11-beta hydroxylase |[10mM DMSO
3292 Metyrapone inhibitor solution Datasheet 3292
: Orally active 5-LOX  |[10mM DMSO
3308 Zileuton inhibitor solution Datasheet 3308
Selective prostacyclin {[10mM DMSO
3351 NS 304 IP1 receptor agonist [solution Datasheet 3351
Non-steroidal
3389 Bicalutamide androgen receptor 10mM DMSO Datasheet 3389
; solution
antagonist
. Purine analog; inhibits [10mM DMSO
3495 Fludarabine DNA synthesis solution Datasheet 3495
: Highly selective beta1-
3517 Ee de‘I(\)I((;)fl](l)(l)ri de adrenoceptor ;ngt'i\gr?MSO Datasheet 3517
Y antagonist
3586 Sum:atnptan 5-HT1A/1 B/1D_ 10mM DMSO Datasheet 3586
succinate receptor agonist solution
Tizanidine . 10mM DMSO
3609 hydrochloride alpha2 agonist solution Datasheet 3609
GIluR5 antagonist;
3620 Topiramate inhibits carbonic 10mM DMSO Datasheet 3620
solution
anhydrase (CA
: Novel antipsychotic ~ [10mM DMSO
3737 Asenapine maleate agent solution Datasheet 3737
. Selective CCR5 10mM DMSO
3756 Maraviroc antagonist solution Datasheet 3756
KV11.1 (hERG)
3757 Dofetilide channel blocker; ;ngt'i\gr?MSO Datasheet 3757
inhibits rapid dela
Steroidal aromatase |[10mM DMSO
3759 Exemestane (CYP19) inhibitor solution Datasheet 3759
Potent, non-selective
3761 Tolterodine L-tartrate muscarinic receptor ;ngt'i\gr?MSO Datasheet 3761

antago
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Antibiotic; inhibits

10mM DMSO

3765 Linezolid protein sy_nthesis in solution Datasheet 3765
gram-posit
Potent VEGFR,
3768 |Sunitinibmalate  |PDGFRbetaand KIT || OMMDMSO o cheet 3768
e solution
inhibitor
Antibiotic; inhibits 50S
3771 Azithromycin ribosomal subunit 10mM DMSO Datasheet 3771
: solution
formatio
: Lo Orally active, potent |[10mM DMSO
3784 Sildenafil citrate PDES5 inhibitor solution Datasheet 3784
Selective
3786 Celecoxib cyclooxygenase-2 ;ngt'i\gr?MSO Datasheet 3786
(COX-2) inhibitor
. Selective, non-peptide [10mM DMSO
3798 Losartan potassium AT1 antagonist solution Datasheet 3798
- Kir6 (KATP) channel [10mM DMSO
3805 Repaglinide blocker solution Datasheet 3805
DNA
3842 5-Azacytidine methyltransferase 10mM DMSO Datasheet 3842
o solution
inhibitor
. Irreversible inhibitor of
3gso  [ranvioypromine y ony-iso inhibits | 0M PMSO b atacheet 3852
hydrochloride MAO solution
Eletriptan Orally active, selective|[10mM DMSO
3862 |\ drobromide 5-HT1B/1D agonist _solution Datasheet 3862
. Antibiotic; inhibits
3g63 || rovafloxacin bacterial DNA 10m M OMSO patasheet 3863
y synthesis
Rotigotine Dopamine D2/D3 10mM DMSO
3896 hydrochloride agonist solution Datasheet 3896
- Blocks IKr, hERG and
3908 | putilide L-type Ca2+ channels;|| MM DMSO I i sheet 3908
hemifumarate solution
class Il
Potent inhibitor of
3918 Pyrimethamine multi-drug and toxin 10mM DMSO Datasheet 3918
: solution
extrusion
- Cyclooxygenase 10mM DMSO
4092 Aspirin inhibitor: NSAID solution Datasheet 4092
: Adrenal glucocorticoid;[10mM DMSO
4093 Hydrocortisone immunosuppressant _solution Datasheet 4093
Non-steroidal
4094 Flutamide androgen receptor 10mM DMSO Datasheet 4094
. solution
antagonist
. Cytochrome P450 10mM DMSO
4096 Clotrimazole inhibitor: antifungal solution Datasheet 4096
Inhibitor of neuronal
4098 Carbamazepine voltage-gated Na+ 10mM DMSO Datasheet 4098
s solution
channels;
Purine analog; prodrug
4099 Azathioprine of 6-mercaptopurine 10mM DMSO Datasheet 4099
solution
(Cat.
Inosine
4102 Mycophenolate monophosphate 10mM DMSO Datasheet 4102
mofetil dehydrogenase solution
inhibitor
4107 |Probenecid MRP inhibitor 10mMDMSO | 3tasheet 4107

