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RESUMO

O aumento na incidéncia de eventos de doencas emergentes virais tem sido
observado desde a década de 1940. Recentemente temos observado varios virus
sendo introduzidos em novas regides do globo, como em 2015 com a disseminacao
do Zika virus pela América do Sul. Ainda mais recentemente, presenciamos a
emergéncia de um novo corona virus, 0 SARS-CoV-2, na China que rapidamente
atingiu niveis pandémicos. Esse tipo de evento, além de trazer preocupacdes no que
diz respeito a saude publica e economia, exige uma rapida resposta da comunidade
cientifica, seja para o entendimento dos mecanismos que levam a doenca, seja na
busca de tratamentos contra a doenca em questdo. As técnicas de protedmica,
transcriptbmica e gendmica mostram-se grandes aliadas apds a emergéncia de novos
doencas virais, pois sdo amplamente difundidas e € comum que sejam empregadas
na compreenséo do ciclo de replicacdo do virus, a patogénese viral e para a definicdo
de alvos terapéuticos para novos virus. Estudos de transcriptdmica geram grandes
guantidades de dados que tém aplicacdes potenciais muito além dos objetivos
originais de um experimento, uma vez que sdo armazenados em bancos de dados,
normalmente de acesso publico. Através destes dados disponiveis em banco de
dados buscamos desenvolver um protocolo de analise integrativa de transcriptomas,
utilizando como base para a validacdo deste protocolo usando dados de células
neurais infectadas com ZIKV. Foram identificados genes diferencialmente expressos
compartilhados. Alguns desses genes, vias e funcdes bioldgicas foram ligadas a
neurogénese e/ou apoptose. A andlise in silico integrada capaz de prever e identificar
biomarcadores putativos a partir de diferentes dados de transcriptoma, que seriam
Uteis para o entendimento da patogénese da doenca viral e para aplicacdo na
identificacdo de candidatos antivirais. Com a emergéncia do SARS-CoV-2, este
protocolo foi revistado e atualizado, com uma estratégia de deep learning para
identificar alvos em células infectadas que possam ser inibidos por moléculas ja
aprovadas disponiveis em bibliotecas, sugerindo formas de controle da infec¢do por
SARS-CoV-2. Este tipo de analise s6 é possivel devido ao grande volume de
informacgéo que € gerado a partir dos estudos de transcriptébmica e de virologia em
geral. Em sala de aula muitas vezes mostra-se desafiador transferir todo esse

conhecimento aos alunos. Um dos fatores identificados é a dificuldade de se elaborar



aulas praticas de virologia. Portanto, buscamos desenvolver um material didatico que
permitisse a visualizacdo de particulas de virus gigantes de amebas e efeitos
citopéticos de virus em células animais, com objetivo de afastar a virologia do campo
abstrato da aprendizagem. Incluindo também estes virus gigantes como modelos para
o entendimento da coevolucdo ao revisar seus mecanismos de invasao nas células

hospedeiras.

Palavras-chaves: Analise integrativa de transcritora, virus emergentes, Materiais

de Ensino.



ABSTRACT

The increase of the incidence of viral emerging disease events has been
observed since the 1940s. Recently we have observed several viruses being
introduced in new regions of the globe, for example, the spread of the Zika virus in
South America in 2015. Even more recently, we witnessed the emergence of a new
coronavirus in China that quickly reached pandemic levels. In addition to raising
concerns about public health and the economy, this type of event requires a quick
response from the scientific community, either to understand the mechanisms that lead
to the disease or in the search for treatments against the disease in question.
Proteomics, transcriptomics, and genomics techniques are great allies after the
emergence of new viral diseases, as they are widely disseminated, and it is common
for them to be used to understand the virus replication cycle and viral pathogenesis
and to define therapeutic targets for new viruses. Transcriptomics studies generate
large amounts of data that have potential applications far beyond the original objectives
of an experiment since they are stored in databases, usually publicly accessible.
Through the data available in the database, we sought to develop a protocol for the
integrative analysis of transcriptomes, using it as a basis for validating this protocol
using data from neural cells infected with ZIKV. Shared differentially expressed genes
were identified. Some of these genes, pathways and biological functions have been
linked to neurogenesis and apoptosis and integrated into silico analysis capable of
predicting and identifying putative biomarkers from different transcriptome data that
would be useful for understanding viral disease pathogenesis and for application in
identifying antiviral candidates. With the emergence of SARS-CoV-2, this protocol was
revised and updated, with a deep learning strategy to identify targets in infected cells
that can be inhibited by already approved molecules available in libraries, suggesting
controlling mechanisms for SARS-CoV-2 infection. This type of analysis is only
possible due to the large volume of general information generated from transcriptomics
and virology studies. In the classroom, transferring all this knowledge to students is
often challenging. One of the factors identified is the difficulty of preparing for practical
virology classes. Therefore, we sought to develop didactic material that allowed the
visualization of Amoeba's giant virus particles and cytopathic effects of viruses in

animal cells, to move virology away from the abstract field of learning, also including



these giant viruses as models for understanding coevolution by reviewing their

invasion mechanisms in host cells.

Keywords: Integrative transcriptome analysis, emerging viruses, Teaching Materials.
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1 INTRODUCAO

Além dos grandes impérios, guerras e avancos tecnologicos ao longo do
tempo, a historia também é definida pelas grandes enfermidades que afetaram uma
variedade de povos. As doencas tém uma histéria e cada época tem suas doencas
(HEGENBERG, 1998). Podemos citar: a Peste de Atenas, que ocorreu no século V
a.C. durante a Guerra do Peloponeso e afetou gravemente a cidade de Atenas,
matando uma grande parte da populacéo, incluindo o famoso lider Péricles. A Peste
Negra dizimou cerca de um terco da populacdo europeia na Idade Média, a variola,
que dizimou populacdes inteiras nas Américas apés a chegada dos europeus, a gripe
espanhola, que matou cerca de 50 milhdes de pessoas em todo 0 mundo no inicio do
século XX, e mais recentemente, a pandemia de COVID-19, que vem afetando todo o
mundo desde o final de 2019 (COOK, 1998; HAYS, 2005). Cada uma dessas
enfermidades teve impactos profundos na histéria, moldando culturalmente a

sociedade.

Embora as doencas acompanhem a humanidade desde o seu surgimento, 0
entendimento do que € uma doenca se altera conforme ao longo da histéria e das
sociedades. Na Grécia Antiga, Hipdcrates postulou a salude estava relacionada ao
equilibrio entre os quatro humores do corpo (bile amarela, bile negra) (SCLIAR, 2007;
TSOUCALAS et al., 2018). Durante a Idade Média, a doenca era frequentemente vista
como uma punicdo divina ou resultado da ma disposicado dos astros. No lluminismo,
surgiram teorias mais cientificas sobre a doenca, na qual passa a se observar a
influéncia do ambiente e da dieta na saude dos individuos (KARAMANOU et al., 2012).
Finalmente, a teoria microbiana da doenca, desenvolvida no século XIX, revolucionou
a compreenséo das doencas infecciosas (KARAMANOU et al., 2012), demonstrando
que muitas delas sdo causadas por microrganismos, como fungos, bactérias e, pelos

virus.

Os virus séo considerados como as entidades mais abundantes na Terra e tém
grande impacto sobre a vida e sobre a manutencdo da vida no planeta, ndo sé por
atuarem como importantes forcas de controle populacional, mas também por, dessa
forma, influenciar ciclos importantes, como no ciclo do carbono nos ecossistemas
aquaticos (MD TAIMUR KHAN et al., 2022; PAEZ-ESPINO et al., 2016; ROUX et al.,
2016; VILLARREAL; WITZANY, 2010). Estes parasitas intracelulares obrigatoérios,



13

independentemente da discussdo se possuem vida ou ndo, sdo, sem duavidas,
entidades bioldgicas essenciais na biosfera (PAEZ-ESPINO et al., 2016).

Uma vez descobertos, os virus inicialmente eram considerados agentes
filtraveis, e foi natural que despertassem o fascinio humano e se tornassem alvos de
estudos. No comeco da virologia, o estudo dos virus limitava-se aos virus de plantas
e, posteriormente, aos virus bacterianos (bacteri6fagos), pois o cultivo de seus
hospedeiros era relativamente facil (BOS, 1981; CLOKIE et al., 2011; SIMON, 1912;
VAN HELVOORT, 1994).

Simultaneamente a descoberta dos virus de animais, foi apresentada sua face
patogénica, por estarem frequentemente associados a diversas doencas (KEILIN,
1959; LECOQ, 2001; PAEZ-ESPINO et al.,, 2016). Na década de 1940, com o
aperfeicoamento das técnicas de cultura celular, o estudo dos virus animais teve
avancos significativos, quando muitos virus passaram a ser isolados em laboratorio
(FAISST, 1999; LELAND; GINOCCHIO, 2007).

A virosfera, redne a diversidade dos virus, foi entendida para além de diversa,
muito vasta, afinal, estima-se que para cada organismo vivo na terra, exista ao menos
um virus que possa infecta-lo (ENQUIST, 2009; MUSHEGIAN, 2020). Contudo, ao
despertar da virologia, muitos estudos foram direcionados principalmente para
agentes patogénicos ao homem ou aos agentes que causassem perdas econdmicas
na agropecuaria (RODRIGUES et al, 2017). Ainda assim, independente do
hospedeiro que infecte, todos os virus devem atingir o espaco intracelular para se

reproduzirem.

No momento em que o virus toma controle da maquinaria celular hospedeira,
ele passa a regular também a expressao génicas daquela célula (STERN-GINOSSAR
et al., 2019). E comum que virus silencie genes ligados a fatores de resisténcia e
aumente a expressao de genes que favoregcam a sua replicagdo. Como exemplo, a
expressdo aumentada do gene PRPF8 promovida pelo virus da Influenza A,
desencadeia uma maior producéo viral (YANG et al., 2017). Portanto, entender quais
genes sdo diferencialmente expressos ao longo da infeccdo da célula hospedeira em
comparacdo a uma célula ndo-infectada nos fornece informacdes valiosas sobre o

ciclo de replicacéo daquele virus.
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O conteudo da informacé&o de um organismo é registrado no DNA, seu genoma,
com excecdao dos virus com genoma de RNA. O conteudo da informacédo armazenado
no genoma deve ser posteriormente expresso por meio da transcricgdo. O
transcriptoma de um organismo representa a soma de todos 0s seus transcritos de
RNA (LOWE et al., 2017). Avaliar os niveis a expressédo dos genes de um organismo
em diferentes condi¢cdes, por exemplo frente a infeccbes e em diferentes tempos de
infeccdo, fornece informacbes sobre como os genes sé&o regulados por aquele
patdégeno e revela detalhes da biologia do organismo em estudo.

Este tipo de avaliacdo so foi possivel com o desenvolvimento de técnicas de
hibridizacdo ou sequenciamento de RNA, que se tornaram particularmente populares
em meados dos anos de 1990 e 2000, inaugurando a era da transcriptomica (LOWE
et al., 2017). Publicada pela primeira vez em 1995, a técnica de microarrays, mede a
abundéancia de um conjunto definido de transcritos por meio da hibridacdo destes
transcritos com uma matriz de sondas complementares (NELSON, 2001; WANG,
ZHONG; GERSTEIN; SNYDER, 2009). RNA-Seq, por outro lado, refere-se ao
sequenciamento de cDNAs transcritos, em que a abundancia é derivada do nimero
de contagens de cada transcrito (MOROZOVA; HIRST; MARRA, 2009; WANG,
ZHONG; GERSTEIN; SNYDER, 2009).

A andlise transcriptdmica permitiu o estudo de como a expressao génica e €
fundamental para a compreensdo de doencas humanas, incluindo doencas
emergentes (LOWE et al., 2017). Uma doenca infecciosa emergente € caracterizada
pelo aumento de sua incidéncia recentemente (nos ultimos 20 anos) e seu potencial
aumento de incidéncia no futuro proximo (FALLIS, 2013; WOOLHOUSE, MARK et al.,
2012; WOOLHOUSE, MARK E.J.; GOWTAGE-SEQUERIA, 2005).

Estima-se que as infeccbes emergentes representem pelo menos 12% de
todos os patdogenos humanos (TAYLOR; LATHAM; WOOLHOUSE, 2001). Elas
podem ser causadas por microrganismos recentemente identificados, como o caso
mais recente do coronavirus causador da sindrome respiratoria aguda grave 2 (SARS-
CoV-2) ou pela emergéncia de um patégeno conhecido, como ocorre com novas
cepas de influenza (FAUCI, 2005; MASCOLA; GRAHAM; FAUCI, 2021). Podem

também ser resultado da disseminacdo de uma doenca existente para uma nova
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populacdo em uma regido geografica diferente, como ocorreu com o surto Zika virus

(ZIKV) especialmente no nordeste do Brasil, mas ndo restrito a ele, no ano de 2015.

O aumento na incidéncia de eventos de doencas emergentes virais tem sido
observado desde a década de 1940, muitas vezes associadas a zoonoses
relacionadas a vida selvagem. A perda de biodiversidade causada pela atividade
humana é reconhecida como um dos principais mecanismos correlacionado a este
aumento, bem como as mudancas climaticas (CARLSON et al., 2022; KEESING et
al., 2010; MAHMOOD; GUINTO, 2022). A emergéncia de um novo patdgeno viral traz
uma série de preocupactes, pois além do impacto na saude publica, pode levar a

perdas econdmicas, bem como consequéncias sociais.

Portanto, ao se detectar um novo virus emergente, € comum que a comunidade
cientifica direcione seus esforcos a compreender o patdgeno em si, assim como a
doenca causada por ele, a fim de atender a uma demanda da sociedade (LUNA,
2002). Nos eventos mais recentes de emergéncia e reemergéncia de virus, as
técnicas de transcriptbmica ja estavam amplamente difundidas e € comum que sejam
empregadas na compreensao do ciclo de replicacdo do virus, a patogénese viral e
para a definicAo de alvos terapéuticos para novos virus (ALQUTAMI; SENOK;
HACHIM, 2021; DAAMEN et al., 2021; SUN et al., 2021).

O entendimento sobre o0s virus e seus mecanismos é que fornece ferramentas
gue serao aplicadas mais tarde pela biotecnologia. No caso especifico dos estudos de
transcriptbmica geram grandes quantidades de dados que tém aplicacbes potenciais
muito além dos objetivos originais de um experimento (LOWE et al., 2017). Estes
dados sdo normalmente armazenados em bancos de dados especificos, como por
exemplo o Gene Expression Omnibus, e ficam disponiveis para serem explorados por
outros pesquisadores (LOWE et al., 2017).

E inegavel que ha um grande fluxo de informacdes sendo gerados a partir do
estudo dos virus. Contudo, apesar de todo o conhecimento que é gerado pela
virologia, é facil identificar uma dificuldade na transferéncia desse conhecimento que
para os alunos em sala de aula e, para a sociedade de um modo geral. Um fendmeno
foi evidenciada ao longo da pandemia de COVID-19, a disseminacgao de informacdes
falsas e desinformacdo, conhecida como “"fake news", foi um grande desafio

enfrentado pela virologia e pela saude publica em geral (APUKE; OMAR, 2021,
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GREENE; MURPHY, 2021). A proliferacdo de teorias da conspiracdo, tratamentos
falsos e informacgdes enganosas na internet e nas redes sociais levou a uma maior
desconfianca do publico em relagéo as autoridades de saude e as vacinas, bem como
a um aumento da hesitacdo em se vacinar (ROCHA et al., 2021). Isso tornou ainda
mais dificil para os virologistas e profissionais de saude disseminarem informacdes
precisas e confiaveis sobre a doenca e suas formas de prevencéo e tratamento. A
disseminagcdo de fake news pode ter consequéncias graves para a saude publica,
tornando o controle de epidemias e pandemias mais dificil e prolongado.