solution
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4113 Fenofibrate PPARalpha agonist ;c?th'i\gr?MSO Datasheet 4113
.- . . INon-selective calcium {10mM DMSO
4117 Bepridil hydrochlorldeChannel blocker solution Datasheet 4117
S Selective
4124 El?j?gt:]hzlgzze PPARgamma agonist; ;ngt'i\gr?MSO Datasheet 4124
y antidiabetic agent
. . Reverse transcriptase [10mM DMSO
4148 Abacavir hemisulfate inhibitor: antiretroviral [solution Datasheet 4148
Non-nucleoside
4149 Delavirdine mesylate [reverse transcriptase 10mM DMSO Datasheet 4149
C solution
inhibitor
High affinity, selective [10mM DMSO
4216 Valsartan AT1 antagonist solution Datasheet 4216
Kir6é (KATP) blocker;
4231 |Nateglinide displays high affinity ||OMMDMSO I acheet 4231
solution
for SUR1
4241 Olopatadlqe H1 _antagpmst; ocular 10mM DMSO Datasheet 4241
hydrochloride antiallergic agent solution
o Human pregnane X
4245 (I;/ilﬁcgfg::ilori de receptor agonist; H1 ;ngt'i\gr?MSO Datasheet 4245
y antagoni
4956 Tlagabmel GA_BA uptake |nh|b|tor;10mM DMSO Datasheet 4256
hydrochloride anticonvulsant solution
. Selective, irreversible [10mM DMSO
4308 Rasagiline mesylate MAO-B inhibitor solution Datasheet 4308
. 5-HT2A/D2 antagonist;10mM DMSO
4349 Olanzapine atypical antipsychotic solution Datasheet 4349
I Potent VEGFR-1, -2 [10mM DMSO
4350 Axitinib and -3 inhibitor solution Datasheet 4350
. Dual Src-Abl inhibitor; [10mM DMSO
4361 Bosutinib antiproliferative solution Datasheet 4361
Potent, reversible non-
4382 Letrozole steroidal aromatase 10mM DMSO Datasheet 4382
NN solution
inhibit
4418 Saquinavir mesylate |HIV protease inhibitor ;ngt'i\gr?MSO Datasheet 4418
Xanthine oxidase 10mM DMSO
4427 Febuxostat inhibitor solution Datasheet 4427
. . Dual AChE and BChE [10mM DMSO
4440 Rivastigmine tartrate inhibitor solution Datasheet 4440
Thymidylate synthase
4460  [Trifluorothymidine inhibitor: induces DNA || OMM DMSO I i asheet 4460
frag solution
Antiviral guanosine
4501  [Ribavirin analog: blocks elF4E ||OMMDMSO I i sheet 4501
L solution
activity
Potent AT1 receptor
4553 Azilsartan inverse agonist; 10mM DMSO Datasheet 4553
: solution
antihyperten
Potent AT1 antagonist;
4616 Olmesartan metabolite of ;ngt'i\gr?MSO Datasheet 4616
Olmesartan
4652 [SAHA Class | and [l HDAC  [TOMMDMSO b0t 4652
inhibitor solution
- Potent 5-HT1B/1D/1F [10mM DMSO
4657 Zolmitriptan agonist solution Datasheet 4657
. Long-acting beta2 10mM DMSO
4712 Salmeterol xinafoate agonist; bronchodilatorisolution Datasheet 4712
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4735 QueFiapine 5—H'I_'2/D2 a_ntagonlgt; 10mM DMSO Datasheet 4735
hemifumarate atypical antipsychotic |solution
AT1 receptor 10mM DMSO
4791 Candesartan antagonist solution Datasheet 4791
Selective serotonin
4796 Escitalopram oxalate [reuptake inhibitor 10mM DMSO Datasheet 4796
solution
(SSRI)
. Potent 5-HT and NA
4798 [(S)-Duloxetine reuptake inhibitor: also| 0" DMSO I i sheet 4798
hydrochloride block solution
Prodrug of 5-
4799 Capecitabine Fluorouracil (Cat. No. ;ngt'i\gr?MSO Datasheet 4799
3257). Inhibits
. Glucocorticoid 10mM DMSO
4819 Methylprednisolone receptor agonist solution Datasheet 4819
Synthetic 10mM DMSO
4833 Levonorgestrel progesterone analog _solution Datasheet 4833
Inhibitor of TBK1 and
4857 Amlexanox IKKepsilon; antiallergicmm'.vI DMSO Datasheet 4857
solution
agen
Inhibitor of NF-kappaB
4935 Sulfasalazine activation; alsoinhibitsmm'.vI DMSO Datasheet 4935
SX solution
. . . HMG-CoA reductase [10mM DMSO
4942 Pitavastatin calcium inhibitor solution Datasheet 4942
- alpha-glucosidase 10mM DMSO
4985 Miglitol inhibitor solution Datasheet 4985
. Nucleoside analog; 10mM DMSO
4990 Stavudine antiviral solution Datasheet 4990
Dihydroorotate
5069 Teriflunomide dehydrogenase 10mM DMSO Datasheet 5069
NS solution
inhibitor
o Potent 5-HT1B/1D 10mM DMSO
5136 Rizatriptan benzoate agonist solution Datasheet 5136
AT1 antagonist;
5139  Telmisartan PPARgamma partial | O"MDMSO i i sheet 5139
: solution
agonist
Potent and selective
5181 Tolvaptan vasopressin V2 10mM DMSO Datasheet 5181
solution
receptor anta
Non-peptide,
5250  [Ramipril competitive 10mMDMSO | stasheet 5250
. . . __Isolution
angiotensin-converting
Potent and selective
5263 Bazedoxifene acetateestrogen receptor 10mM DMSO Datasheet 5263
solution
modulator
Potent and selective
5325 Rosiglitazone PPARgamma agonist; 10mM DMSO Datasheet 5325
. solution
antidia
Potent VEGFR
5422 XL 184 inhibitor: also inhibits || 0™ BMSO |5t sheet 5422
solution
other RTKs
5491 Allsk_|ren Pot'ent renin |r_1h|b|tor; 10mM DMSO Datasheet 5491
hemifumarate antihypertensive solution
High affinity D2 and 5-
5584 Aripiprazole HT1A receptor partial ;ngt'i\gr?Mso Datasheet 5584