A lacuna da transferéncia de conhecimento para os alunos esta associada a
inUmeros fatores, entre eles, a dificuldade de se realizar aulas préaticas em disciplinas
de virologia, devido aos riscos de biosseguranca, aos altos custos e ao fato de muitas
vezes a virologia parecer um tanto abstrata, visto que a representacdo dos virus
muitas vezes esta restrita a figuras esquematicas, ilustracdes e imagens de

microscopia eletronicas (AKASHI et al., 2019).

Essa ultima limitacdo, contudo, parece ter sido deixada para tras com a
descoberta dos virus gigantes de amebas (LA SCOLA et al., 2003). Estes virus, que
infectam amebas de vida livre, e, portanto, ndo séo patogénicos aos seres humanos.
Eles recebem essa denominacgao pois séo particularmente grandes se comparados a
maioria dos virus conhecidos que infectam outros organismos (especialmente
animais). Os virus gigantes frequentemente deixam a escala dos nanémetros para a
escala de micrébmetros, podendo ser visualizados em microscopios 6ticos comuns
(COLSON et al., 2017; LA SCOLA et al., 2003). Portanto, apresentam um grande
potencial no campo educacional, pois possibilitam que temas da virologia sejam

trazidos para os laboratérios aulas praticas de forma segura.

Esta tese foi elaborada para permear entre diferentes areas de virologia,
retratando a trajetoria de meu trabalho na UFMG. Ela se inicia com uma sec¢ao de dois
capitulos, apresentados no formato de artigos cientificos publicados, em que explora
o potencial da analise integrativa de transcriptoma para determinar genes
diferencialmente expressos em decorréncia de uma infeccdo, seja com a intencéo de
estudar a patogénese desta novo agente viral emergente ou para encontrar alvos
terapéuticos para a doenca. O primeiro capitulo apresenta um protocolo de analise

integrativa de transcriptoma, utilizando dados disponiveis em banco de dados de
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transcriptbmica e os integrando uma plataforma virtual amigavel, gerando um
protocolo acessivel e Util para identificar genes-chave e vias (teis que permitirdo o
melhor entendimento da patogénese de doencgas virais emergentes. Esse protocolo
foi validado com dados de células neurais infectadas com ZIKV, definido como
organismo alvo, devido a sua recente emergéncia no Brasil. No capitulo seguinte este
protocolo foi revistado e atualizado para ser empregado na identificacdo de alvos
terapéuticos para nova doenca emergente, a COVID-19. Publicado no periodico
Brazilian Journal of Microbiology no final de 2022, este trabalho foi conduzido
remotamente ao longo da pandemia de COVID-19, no periodo de confinamento e em
gue se iniciou também uma trajetoria de estudos na Aix-Marseille Université, em

Marseille na Franca.

Na secédo seguinte sdo abordadas outras oportunidades exploradas ao longo
do doutorado e conduzidas junto ao Grupo de Estudos e Prospeccao de Virus
Gigantes (GEPVIG), explorando os aspectos revolucionarios dos virus gigantes e
suas aplicagbes na educacdo. Nesta secdo esta apresentada uma ferramenta que
visa trazer para dentro da sala de aula descobertas recentes do campo da virologia,
chamada de “Virus Goes Viral” e publicada na revista Virology Journal. Este trabalho
também foi desenvolvido no primeiro ano de doutorado e pensado como o
desenvolvimento de um produto para a sala de aula, e por essa razdo também foi
agregado a tese. Cada um dos capitulos € apresentado individualmente por uma
breve introducéo, justificativa e os objetivos. Ao final desta tese, esta apresentada a
lista de publicagbes associadas ao doutorado, incluindo colaboracbes e outros

trabalhos néo estdo apresentados neste documento.
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2. ARTIGO I: An in silico integrative protocol for identifying key genes and
pathways useful to understand emerging virus disease pathogenesis

Este é um artigo original publicado no periddico “Virus Research” em julho de 2020.

2.1 Introducéo

A reemergéncia de arbovirus tem sido uma preocupacéo dos 6rgados de saude,
especialmente por afetarem paises em desenvolvimento nas zonas tropicais e
subtropicais do globo. O Zika virus foi descoberto em campanhas de identificacdo de
vigilancia da febre amarela e outros de novos agentes virais em meados da década
de 1940 (WEAVER et al., 2016; YUN; LEE, 2017). Ele foi isolado a partir de uma
amostra de sangue de um macaco Rhesus febril, na floresta de Zika em Uganda
(JAMALI MOGHADAM et al., 2016). Posteriormente o virus também foi isolado de um

paciente humano, sendo entéo identificado como um patdégeno humano.

O ZIKV pertence a familia Flaviviridae e ao género Flavivirus, no qual estdo
inclusos também o Dengue virus (DENV), o West Nile virus (WNV) e Yellow Fever
virus (YFV) (CHAN et al., 2016). Assim como os demais membros desse género, 0
ZIKV é um virus envelopado e com genoma de RNA simples fita senso positiva (SHI;
GAO, 2017). Assim como ocorre com o DENV, o principal vetor de transmissao
conhecido do ZIKV é o Aedes aegypti, assim como o A. albopictus, que sdo mosquitos
hemat6fagos amplamente distribuidos nas zonas tropicais e subtropicais do globo
(SONG et al., 2017).

Esse arbovirus permaneceu por muito tempo restrito a surtos em regides
endémicas da Africa e Asia e ganhou destaque apés sua emergir na América do Sul,
por volta do ano de 2015, quando desordens neuroldgicas em recém nascidos foram
associadas ao surto de ZIKV no nordeste do Brasil (PETERSEN et al., 2016; YUN;
LEE, 2017). Em adultos, as preocupacdes giravam em torno da associagdo da
infeccdo pelo ZIKV e a sindrome de Guillain-Barré, uma desordem neuroimunoldgica
em que o sistema imunoldgico ataca parte do sistema nervoso periférico, causando

formigamento, fraqueza muscular, paralisia e até mesmo a morte.

Esses casos graves associados a doenca trouxeram preocupacgao aos 0rgaos

de saude brasileiros e internacionais e o combate ao ZIKV foi iniciado, dando a uma
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série de estudos que possibilitassem uma melhor compreenséo da patogénese viral
(CHAN et al., 2016; SONG et al., 2017; ZANLUCA; DOS SANTOS, 2016). Desvendar
a patogénese de um virus emergente € particularmente desafiador, devido aos poucos
dados que estdo disponiveis inicialmente. Nesse contexto, as abordagens de
transcriptbmica podem trazer pistas valiosas para compreensdao dos mecanismos da

infeccéo e do desenvolvimento da doenca.

Com o acumulo de dados gerados em diferentes condi¢des de infeccao e em
diferentes tipos celulares, compilar estes resultados e buscar por genes
diferencialmente expressos compartilhados por diferentes células em diferentes
condi¢des podem guiar estudos sobre a patogénese daquele virus emergente (LIAO
et al., 2017).

A andlise integrativa do transcriptoma, que tem se mostrado uma ferramenta
valiosa para a compreensdo de eventos biolégicos em doencas complexas. A
abordagem integrativa do transcriptoma tem sido empregada, por exemplo, para
determinar genes associados doencas como, por exemplo, pré-eclampsia (MOSLEHI
et al., 2013), HIV (LIAO et al., 2017), cancer de pulmé&o (CINEGAGLIA et al., 2016) e
carcinoma hepatocelular (HOSHIDA et al., 2009).