agoni
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Abstract

Oropouche virus (OROV), the causative agent of Oropouche Fever, is broader
dispersed in Brazil and South America regions causing sporadic outbreaks. Due
to the undifferentiated initial clinical symptoms caused by OROV and by other
arboviruses that geographically overlap, the differential diagnosis is challenging.
As for most of the neglected tropical diseases, there are a lack of reagents for
diagnosis and to study viral pathogenesis. In this context, we generated and
characterized a panel of mouse monoclonal antibodies that recognizes OROV
antigens in Indirect Immunofluorescent Assay (IFA) and Immuno-Histochemistry
(IHC) assays. Considering that it is the first monoclonal antibody produced for the
detection of OROV infections, we evaluate that it will be useful not only for
diagnostic purposes but also for serological surveys and epidemiological
surveillance on the dispersion and prevalence of OROV in Brazil and South

America region.

1. Introduction

Oropouche virus (OROV) is the etiological agent of a neglected emerging
zoonotic disease named Oropouche fever, which is transmitted to humans mostly
by the biting of Culicoides paraensis . In Brazil, since the isolation of OROV in
1960 2, several outbreaks of human disease were initially reported in the states
of Para, and later reached other states in the northern region of the country, such
as Acre, Amazonas, Amapa, Maranhdo and Rondonia 3. After a long period
without OROV disease notification, in 2006, the virus reemerged in the states of
Pard and Amazonas and it came to be considered one of the most prevalent
arboviruses in the Brazilian Amazon >, prior to the emergence of the Zika virus
and Chikungunya virus in Brazil.

OROV is a member of the genus Orthobynyavirus, family Peribunyaviridae
and is classified into four genotypes, all found in Brazil 8. The viral particle is
spherical with approximately 60 nm in diameter and a genome containing three
negative segments of single-stranded genomic RNA (Small (S), Medium (M) and
Large (L)) surrounded by helical nucleocapsids. Each segment encodes different

proteins, the nucleocapsid (N; 26,26 KDa) and nonstructural protein s (NSs;
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10,65KDa) by the S segment, two structural surface glycoproteins (Gn with
28,03KDa and Gc with 107,14KDa) and one nonstructural protein m (NSm;
26,65KDa) by the M segment, and the RNA-dependent RNA polymerase (261,25
KDa) by the L segment %13

The clinical presentations are usually confused with other arboviruses that
co-circulate in the endemic areas, such as dengue and yellow fever. Oropouche
fever is described as acute febrile illness common associated with headaches,
fever, myalgia and skin rash 2. Neural pathways of infection might occur, resulting
in rare cases of neurological syndromes and severe systemic infections,
however, the prognosis is good and there are no reports of sequelae resulting
from the infection %7, No licensed vaccines are currently available and the
treatment for Oropouche fever consists of symptoms relief using antipyretic and
analgesics '8. The clinical diagnostic is normally confused with dengue virus,
because they have similar symptoms, and the laboratory diagnostic consists of
molecular techniques (RT-PCR), and viral isolation in cultured cells which are
limited to the viremic phase 1921,

Polyclonal and monoclonal antibodies (mAbs) are essential tools widely
used in the serological diagnosis of diseases caused by microorganisms,
including viral infections 22724, Additionally, mAbs are more specific than
polyclonal antibodies, reducing issues in the interpretation of results, and
facilitating the standardization and reproducibility of the assays 2°. This reagent
is also essential for epidemiological surveillance, differential diagnostic and
pathogenesis studies 2°. Additionally, mAbs have also therapeutic properties and
could eventually be used in immunotherapy as already demonstrated for other
virus infections 6. In this study, we describe the development and
characterization of mouse mAbs against a Brazilian strain of OROV and

demonstrated its applicability as a diagnostic reagent in IHC assays.