Neste trabalho, nds apresentamos um protocolo de analise integrativa do
transcriptbmica utilizando uma plataforma virtual amigavel util para identificar genes-
chave e vias Uteis que permitirdo o melhor entendimento da patogénese de doencas
virais emergentes, utilizando dados disponiveis dos bancos de dados de
transcriptoma. Para validacéo do protocolo, o ZIKV foi definido como organismo alvo,
uma vez que era um virus emergente com um surto recente no Brasil. Através deste
protocolo usando dados de células neurais infectadas com ZIKV foram identificados
genes diferencialmente expressos compartilhados. Alguns desses genes, vias e
funcdes bioldgicas foram ligadas a neurogénese e/ou apoptose. A analise in silico
integrada capaz de prever e identificar biomarcadores putativos a partir de diferentes
dados de transcriptoma, que seriam Uteis para o entendimento da patogénese da

doenca viral e para aplicacdo na identificacdo de candidatos antivirais.

2.2 Justificativa
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O Zika virus € um arbovirus transmitido principalmente por mosquitos do
género Aedes. Embora tenha sido descoberto ha bastante tempo, em 1947, em
Uganda, passou por muitas décadas sendo associado a surtos doenca febril em
paises endémicos e sem despertar grandes preocupacdes da comunidade cientifica
e dos o6rgdos de saude mundiais. Esse cenario se reverteu com uma rapida
disseminacéao do virus para outros continentes, como a Oceania e as Américas, onde
passou a ser associado com a malformacdo de recém-nascidos e por desordens
neuro-imunoldgicas em adultos. Este fato alterou a percepc¢ao em torno deste virus e
fez com que fosse iniciada a busca por formas de tratamento de prevencao da doenca,
assim como ressaltou a necessidade do entendimento dos mecanismos de
patogénese viral. Portanto, determinar genes que sao diferencialmente expressos
apos a infeccdo pelo ZIKV é uma estratégia valiosa na compreenséo da patogénese.
Um protocolo que integra estes genes diferencialmente expressos em diferentes
tecidos e células em diferentes condi¢des, pode possibilitar a identificacdo de genes
frequentemente alterados no curso da infecgdo e assim, determinam-se rotas
metabdlicas e processos biolégicos que sao afetados pelo virus em controle da célula

e como agente causador de uma doenca.

2.3 Objetivos

2.3.1 Objetivo Geral

Elaborar um protocolo integrativo para identificar os principais genes e
vias potencialmente associados a patogénese de um virus emergente em
células humanas.

2.3.2 Objetivos Especificos
. Identificar genes que sao frequentemente diferencialmente
expressos em diferentes tipos células neurais infectadas por ZIKV.

. Determinar as vias metabdlicas e fun¢des biolégicas associadas

a esses genes e o impacto de sua expressao diferencial na célula.
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The pathogenesis of an emerging virus disease is a difficult task due to lack of scientific data about the emerging
virus during outbreak threats. Several biological aspects should be studied faster, such as virus replication and
dissemination, immune responses to this emerging virus on susceptible host and specially the virus pathogenesis.
Integrative in silico transcriptome analysis is a promising approach for understanding biological events in
complex diseases. In this study, we propose an in silico protocol for identifying key genes and pathways useful to
understand emerging virus disease pathogenesis. To validate our protocol, the emerging arbovirus Zika virus
(ZIKV) was chosen as a target micro-organism. First, an integrative transcriptome data from neural cells infected
with ZIKV was used to identify shared differentially expressed genes (DEGs). The DEGs were used to identify the
potential candidate genes and pathways in ZIKV pathogenesis through gene enrichment analysis and pro-
tein-protein interaction network construction. Thirty DEGs (24 upregulated and 6 downregulated) were iden-
tified in all ZIKV-infected cells, primarily associated with endoplasmic reticulum stress and DNA replication
pathways. Some of these genes and pathways had biological functions linked to neurogenesis and/or apoptosis,
confirming the potential of this protocol to find key genes and pathways involved on disease pathogenesis.
Moreover, the proposed in silico protocol performed anintegrated analysis that is able to predict and identify
putative biomarkers from different transcriptome data. These biomarkers could be useful to understand virus
disease pathogenesis and also help the identification of candidate antiviral drugs.

1. Introduction pathogenesis of these viruses and also to develop therapeutics and

vaccines and to control the disease (Afrough et al., 2019).

Outbreaks of emerging and/or re-emerging viral infections are
common threats to human health. The emerging viral pathogens are
defined as novel viruses that have been recently introduced in a po-
pulation. In the last years, several medical important infectious out-
breaks have occurred worldwide, including West Nile virus,
Chikungunya virus, Zika virus, SARS, MERS, influenza and nCov-2019
(Ellwanger and Chies, 2016; Olival et al.,, 2017). Nevertheless, the
knowledge and understanding of virus pathogenesis is a difficult task
due to the lack of scientific data about the emerging virus during out-
break threats. Several biological aspects should be studied faster, such
as virus replication and dissemination, immune responses to this
emerging virus on a susceptible host and especially virus pathogenesis.
A rapid and regular focus on basic research about virus pathogenesis is
imperative and could help researches to better understand the

Changes in gene expression is a hallmark of virus infection and the
identification of the altered Gene expression profiling is very important
to understand the virus pathogenesis and also to the development of
new antivirals drugs and vaccines for the emerging/re-emerging
viruses. Recent developments in high-throughput sequencing technol-
ogies result in an intense accumulation of omics data from cells, tissues
and patients infected with different viruses. Integrative in silico tran-
scriptome analysis (ITA) is a promising approach for understanding
biological events in complex diseases. ITA also contribute to under-
standings of disease pathogenesis and to find new drugs to treat the
disease. For example, ITA was used to found genes with significant
associations with Alzheimer’s disease (Jin et al., 2018), preeclampsia
(Moslehi et al., 2013), HIV (Liao et al., 2017), lung cancer (Cinegaglia
et al., 2016) and hepatocellular carcinoma (Hoshida et al., 2009).
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In this study, we propose an in silico protocol for identifying key
genes and pathways useful to understand emerging virus disease pa-
thogenesis. To validate our protocol, the emerging arbovirus Zika virus
(ZIKV) was chosen as a target micro-organism. ZIKV is an enveloped
virus with approximately 50 nm in diameter with a single-stranded
positive RNA genome. It belongs to the family Flaviviridae and genus
Flavivirus. ZIKV was first isolated in the Zika Forest, Uganda, in 1947
(Shi and Gao, 2017; Yun and Lee, 2017). The virus is transmitted to
humans by hematophagous mosquitoes, mainly those belonging to the
Aedes genus (Petersen et al., 2016). The virus circulation was reportedly
restricted in endemic areas of Africa and Asia for several decades. In-
dividuals infected by ZIKV in these areas exhibited a self-limited febrile
disease. ZIKV started to gain attention from international public health
communities in 2013 when an outbreak occurred in French Polynesia
(Musso et al., 2015). In Brazil, the high rate of ZIKV infection was es-
tablished as one of the leading causes of an increase in cases of new-
borns with microcephaly in the Brazilian Northeast. The severity of the
reported neurological deficiency in the ZIKV cases led the World Health
Organization (WHO) to propose measures to intensify ZIKV prevention.
They also suggested the surveillance and investigation of the correla-
tion between it and microcephaly in neonates and Guillain-Barré syn-
drome generally in adults (Larocca et al., 2016; Laura et al., 2018).

Our proposed integrative transcriptome analysis protocol using data
from neural cells infected with ZIKV was able to identify shared dif-
ferentially expressed genes (DEGs). The DEGs were used to identify the
potential candidate genes and pathways in ZIKV pathogenesis through
gene enrichment analysis and protein-protein interaction network
construction. Some of the genes, pathways and biological functions
were linked to neurogenesis and/or apoptosis, confirming the potential
of this protocol to find key genes and pathways involved in disease
pathogenesis. Moreover, the proposed in silico protocol performed an
integrated analysis that is able to predict and identify putative bio-
markers from different transcriptome data. These biomarkers could be
useful to understand virus disease pathogenesis and also help the
identification of candidate antiviral drugs.

2. Materials and methods
2.1. Transcriptome data of neural cells infected with Zika virus

Gene expression profiling data from ZIKV-infected human neural
cells were retrieved from RNA-sequencing data from the Gene
Expression Omnibus platform (https://www.ncbi.nlm.nih.gov/gds). The
platform was extensively searched for datasets of any neural-origin cell
type that was infected with ZIKV. Information about the number of
samples used in each experimental condition, cell type, ZIKV strain and
time of infection were collected in an Excel spreadsheet. The number of
each dataset was recorded, and the raw sequence data were accessed
using the online Galaxy platform (https://usegalaxy.org/). After the
sequencing data was uploaded on the Galaxy platform, the "Tuxedo
suite” protocol was applied to identify differentially expressed genes
among uninfected and infected cells (Amrit and Ghazi, 2017). This
protocol uses a set of tools to analyze the quality and variety of RNA-
sequencing data, including short-readout mapping, splicing junction
identification and differential expression detection of transcripts and
isoforms, as well as tools for data visualization and control metrics of
sequencing quality. After the protocol was completed, a list of all DEGs
from each study with log fold change greater than 1.5 and p value <
0.05 was collected in an Excel spreadsheet. Only datasets that were
performed with at least two replicates for each experimental sample
and that had a minimum of 100 DEGs were used for the subsequent
analysis. Therefore, once a successful Galaxy run is completed we used
the final DEG list identified from each study to perform an integrative
analysis. This integrative analysis aims find genes and pathways which
were coincident among all DEG lists and therefore more likely to be
involved in the etiology.
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2.2. Network construction

All networks presented in this work were built using Gephi version
0.9.2 (Bastian and Heymann, 2009). The cells and genes were listed in a
comma-separated values (.csv) spreadsheet for each graph, and this file
was imported into the software. Another. csv spreadsheet with the
connections between the cells and genes was also imported to generate
the network graph. In all networks, the node diameter is directly pro-
portional to the edge degree. The layout was generated using algo-
rithms based on the force of attraction and repulsion of the nodes (Force
Atlas 2). The nodes were submitted to local rearrangement for better
visualization of the connections between nodes.

2.3. Pathway and Gene Ontology (GO) enrichment analyses of DEGs

The Enrichr platform (http://amp.pharm.mssm.edu/Enrichr/) was
used to study pathway enrichment analyses of DEGs (Kuleshov et al.,
2016). The Enrichr online tool for GO (http://www.geneontology.org/;
Harris et al., 2004) was used to determine the function of DEGs. Data
from cellular components, biological processes and molecular functions
were recorded from each set of genes. An adjusted p = 0.05 was con-
sidered statistically significant for all analyses. The lists of significant
GO terms were submitted to the Reduce + Visualize Gene Ontology
tool (REVIGO; Supek et al., 2011) and GO terms were visualized in an
interactive graph tool. Results were exported into Cytoscape software to
create graph-based visualization of the identified terms for each GO
category.

2.4. Protein-protein interaction (PPI) network construction

The candidate DEGs were searched in the Search Tool for the
Retrieval of Interacting Genes/Proteins (STRING) database, version 11
(stringdb.org). A combined score > 0.4 was used as the criteria to es-
tablish the PPI network. The isolated nodes were deleted from the
network, and the final network was downloaded as a simple tabular text
file. This network file was imported into Cytoscape software (version
3.7.1) for visualization.

3. Results
3.1. Differential expressed genes on ZIKV infected cells

As illustrated in Fig. 1, a six-step immunoinformatic approach was
used to identify identifying key genes and pathways useful to under-
stand emerging virus disease pathogenesis. To validate our protocol, the
emerging arbovirus ZIKV was chosen as a target micro-organism. An
extensive search using public databases and indexed publications was
performed to find transcriptomic studies from ZIKV-infected neural
cells. The search resulted in the selection of seven studies with tran-
scriptome data from different human neural cell lines or cerebral or-
ganoids (CO) infected at different multiplicity of infection (MOI) and
different times of infection. Experimental parameters, including ZIKV
strains, MOI, number of replicates and next-generation sequencing
(NGS) platform, used in each study are described in Table 1. The pre-
dominant cell type used for ZIKV infection was human cortical neural
progenitors (HCNP). However, transcriptome data from other ZIKV-
infected cells were also identified including microglia (MCG), glio-
blastoma stem cells (GSC), human neural crest cells (HNCC), human
peripheral neurons (PN) and CO. Different ZIKV strains (MR766, Mex-1,
PRVABC59 and Dakar 41,519) and a prolonged time of infection
(69.8 £ 29.96 h) were used by these studies.

To analyze changes in cellular gene expression after ZIKV infection,
only datasets that had at least duplicates of the experimental conditions
were used. Therefore, the dataset from ZIKV-infected microglia (Tiwari
et al., 2017) was excluded from the subsequent analysis. The Tuxedo
suite protocol was performed using the transcriptome, and the
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Fig. 1. Schematic representation of entire in silico approach for identification of key genes and pathways useful to understand emerging virus disease pathogenesis.

statistically significant DEGs were recorded. Applying the Tuxedo
protocol on datasets generated two sets of results. The first one com-
prised the results from HCNP and GSC datasets there was a high number
of DEGs in these cells after ZIKV infection. The second group was re-
lated to HNCC, PN and CO datasets, and it was characterized by a low
number of DEGs after ZIKV infection (Supplementary Table 1).

To construct a final list with the DEGs in HCNP after ZIKV infection,
the lists of downregulated and upregulated genes obtained in each
dataset (GSE78711, GSE80434 and GSE93385) were compared to use
only the genes that were considered differentially expressed in at least
two studies. For ZIKV-infected CO, only the dataset derived from 3-day
infection was used, because the dataset from 5-day infected CO had a
low number of DEGs (< 100). The final list with the identified DEGs (n
= 11,049) was used to build a bipartite network graph to better re-
present the effect of ZIKV infection on each cell type (Table 2). The

network graph for upregulated genes was composed of 5311 nodes,
with 5306 genes and 5 cells all connected by 6424 edges with the same
weight (w) = [1]. A network graph for downregulated genes was
composed of 3688 nodes, with 3683 genes and 5 cells all connected by
4611 edges with the same weight (w) = [1]. The network of upregu-
lated and downregulated genes showed a very similar pattern (Fig. 2A).
Network analysis revealed a marked change in GSC and HCNP gene
expression once these cells exhibited a high number of DEGs. There
were also changes in HNCC, PN and CO gene expression, but the
number of DEGs in these cells after ZIKV infection was relatively low.
Furthermore, the network analysis revealed a high number of DEGs
shared by GSC and HCNPC, but a low number of common DEGs among
all cells. Data analysis also demonstrated that the majority of upregu-
lated DEGs were expressed in one cell type (4338/ 81.71 %). Only 851
genes (16.02 %) were upregulated in two cell types, 94 genes (1.77 %)
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Table 1

Summary of datasets and sample details.