2. Animals and Methods

Cell line and viruses

C6/36 Aedes albopictus cells (ATCC CRL-1660) were grown in Leibovitz's
L15 medium (Gibco, Grand Island, USA) supplemented with 5% fetal bovine sera
(FBS-Gibco), 25 ug/ml gentamicin (Gibco) and 0.27% tryptose at 28°C. Vero E6
cells (Sigma, 85020206), A549 (ATCC CCL-185), Huh-7.5 (ATCC PTA-8561) e
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A172 (ATCC CRL-1620) were cultured in Dulbecco’s Modified Eagle
Medium/Nutrient Ham F12 (DMEM F12 — Gibco) with 10% FBS, 14 mM sodium
bicarbonate, 100 IU/ml penicillin (Sigma-Aldrich, Steinheim, Germany) and 100
pg/ml streptomycin (Sigma-Aldrich) at 37°c in a 5% CO. atmosphere. Mouse
myeloma cell line P3x63Ag8.653 (kindly supplied by Dr. Carlos R. Zanetti, from
Laboratorio de Imunologia Aplicada, Universidade Federal de Santa Catarina,
Florianépolis, Brazil; ATCC CRL-1580) and hybridomas were maintained in
RPMI-1640 medium (Cultilab, Campinas, Brazil) with 20% FBS, 23.8 mM sodium
bicarbonate, 2 mM L-glutamine, 1 mM sodium pyruvate, 9.6 mM HEPES, 100
IU/ml penicillin, 100 pg/ml streptomycin and 0.25 ug/ml amphotericin B (Sigma-
Aldrich) at 37°C in a 5% CO2 atmosphere. THP-1 (ATCC TIB-202) and THP-1-
derived macrophages were maintained in RPMI-1640 medium (Cultilab,
Campinas, Brazil) with 10% FBS, 23.8 mM sodium bicarbonate, 2 mM L-
glutamine, 1 mM sodium pyruvate, 9.6 mM HEPES, 100 IU/ml penicillin, 100
pg/ml streptomycin and 0.25 pg/ml amphotericin B (Sigma-Aldrich) at 37°C in a
5% CO2 atmosphere, and differentiation was induced with 100 ng/ml of phorbol
myristate acetate (PMA) for 48h.

OROV is a clinical isolate kindly supplied by Dr. Felipe Gomes Naveca?’,
previously allocated in Virology Molecular Laboratory (Instituto Carlos
Chagas/Fiocruz, Brazil), was amplified in Vero E6 and titrated by the plaque-

forming assay in C6/36 28.

Immunization protocol

Tree 30 day-old BALB/c mice were immunized five times (14 days apart)
with 1x10® pfucess/dose/animal of OROV mixed with Alu-S-Gel (Serva,
Heidelberg, Germany) in the doses 1 to 4 (intraperitoneal route) and no adjuvant
in the fifth dose (intravenous route) (Figure 1A). Blood samples were collected
prior to first immunization (pre-immune sera) and after fourth immunization by
puncturing the caudal vein. The experimental protocol for animal use were
approved by the Ethical Committee on Animal Research of the Fundacéo
Oswaldo Cruz (Fiocruz CEUA n°® LW-27/19).

Production of mAb
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Three days after the fifth dose, the mice were anesthetized via
intraperitoneal route with 100 mg/kg ketamine/20 mg/kg xylazine and, the final
bleeding was performed by cardiac puncture to obtain post-immune sera. After
the bleeding mice were euthanized with an overdose of ketamine (500 mg/kg)
and xylazine (100 mg/kg) and their spleens were removed aseptically. The
splenocytes were separated and fused with P3x63Ag8.653 cells using
polyethylene glycol (MW 3000-3700; Sigma-Aldrich), as previously described 2.
The resulting hybrid cells were maintained in RPMI-1640 media and the selection
of hybrid cells (myeloma + splenocytes) where made using HAT supplement (100
MM hypoxanthine, 0.4 uM aminopterine and 16 yM thymidine; Sigma-Aldrich) for
14 days, followed by 4 days in HT supplement media (100 yuM hypoxanthine and
16 uM thymidine). After selection in HAT/HT media hybrid cells were maintained

in RPMI media as already described 23.

Hybridoma screening with immunofluorescence assay

Hybridomas that were secreting anti-OROV antibody were selected by
indirect immunofluorescence (IFA) on OROV-infected C6/36 cells and uninfected
C6/36 as control (MOCK). Briefly 1x10* C6/36 cells/well (96-well plates) were
infected with OROV at a multiplicity of infection (MOI) of 1, fixed 48h post-
infection with methanol:acetone (v/v) overnight at -20°. Thus, after the fixative
reagent was discarded and plates dried in the air, 100 ul of hybridoma cell culture
supernatants were added in each well and incubated for 1h at 37°C. After
washing three times with PBS (1x Phosphate Buffered Saline) plus 0.05% Tween
20, an anti-mouse alexa fluor 488-conjugated antibody (1:1000; Sigma-Aldrich)
and 0,3 mM DAPI (4’,6-diamidino-2-phenylindole) diluted in PBS-BSA 1%
(Bovine Sera Albumine) were used to stain cells secreting antibodies against
OROV virus. After 1h incubation at 37°C cells were washed again 3x using PBS
and 100 pl of PBS were added in each well for microscopy analysis. The
polyclonal serum was used as positive controls and pre-immune sera as a
negative control. The immunofluorescence images were captured with Operetta
CLS High-Content Analysis System (PerkinElmer, Massachusetts, USA) using a
20x non-confocal objective and analyzed using the Harmony Software
(PerkinElmer).
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Clones that reacted with infected cells and did not react with MOCK controls
were subjected to limiting dilutions (LD) to have a single cell per well. Upon
reaching 75% confluence, the IFA was performed again, and the clones that still
recognize OROV antigens in C6/36 infected cells were subjected to a second
round of limiting dilution. Once reactivity was confirmed after two cycles of LD,
isotyping was performed by immunoassay with a commercial kit (Southern
Biotech), according to the manufacturer's recommendations, and the hybridoma

were expanded to produce mAb and the cells were freeze for future use.