MOI Time of infection NGS Platform

ZIKV Strain

Cell Type

N of samples

GEOQ Acces

Study

Infected cells

Control Cells

3

GPL18573 IluminaNextSeq 500 GPL15520 IlluminaMiSeq

56 h

0.1

MR766

Human cortical neural

progenitors

GSE78711

Tang et al. (2017)

GPL11154 IluminaHiSeq 2000 GPL15520 [lluminaMiSeq GPL18573

IlluminaNextSeq 500

MR766 FSS13025 0.020.04 64h64h

Human cortical neural

progenitors

42

4

GSE80434

Zhang et al. (2016)

GPL18460 [luminaHiSeq 1500

5 days

10

Mex1 -7

Human cortical neural

progenitors
Microglia

9

GSE93385

McGrath et al (2017)

naNextSeq 500
naHiSeq 3000

naHiSeq 2500 GPL21290 IluminaHiSeq 3000

naHiSeq 2500 GPL21290 HluminaHiSeq 3000

naHiSeq 3000

GPL18573 1
GPL21290 I

24 h

MR766

GSE93870 1

Tiwari et al. (2017)

Zhu et al. (2017)
Oh et al. (2018)

36—48h

5
65 h

Dakar 41,519
PRVABC59

Glioblastoma stem cells

GSE102924 3
GSE87750
GSE87750

GPL16791 [

0.4
0.4

3 Human neural crest cells

2
3

GPL16791 L

65h

PRVABC59
PRVABC59

Human Peripheral neurons
Cerebral organoids

3 or 5 days GPL21290 [

0.3

SE104279

Watanabe et al. (2017)
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Table 2
Number of Differentially expressed genes used to construct interaction net-
works among ZIKV infected cells.

Cell type Up Dow Total
Human cortical neural progenitors 3586 1821 5407
Glioblastoma stem cells 2487 2537 5024
Human neural crest cells 188 137 325
Peripheral neurons 99 44 143
Cerebral organoids 76 74 150

in three, 23 genes (0.43 %) in four and 3 genes (0.05 %) in all cell types.
Regarding downregulated DEGs, 3207 genes (82.59 %) were expressed
in only one cell type, 630 genes (16.22 %) in two, 40 genes (1.03 %) in
three and 6 genes (0.15 %) in four (Fig. 2B).

3.2. Protein-Protein interaction network using the DEGs shared by all cells
types after ZIKV infection

The results showed that the differential effect of ZIKV on cell
transcriptome could be related to the differentiation status of the cell.
Whereas the CO is composed of several cell types, using DEGs from this
type of tissue can induce an error in the integrative analysis of the
transcriptome of ZIKV-infected cells. Therefore, a new analysis was
performed using only the DEGs identified in HCNP, GSC, HNCC and PN
cells after ZIKV infection. Using this approach, we identified DEGs ex-
pressed in all cells (Fig. 3A; Table 3; Supplementary Table 2). The PPI
network was constructed using the DEGs shared by all cells. The PPI
network of upregulated DEGs was composed of 14 nodes and 28 edges,
and the PPI network of downregulated genes was composed of 4 nodes
and 6 edges. DEGs that encode proteins without any interaction were
excluded from the PPI networks (upregulated: CLK1, EIF1B, GOTI,
MXD1, SEC11C, SEC24D, SLC25A25, STMN4, TSPYL2 and TUFTI;
downregulated: PRTG and IGFBPL1). To investigate the expression
level of the target genes of ZIKV infected host cells, the RNA-seq tran-
scriptomic expression data sets were analyzed and the fold change va-
lues were calculated comparing the mock and ZIKV treated cells. The
DEGs shared by all cells were highly differentially modulated compared
with the control condition (Fig. 3B).

3.3. Pathway and Gene Ontology enrichment analysis using the DEGs
shared by all cells types after ZIKV infection

Pathway enrichment analysis using the upregulated DEGs indicated
that they were involved in protein processing in the endoplasmic re-
ticulum (ER), and downregulated DEGs were involved in DNA re-
plication and cell cycle (Fig. 4A). Using the upregulated DEGs shared by
all cells, it was possible to identify several biological processes related
to the response to ER stress (G0:1905898, G0:1902235, GO:0034976,
G0:1902043, G0O:0036498, GO:1900102 and GO:0036499; Fig. 4B).
There were also biological processes related to type I interferon sig-
naling pathway (GO:0060337 and GO:0071357) and positive regula-
tion of transcription from RNA polymerase II promoter (GO:0045944).
Molecular functions related to upregulated DEGs were core promoter
binding (G0:0000987, GO:0000978, GO:0001046, GO:0001047 and
G0:1990837) and regulation of transcription (GO:0044212,
GO0:0000976 and GO:0000982). For downregulated DEGs, DNA re-
plication (GO:0006260) and mitotic cell cycle phase transition were the
identified biological process (G0:0000082, GO:0044843,
G0:0044772). For downregulated DEGs, the identified molecular
functions were related to DNA helicase activity (GO:0003678 and
G0:0004003). The upregulated DEG list did not produce any significant
cellular component (p = 0.05). However, the downregulated DEG list
indicated chromosome telomeric region (GO:0000781), nuclear chro-
mosome-telomeric region (GO:0000784) and nuclear chromosome part
(GO:0044454) as cellular components related to these genes (Fig. 4B).
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3.4. Search for published studies on Pubmed

To verify if the identified candidate genes and pathways had a
correlation with ZIKV pathogenesis, a bibliographic survey was con-
ducted in the PubMed (https://www.ncbi.nlm.nih.gov/pubmed). The
search strategy for original articles was composed of two components:
a) the gene, pathway or molecular function name and b) Zika virus. To
identify relevant indexed studies the search filter was structured by
combining the descriptors selected by boolean operators AND and NOR,
as well as the Title / Abstract [TIAB] algorithm. Reviews are excluded
from this analysis. Among the upregulated DEGs, it was identified 26
published studies that investigated the correlation of 14 upregulated
DEGs with ZIKV pathogenesis (Supplementary Table 3). ATF3 and
STAT1 genes exhibit the highest number of hits. For downregulated
DEGs, it was identified 8 published studies, being the CENPF the most
frequent gene (Fig. 5A). Regarding the pathways and biological pro-
cesses, all of them had at least one published study showing the mod-
ulation of these pathways or biological processes after ZIKV infection
(Fig. 5B). In a special way, 7 of 15 identified published studies showed a
correlation of the inhibition of the cell cycle pathway with ZIKV pa-
thogenesis. The ER stress has the highest number of hits among the
significant biological process related to DEGs.

4. Discussion
Outbreaks of emerging and/or re-emerging viral infections are

common threats to human health. When a new virus was discovery and
associated with human disease, it is necessary to understand virus

Downregulated genes
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Fig. 2. The network of up- and downregulated
genes after ZIKV infection of different cells
types. (A) The bipartite network graph shows a
spatially connected network among differen-
tially expressed genes (DEGs) and cells types
after ZIKV infection. Each node represents a
gene or cell type. The larger nodes represent
cell types and the connected smaller nodes
represent DEG. The layout was generated using
a force-based algorithm followed by manual
rearrangement to better visualize the connec-
tions. A total of 11,049 DEGs (6436 upregu-
lated and 4613 downregulated) and five cell
types are represented. (B) Number of DEGs
expressed in ZIKV-infected cells.

@ 1 cell type
0O 2 cells types
@B 3 cells types
4 cells types
@ 5 cells types

pathogenesis as soon as possible to develop countermeasures to the
disease such as vaccines and antiviral drugs (Afrough et al., 2019). The
omics technologies, especially the transcriptome studies could generate
thousands of information about the gene regulation on cells after virus
infection and therefore, it can help researches to gain insights about the
pathogen-host interaction (Berkhout and Coombs, 2013; Jean Beltran
et al.,, 2017). In this way, we propose a novel and friendly in silico in-
tegrative protocol for identifying key genes and pathways useful to
understand emerging virus disease pathogenesis. The main advantage
of this protocol is the use of galaxy platform to identify DEGs from
different transcriptome studies. Galaxy is a web open-source, web-
based platform for intensive biomedical research. Galaxy is used by
several researches, because this platform has thousands of different
tools for many different scientific fields. It can allow the analysis of
large sequencing datasets by researchers without programming skills
(Afgan et al., 2018). In this way, our proposed in silico protocol could
permit the researcher DEGs from different datasets and also integrate
the data. Data integration is vital to connect all the different data
sources to exploit the value of insights because it reduces data com-
plexity and also increases the value of data through unified systems.
Once all the DEGs are available in a single place in real-time, researches
would be able to use this protocol to integrate different transcriptome
data and also perform the identification of candidate genes and path-
ways involved in virus pathogenesis.