Target protein of mAb anti-OROV
The specificity of mAb to OROV proteins was investigate using Western Blot
assay. Supernatant of Vero E6 infected by OROV at a MOI 0.001 was

concentrated by polyethylene glycol precipitation using 7% at final concentration

of PEG 8000 and purified by sedimentation through a 30%/60% sucrose cushion
in TNE (20 mM Tris pH 8.0, 150 mM NaCl, 2 mM EDTA). The cell extract was
lysed (0.1% Triton-X, 150 mM NaCl, 50 mM Tris-HCI pH 8.0, 10% glycerol),
centrifuged at 2,000 rpm for 1 minute and the supernatant was collected and
stored at -80°C. Purified viral supernatant, infected cell lysate and uninfected
(MOCK) were then diluted in Laemmli sample buffer (1:1), boiled for 10 minutes
and loaded into 13% SDS-Page gels 2%2°,

Immunohistochemistry assay

To evaluate the effectiveness of the mAbs produced in
immunohistochemistry assay, we intracranially inoculated 300 PFU of OROV in
3 newborn BALB/C mice (first 48h of life) or vehicle (MOCK). After 3 days,
animals were euthanatized using an overdose of ketamine (500 mg/kg) and
xylazine (100 mg/kg) and the brain tissue was collected and kept in buffered
formalin solution (10% formaldehyde, 30 mM NaH2PO4 H20, 45 mM NaH2PO4).
Pathological analysis was performed in tissue samples stained with hematoxylin
and eosin (H&E) (Harris Hematoxylin: NewProv, Cod. PA203, Parana, BR; Eosin:
BIOTEC Analytical Reagents, Cod. 4371, Parana, BR).

The anti-ORQV clones 63B3E7 and 268B8A3, at 1:100 dilution were used
in immunohistochemistry assays (IHC) of mice infected brain tissues. The

immunohistochemistry assay recommended an overnight incubation protocol for
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the primary antibodies in a humid chamber, with a temperature between 2 and 8°
C. The secondary polymer (Mouse/Rabbit PolyDetector DAB HRP Brown,
BSB0205, BioSB, Santa Barbara, CA) was applied to the material tested for 40
minutes at room temperature. The technique was revealed with the addition of
the complex 2, 3, Diaminobenzidine plus hydrogen peroxide substrate, for
sufficient time for the development of the brown color, followed by counterstaining
with Harris Hematoxylin. Two non-correlated mAbs that recognize flavivirus-
specific 4G2 (hybridoma D1-4G2-4-15, ATCC HB-112) and alphavirus-specific
1G1 (produced from the CHIKV E1 envelope protein) were used as negative
controls. The experimental protocol using animals were approved by the Ethical
Committee on Animal Research of the Fundagcdo Oswaldo Cruz (Fiocruz CEUA
n°® LW-20/20).

Mabs reactivity in different cell types

The reactivity of anti-OROV clone 63B3E7 mAb was evaluated by IFA in
several cell lines infected by OROV (C6/36, Vero E6, A549, Huh-7.5 and THP-1-
derived Macrophages). Briefly, 1x10* cells/well seeded in 96-well plates were
infected at MOI of 0.02, 0.1, 0.5, 2.5 and 12.5 with OROV and incubated at
different time points (24h, 48h or 72h). At each time point, cells were fixed with
200 pL/well of methanol-acetone (1:1) at -20°C for 1 hour. Next, 100 pl/well of
anti-OROV mAb 63B3E?7, diluted 1:800 in 1% PBS-BSA was incubated for 1 hour
at 37°C. After three washes with PBS-T, anti-mouse 1gG antibody conjugated to
Alexa Fluor 488 (Sigma-Aldrich) and DAPI (4'.6-diamidino-2-phenylindole) were
diluted 1:1,000 and 0.3 mM, respectively, in 1% PBS-BSA and incubated for 1
hour at 37 °C. After three washes with 100 pl/well of PBS plates were analyzed

under fluorescent microscopy. The images were captured by the Operetta CLS
High-Content Analysis System (PerkinEImer, Massachusetts, USA) using a 20x
non-confocal objective and analyzed using the Harmony Software (PerkinElmer).
Nuclei quantification and percentage of cells infected by OROV infection were
evaluated by staining with DAPI and Alexa Fluor 488, respectively.

For THP-1 cells, flow cytometry was used to evaluate the reactivity of anti-
OROQV clone 63B3E7 mAb. 2x10° cells/well in 24-well plates were infected under
the same conditions described above. After each incubation time, cells were
harvest and treated with 200 pl/well of blocking buffer (PBS + 5% FBS + 1% AB+
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human sera) for 20 minutes at room temperature, fixed with Citofix/Citoperm (BD
Biosciences, USA) and incubated with the anti-OROV mAb 63B3E7 diluted 1:400
in Perm/Wash (BD Biosciences) for 30 minutes at 37 °C. After three washes with
Perm/Wash solution cells were incubated with Alexa Fluor 488 conjugated anti-
mouse IgG antibody (Invitrogen) diluted 1:400 in Perm/Wash. After 30 minutes of
incubation, cells were washed again and recovered in 200 pL/well of filtered PBS
and the quantification of infected cells was performed in the BD FACS Canto Il
equipment (BD Biosciences, USA) and analyzed in the FlowJo software (BD

Biosciences, USA).