To validate our protocol, the emerging arbovirus ZIKV was chosen
as a target micro-organism. Since ZIKV is considered to be a risk factor
for microcephaly development in humans, several studies attempted to
understand the effect of ZIKV infection on different cell types. It is
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Fig. 3. Integrative transcriptome analysis of ZIKV-infected neural cells. (A) The Venn diagram shows the degree of overlap of the upregulated and downregulated
genes in ZIKV-infected cells. The Venn diagrams were constructed using the DEGs identified in each cell type using the Calculate and draw custom Venn diagrams
tool available at http://bioinformatics.psb.ugent.be/webtools/Venn/. The protein-protein interaction (PPI) networks for the common upregulated and down-
regulates genes were constructed using the STRING online database. DEG-encoded proteins without any interaction were excluded from the network. The network
file was visualized with Cytoscape software. Abbreviations — HCNP: human cortical neural progenitors; GSC: glioblastoma stem cells, HNCC: human neural crest cells;
PN: human peripheral neurons. (B) Expression levels (FPKM) of DEGs on ZIKV infected cells.

Table 3

Number of Differentially expressed genes indentified by integrative analysis.
Group Up Dow Total
All cells 24 6 30
Undifferentiated cells (HCNP and GSC) 856 584 1440
Differentiated cells (HNCC and PN) 40 14 54

crucial to characterize the gene expression profile in ZIKV-infected
cells, including neural-origin cells. Therefore, some studies published
the transcriptome of ZIKV-infected cells to identify genes that could be
involved in the development of neurological disorders induced by ZIKV.
A search of the literature identified some transcriptome studies from
ZIKV-infected neural cells, particularly neural progenitor cells
(Table 1). This finding may be associated with the damage that ZIKV
infection induces in this cell type during cell differentiation and in the
development of the cerebral compartment.

Many studies presented evidence of disrupted brain development
after infection of neural stem cells and neuroprogenitors by ZIKV in-
fectious particles (Russso and Beltrao-Braga, 2017). However, other
studies also showed the effect of ZIKV infection on GSC, HNCC, PN and
CO transcriptomes (Table 1). In these studies, ZIKV can infect the target

cells, but the outcomes are different. Data from many studies showed
more severe cell death and higher viral load in undifferentiated cells.
ZIKV infection and apoptosis rates are significantly higher in GSC
compared to proliferating tumor or differentiated cells (Zhu et al,,
2017). In the same context, ZIKV infection and cell death occur pre-
ferentially in neural progenitors present in CO (Watanabe et al., 2017).
Zhang et al. (2016) reported higher viral load and cell death in ZIKV-
infected HCNP. Regarding the effect of ZIKV infection on differentiated
cells, the virus replicates approximately 10-fold more in HNCC com-
pared to PN. There is also a significantly higher rate of apoptosis in
HNCC compared to PN (Oh et al., 2018).

Applying the Tuxedo protocol on the identified datasets allowed the
identification of DEGs in these cells after ZIKV infection (Table 2).
However, the integrative analysis of the transcriptomes showed a dif-
ferential effect on gene expression depending on the infected cell type.
HCNP and GSC showed more DEGs when compared to other cells
(Fig. 2A). Additionally, as HCNP and GSC shared many DEGs, data
suggest a similar effect of ZIKV infection on the transcriptome of these
cells. The data presented by Kaid et al. (2018) showed novel in vitro and
in vivo evidence about the use of a Brazilian ZIKV strain as an oncolytic
therapy to treat aggressive human embryonal tumors of the central
nervous system. Therefore, the most prominent oncolytic effects of
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Fig. 4. Enriched Kyoto Encyclopedia of Genes
and Genome (KEGG) pathways and Gene
Ontology (GO) terms identified in integrative
analysis of ZIKV-infected cells. A) DEG-encoded
proteins identified from the protein-protein in-
teraction (PPI) network in each cell type after
ZIKV infection were used to identify significant
pathways (adjusted p < 0.05) using the Enrichr
platform (http://amp.pharm.mssm.edu/Enrichr/
). B) Visualization of the biological process and
molecular function GO annotations in ZIKV-in-
fected cells using REVIGO. Bubble color in-
dicates the p-value; bubble size indicates the
frequency of the GO term. Highly similar GO
terms are linked by edges in the graph, where
the line width indicates the degree of similarity.
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Fig. 5. Search hits for terms related to DEGs, pathways, gene ontology terms and ZIKV identified in PubMed. (A) Search for upregulated and downregulated DEGs.
(B) Search for pathways and gene ontology terms. Legend: Prot.ER: protein processing in the endoplasmic reticulum, DNA rep.: DNA replication; ER stress: en-

doplasmic reticulum stress; IFN-I sig.: type I interferon signaling pathway; Mit. Cell.: mitotic cell cycle phase.
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ZIKV infection was observed in tumors generated by cell lines with
highly similar characteristics to early neural stem and neuroprogenitor
cells. The few identified DEGs shared by all cell types could be attrib-
uted to the differentiation status of these cells. HCNP and GSC are
undifferentiated, while HNCC and PN are differentiated cells. There-
fore, the number of shared DEGs between cells under the same differ-
entiation status should be greater than the DEG shared by un-
differentiated and differentiated cells (Table 3). There were few DEGs
shared by the four cell types. Consequently, few pathways, molecular
functions and biological processes were enriched using this set of genes
(24 upregulated and 6 downregulated genes).

The searches for published studies that investigate the expression of
DEGs on ZIKV infected cells also confirm the potential of this in silico
protocol to gain insights about virus pathogenesis. Eighteen of thirty
identified DEGs (60 %) had at least one published study (Fig. 5A). Some
of these DEGs have a direct correlation with antiviral response, neu-
rogenesis and apoptosis. STAT1 and ATF3 were the upregulated DEGs
with the highest number of hits. The increase of STAT1 expression on
infected cells is a common antiviral response on virus-infected cells.
Like other flaviviruses, ZIKV can antagonize the type I interferon
pathway through interference with STAT-1 signaling. This immune
evasion could be responsible to increase viral replication and apoptosis
on infected cells of neural or non-neural origin (Chen et al., 2018). The
ATF3 is a member of the activation transcription factor/cAMP-re-
sponsive element-binding protein family of transcription factors in the
mammalians. Changes in ATF3 expression was observed on ZIKV in-
fected cells (Moni and Lio, 2017; Zanini et al., 2018). This transcription
marker is activated on injured peripheral neurons and therefore it is
linked to neural cell survival (Linda et al., 2011; Mahar and Cavall,
2018). CENPF is the downregulated DEG with the highest number of
hits. The CENPF encoded protein associates with the centromere-kine-
tochore complex and its nuclear localization suggests that it play a role
in chromosome segregation during mitosis (Varis et al., 2006). Several
studies had demonstrated the decrease of CENPF on ZIKV neural in-
fected cells, showing the correlation of CENPF downregulation with
microcephaly (Dang et al., 2019; Moni and Lio, 2017; Paul et al., 2018;
Zhang et al., 2016b).