3. Results

Fusion of murine splenocytes with P3x63Ag8.653 cells resulted in 1,272
hybridomas. Of these, 968 wells were screened and 148 (15%) were positive by
IFA analysis of C6/36 cells infected by OROV (MOI of 1 for 48h). In the second
round of screening, 34.5% of the 148 initial clones (51) continued to produce anti-
OROQV antibodies and did not react with the MOCK control (Figure 1B). The cells
presenting the highest density and immunofluorescence intensity in the plate
wells were subjected to limiting dilutions (LD) to obtain a single cell per well. After
two successive limiting dilution cycles, two hybridomas secreting anti-OROV
mAbs were obtained (Figure 1 B-C). The hybridoma were expanded in culture
and the supernatant from both clones were purified and concentrated by
precipitation with ammonium sulfate. The mAb was identified as 1gG2a (clone
63B3E7) and IgM (clone 268B8A3) isotypes with kappa light chains.

The specificity of the two anti-OROV antibodies were evaluated by IFA
using uninfected (MOCK) and infected (OROV) C6/36 cells (Figure 1 D-F). Both
mAbs 63B3E7 and 268B8A3 specifically reacted with OROV infected cells
(Figure 1 C-F) and no unspecific reaction was observed in MOCK infected cells.
The staining pattern of C6/36 infected cells was similar with anti-OROV clone
63B3E7 and the polyclonal sera (1:800) (Figure 1 D-E).

Infected and MOCK cell lysates and purified OROV supernatant were used
in western blot assays to verify the identity of viral proteins recognized by both

mAbs. The mAb 63B3E7 target only one viral protein with approximately 25 kDa
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(Figure 2 A and B) in ORQV positive samples. The mAb 268B8A3 did not react
with any protein in the samples (Figure 2 A).

In addition, we evaluated the applicability of the two mAbs in IHC assays.
The mAbs 63B3E7 and 268B8A3 reacted and differentiated the OROV infection
(Figure 3 A and C) from MOCK (Figure 3 B and D) in mouse neuronal tissue. In
both mAbs, the deposit of a granular brown stain (DAB) indicative of
immunoreaction positivity is seen in the cytoplasm of cortical neurons, especially
in the perinuclear region. The pyramidal cortical neurons and those located in the
hippocampus presented the highest and strongest positivity. No immunopositivity
was observed in glial cells, endothelial cells, or any other cell types present in the
mouse central nervous system. Despite the mAbs were able to differentiate
between infected and uninfected tissue, mAb 268B8A3 clearly produce a higher
background in uninfected neuronal tissue at the dilution tested (Figure 3D),
compared to mAb 63B3E7. Non-correlated mAbs (4G2 and 1G1) did not react to
OROV proteins (Figure 3 E-F).

To analyse the reactivity of anti-OROV 63B3E7 mAb in different cells lines,
C6/36, Vero E6, Huh-7.5, A172, A549 and THP-1-derived macrophages, were
infected each strain with OROV. The 63E3E7 mAb specifically detected OROV
antigen in cell culture, and did not cross react with cells proteins in all tested
lineages (Figure 4). We determined that mAb 63B3E7 detect OROV-infected
cells in IFA at low MOIls, as demonstrated in Huh-7.5 cell infected with MOI
0.00125 after 24 h (Supplementary Figure 1).

4. Discussion

OROQV causes frequent outbreaks in the states of Para® and Amazonas 639,
and more recently, cases of infection have been reported in other regions of
Brazil, such as the Southeast '#3" and Central ?° regions, confirming viral spread
21,32 Because the clinical signs of OROV infection are undifferentiated from other
arboviral infections as dengue, especially in the early phase, the number of ORO
fever cases is underreported. As a neglected virus, only few studies address the
prevalence and dispersion of OROV and, its impact in the epidemiological
panorama in Brazil and South America. In this context, the development of

reagents, as specific monoclonal antibodies would be relevant not only for
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diagnostic purposes but also for research on viral biology, pathogenesis and
epidemiology, especially in countries in which dengue and OROV are endemic
and sympatric °,

Currently the diagnosis for OROV detection is essentially based on
molecular tests, such as RT-PCR or real time RT-PCR '420:33 gs well as classical
virology tests (viral isolation, hemagglutination inhibition, PRNT and complement
fixation tests)*819. However, these are laborious, highly complex techniques and
require specialized professionals to interpret the data. A simpler alternative would
be the use of antibody-based tests. The antibodies used in the only commercially
available test are polyclonal sera 343 or ascite fluids (ATCC; VR-1228AF) from
animals infected with OROV . These reagents present variations from lot to lot
that might impact in the results. Therefore, the development of defined and stable
reagents, such as anti-OROV monoclonal antibodies, would guarantee the
specificity and reproducibility of the assays, improving the diagnosis of the
disease, and in addition to being useful for research purposes 2':25.

We produced and characterized two mAbs able to differentiate OROV-
infected cells or tissues from uninfected controls. Although both Mabs were able
to detect ORQV infection, the mAb 63B3E7 yielded better results both in IFA and
IHC formats. In IFAs, mAb 63B3E7 specifically target viral proteins in all infected
cell lines (lineages derived from humans, non-human primates and mosquitoes)
used in this study, yielding results comparable to the literature data. 37-38

The two mAbs are from different isotypes (1 IgG2a and 1 IgM) and are
probably targeting different epitopes as both were reactive in IFl and IHC assays
but not in western blots3°. The western blot results suggest that mAb 63B3E7
recognizes a linear epitope of a protein with approximately 25 kDa in OROV
samples. During viral replication cycle, three main proteins are synthetized: the
nucleocapsid protein with ~26.26 KDa, the non-structural protein M with 26.65
KDa and the Gn viral envelope glycoprotein with 28.03 kDa®4%4', Using purified
virus particles in western assays the mAb 63B3E7 strongly reacted with a protein
with a molecular weight in the range of 25KDa suggesting that the OROV
nucleocapsid protein might be the target of mAb 63B3E7. These results agree
with the results obtained for mAbs of La Crosse and Tahyna viruses, which are
viral species of the same family of OROV. In a study using La Crosse virus, the

G2 protein ontologically corresponds to the Gn proteiof OROV. This protein is
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less immunogenic when compared to other structural proteins, such as N protein
and G1 (higher molecular weight envelope glycoprotein). These latter proteins
are the main targets of produced monoclonals 4?. In denaturing western blot
assays, the mAb 268B8A3 did not react with the proteins present in the sample,
possibly because it targets a conformational epitope 29, since it recognized OROV
proteins in IFA and IHC assays.

A percentage of OROV-infected patients can progress to a more serious
clinical outcome involving neurological manifestations such as viral meningitis
1416 however the exact mechanism(s) is not known. There are three studies
35,4344 that have developed murine models to study OROV neuroinfection. These
studies, together, show the neural route and crossing the blood-brain-barrier 43,
glial activation and neuronal cell death 3. Aiming to determine if the mAbs we
developed would be useful for the study of viral biology and diagnosis using IHC,
we infected IC mice with OROV and examined neuronal tissues. However,
immunostaining was not observed in any cell type, except in cortical neurons.
The immunopositivity of both mAbs was easy to obtain with standard protocol for
the immunohistochemistry technique. The brown staining that appears after DAB
is easily observed, very strong, and specifically perinuclear intracytoplasmic,
making the immunolocalization for the OROV-positive area by light microscopy
reliable. The mAb 268B8A3 showed a slight background in the glial matrix.

Summing up, we produce and characterized two mAb which specifically
recognize OROV proteins. This reagent proved to be versatile, and especially
useful for differential diagnosis of OROV from other arboviruses of medical
importance, like dengue virus and yellow fever virus that co-circulate in Brazil and
South America. As the anti-OROV mAbs are of different isotype (IgG2a and IgM),
and possibly target different epitopes, they could be employed in serological
assays, as capture ELISA or point-of-care tests for laboratory diagnosis of OROV
using both mAbs.

To improve the use of this reagent, we intend to analyze the sensitivity and
specificity of the Mabs conjugated with molecules (colloidal gold and
fluorophores), in diagnostic assays, as seen in tests for dengue virus for example
45,46 For ORQV, there are no commercially available mAb-based diagnostic tests,
mainly due to the lack of commercial interest as OROV fever is considered a

neglected disease. Moreover, there are a paucity in the knowledge about basic
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aspects of the viral biology and pathogenesis, also due the absence of specific
reagents. Consequently, the search and development of such reagents are
extremely valuable to fill these gaps since the outbreaks caused by OROV is
generally confused with the dengue virus infections. We evaluate that the mAbs
developed may be useful supporting research, diagnosis and epidemiological

surveillance of OROV infections.
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Figure 1: Production and selection of anti-OROV monoclonal antibodies. In
A, scheme of inoculations in mice for the production of mAbs, together with
the collection of sera. In B, the screening of hybridomas resulting from the
fusion is demonstrated, in addition to the following steps for selecting the
most promising ones. In C, representative IFA for detection of anti-OROV
antibodies from clones 63B3E7 (1:800) and 268B8E3 (1:100), together with
the control sera (pre-immune and polyclonal, diluted 1:100 and 1:800,

respectively). The culture supernatant of the LD2 clones were purified and
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evaluated for the detection of viral antigens in C6/36 cells (1x10* cells per
well) uninfected (Mock) and infected with OROV (MOI 1 for 48h). In blue,
cell nuclei stained with DAPI and in green OROV labeled with the respective
mAb or polyclonal immune sera, followed by anti-mouse IgG conjugated
with Alexa-Fluor 488. In D-F, infected (ORQV - red) and uninfected (MOCK
- C6/36) cells blue) were used for titration of polyclonal mouse sera (D),
mAb 63B3E7 (E) and mAb 268B8A3 (F). Infection data obtained by IFA
were normalized, analyzed, and plotted using Alexa-Fluor 488-conjugated
anti-mouse Ig labeling. The bar corresponding a 100um. D-F represents 3

experiments of three different biological replicas.
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Figure 2: Western blots for the identification of OROV protein target by the
mAbs 63B3E7 and 268B8A3. In A, OROV-infected Vero E6 cell extract
reacted with anti-OROV mAbs 63B3E7 and 268B8A3. As controls an anti-
OROV polyclonal immune sera and an anti-envelope of flavivirus mAb 4G2.
In B, purified OROV (OROV Pur. line), OROV infected Vero E6 cell lysate
(ORQV Lys. line) or uninfected Vero E6 lysate (MOCK line) reacted with
mAb 63B3E7. Both are subjected to 13% SDS-PAGE and electroblotted

onto nitrocellulose membranes. Proteins were stained with the mAbs,

= 25kDa

fllowed by anti-mpuse IgG conjugated to alkaline phosphatase. Molecular
weight marker 10-250 kD.
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Figure 3: Immunohistochemistry in mouse neuronal tissue infected by
OROV. Red arrows demonstrate perinuclear staining in neuronal tissue of
mice infected by OROV and stained with mAb 63B3E7 (A) and mAb
268B8A3 (C). Image depicting the absence of perinuclear tissue and
neuronal cytoplasmic immunolabel of the mAb 63B3E7 (B) and mAb
268B8A3 (D) in a neuronal tissue of mice uninfected with OROV (MOCK).
In E and F is demonstrated negative control with non-correlation mAbs, 4G2

and 1G1, respectively. The bar corresponding 25 pm.
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Figure 4: Reactivity in different cell types. A representative image of the
permissiveness to OROV of cultures of C6/36, Vero E6, A172, A549, Huh-
7.5 and macrophages differentiated from THP-1 is shown. In blue, nuclei
stained with DAPI and, in green, OROV labeled with mAb 63B3E7, followed
by anti-mouse IgG conjugated with Alexa-Fluor 488. In the images, MOCK
represents uninfected cells after 72h, and OROQOV cells infected with OROV

MOI 0.02 for 72 h. The bar corresponding 100 um. The images represent 3

biological replicas.
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Supplementary 1: Infection of Huh-7.5 cells with OROV. The normalized
percentage of OROV infection in Huh-7.5 cells (A) and the nuclear
quantification (B) are demonstrated in different MOls (12.5 — 3.125x10-4)
after 24 h (line and bars in blue, respectively) and 48 h (line and bars in red,

respectively), by IFl. The image representative of one of the smallest MOls
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tested (MOI 0.00125, 24 hpi) is demonstrated in C. In blue, DAPI stained
nuclei and, in green, OROV labeled with mAb 63B3E7, followed by anti-
mouse IgG conjugated to Alexa -Fluor 488. MOCK: uninfected cells after 24

h. A-B represents 3 experiments of three different biological replicas.



12. ANEXO lll - COMITE DE ETICA EM PESQUISA ANIMAL

Ministério da Salde
CEUA
Fiocruz
FIOCRUZ
Fundacao Oswaldo Cruz
Vice-Presidéncia de Pesquisa e Colegbes Comissao de Etica
Biologicas - VPPCB no Uso de Animais

LICENCA LW-20/20

Certificamos que o protocolo (P-46/19.4), intitulado "Caracterizacio de modelos
murines de viroses emergentes para isolamento viral, avaliacio imunolagica e triagem
de compostos para terapia: citotoxicidade e atividade antiviral.”, sob a responsabilidade
de CLAUDIA NUNES DUARTE DOS SANTOS, atende ao disposto na Lei 11794/08, que
dispBe sobre o uso cientifico no uso de animais, inclusive, aos principios da Sociedade
Brasileira de Ciéncia em Animais de Laboratério (SBCAL). A referida licenca ndo exime a
observancia das Leis e demais exigéncias legais na vasta legislagdo nacional.

Esta licenga tem validade até 03/08/2024 e inclui o uso total de:

Mus musculus

- 355 Machos de BALB/c, Idade: 6 Semana(s), Peso: 13,0000 Grama(s).
- 370 Fémeas de BALB/c, Idade: 6 Semana(s), Peso: 13,0000 Grama(s).
- 50 fetos, Idade: 14 dias.

-150 neonatos, Idade: 2 dias.

Mus musculus

- 420 Machos de C57BL/6, Idade: 6 Semana(s), Peso: 13,0000 Gramaf(s).
- 420 Fémeas de C57BL/6, Idade: 6 Semana(s), Peso: 13,0000 Grama(s).
-100 neonatos, Idade: 2 dias.

Mus musculus

- 820 Machos de A129 KO, Idade: 6 Semana(s), Peso: 13,0000 Grama(s).
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- 900 Fémeas de A129 KO, Idade: 6 Semana(s), Peso: 13,0000 Grama(s).
- 200 fetos, Idade: 14 dias.
- 200 neonatos, Idade: 2 dias.

Mus musculus
- 220 Fémeas de DBA/1, Idade: 6 Semana(s), Peso: 13,0000 Grama(s).

Mus musculus
- 220 Fémeas de NOD, Idade: 6 Semana(s), Peso: 13,0000 Grama(s).

Rio de Janeiro, 03 de agosto de 2020.

Octavio Augusto Franca Presgrave
Coordenador da CEUA/Fiocruz