Protein processing in the ER was the only significant pathway
identified using the upregulated DEGs. This data is in agreement with
several molecular functions related to the response to ER stress. Our
literature search was able to identify several published studies that
investigate the role of ER stress on ZIKV pathogenesis (Fig. 5B). The
ZIKV can induce the expression of ER stress sensors in mice and human
neural cells (Singh et al., 2018; Tan et al., 2018). Like other flaviviruses,
ZIKV depends on the ER for its translation, replication and packaging.
The biological events related to ZIKV replication in ER membranes in-
duce modifications that could trigger ER stress. Therefore, the unfolded
protein response should be activated to reduce stress on ZIKV-infected
neural cells. This event could be crucial to the microcephaly develop-
ment in newborns from ZIKV-infected mothers (Tan et al., 2018). En-
richment analysis using the downregulated DEGs identified cell cycle
and DNA replication as important affected pathways with deregulated
biological processes in all ZIKV-infected cells. Hammack et al. (2019),
showed that ZIKV can impair the cell cycle by inducing DNA double-
strand breaks in the host genome. This mechanism could be especially
important for HNCP, because the growth arrest on these cells could
impair brain development. Our data strengthen the idea that cell cycle
arrest and DNA replication could be an important mechanism in all
neural ZIKV-infected cells, independent of the differentiation status but
with a more detrimental effect on the undifferentiated cells. Among the
six downregulated DEGs identified by our analysis, four are related to
the regulation of early events of DNA replication (MCM2, MCM4 and
MCM6) on neocortex development. The proteins encoded by these
genes are part of the minichromosomal maintenance complex (MMC).
This complex consists of six subunits (MCM2 through MCM7) with ATP-
dependent helicase activity. The main function of this complex is to
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attach to double-stranded DNA and induce the binding of multiple re-
plication factors to the replisome. Defective DNA replication is involved
in the pathophysiology of some cortical malformations like micro-
cephaly. Therefore, decreased MCM2, MCM4 and MCM6 expression
could disrupt the MMC in ZIKV-infected cell and thus affect the cell
cycle. Some works demonstrated a reduction of proliferation and
apoptosis in ZIKV-infected neural progenitor cells (Li et al., 2016; Tang
et al.,, 2017). These data in connection with the downregulation of
CENPF strengths the importance of maintaining the cell cycle to inhibit
the deleterious effects caused by the multiplication of ZIKV in neural
progenitor cells.

Using ZIKV as a model to validate our protocol we were able to
perform an integrative transcriptome analysis of different ZIKV-infected
cells. This analysis allowed us the identification of gene expression
profiles in each cell type. The results showed that each cell type ex-
hibited a particular response to ZIKV infection. Indeed, most identified
DEGs were present in only one cell type. The common DEGs are related
to two main critical pathways (DNA replication and ER stress) that
could be involved in defects in brain development in ZIKV-infected
newborns. Therefore, these DEGs can be subsequently used as potential
targets for the development of new drugs that allow effective treatment
of the disease. In conclusion, the proposed in silico protocol performed
an integrated analysis that is able to predict and identify putative
biomarkers from different transcriptome data. These biomarkers could
be useful to understand virus disease pathogenesis and also help the
identification of candidate antiviral drugs.
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3. ARTIGO II: Integrative transcriptome analysis of SARS-CoV-2 human-
infected cells combined with deep learning algorithms identifies two potential
cellular targets for the treatment of coronavirus disease

Este € um artigo original publicado no periddico “Brazilian Journal of Microbiology” em
novembro de 2022.

3.1 Introdugéo

Assim como o surto de ZIKV em 2015 trouxe a atencdo da comunidade
cientifica para um virus emergente, devido as sequelas neuroldgicas da doenca em
adultos e recém-nascidos, em dezembro de 2019 o mundo passou a observar com
preocupacao a emergéncia de uma doenca respiratorio na China (GORBALENYA et
al., 2020; HUI et al., 2020; WU et al., 2020). O agente etioldgico dessa doenca foi
posteriormente identificado como um novo coronavirus capaz de infectar humanos
(LU et al., 2020; ZHU et al., 2020).

Uma vez que se tratava de um novo corona virus emergente, denominou como
a doenga do coronavirus 2019 (COVID-19). Enquanto o agente etioldgico foi
inicialmente denominado 2019-nCoV, mas posteriormente renomeado como
coronavirus da sindrome respiratéria aguda grave 2 (SARS-CoV-2) pelo Comité
Internacional de Taxonomia de virus (ICTV). Esta alteracdo da nomenclatura se deu
uma vez que as analise filogenéticas o correlacionaram com o SARS-CoV-1, o virus
responsavel pelo surto de sindrome respiratéria aguda grave no continente asiatico
em 2002 (LAl et al., 2020; LUDWIG; ZARBOCK, 2020; SHEREEN et al., 2020).

Tanto o SARS-CoV-1 quanto o SARS-CoV-2 estao relacionados a grupo de
virus de RNA fita simples com sentido positivo (ssSRNA+) associados infeccdes nas
vias respiratorias de mamiferos e aves (BONILAURI; RUGNA, 2021). Esse grupo em
particular constitui a subfamilia Orthocoronavirinae, na familia Coronaviridae, ordem
Nidovirales e reino Riboviria (ICTV, [S.d.]; ZHOU; QIU; GE, 2021). A subfamilia
Orthocoronavirinaeabriga quatro géneros: Alphacoronavirus, Betacoronavirus,
Gammacoronavirus e Deltacoronavirus (ZHOU; QIU; GE, 2021). Mas apenas
coronavirus dos géneros Alphacoronavirus e Betacoronavirus costumam ser capazes

de infectar e causar doencas com um amplo espectro de sintomas respiratérios
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(MURGOLO et al., 2021). Ambos, SARS-CoV-1 e SARS-CoV-2, pertencem ao género

Betacoronavirus.

As particulas de coronavirus sdo caracterizadas por proje¢cdes em forma de
espiculas que se projetam da superficie viral. Estas espiculas criam uma imagem que
lembra a coroa solar em micrografias eletrbnicas, aspectos dos quais deriva o0 nome
corona virus (ALMEIDA; TYRRELL, 1967). Eles sdo virus envelopados com um
genoma de RNA de fita simples de sentido positivo (26-32 kilobases) e um
nucleocapsideo de simetria helicoidal (CHERRY et al., 2019).

O tamanho do genoma do SARS-CoV-2 é de aproximadamente 29,9 kb
(BRANT et al., 2021; LU et al., 2020) e codifica dezesseis proteinas nao estruturais
(nspl-16) e quatro proteinas estruturais (WANG, QIHUI et al., 2020): a proteina do
nucleocapsideo (N), que é responsavel por ligar o RNA gendmico dentro do virion e
empacota-lo no complexo ribonucleoproteina (RNP) que € ainda empacotado por um
envelope lipidico associado as outras trés proteinas estruturais, a proteina de
membrana (M), a proteina spike (S ) e proteina do envelope (E) (HARDENBROOK;
ZHANG, 2022; WANG, QIHUI et al., 2020).

Por ser um virus emergente, pouco se sabia inicialmente sobre sua biologia ou
citopatologia, e, mesmo que fosse possivel de se inferir muito a partir dos virus
filogeneticamente proximos e estudados anteriormente, muitas questbes ainda
precisam ser respondidas em relacdo ao SARS-CoV-2. As tecnologias 6micas,
incluindo as de transcriptdmica, podem gerar milhares de informacbes sobre o
processo de regulacdo génica em células hospedeiras apos a infec¢cdo pelo SARS-
CoV-2 e, portanto, podem auxiliar no entendimento dos mecanismos moleculares da
patogénese da infeccdo por SARS-CoV-2 e virus-hospedeiro (BERKHOUT;
COOMBS, 2013; JEAN BELTRAN et al., 2017).

Aqui, revisitamos o protocolo de analise integrativa de transcriptoma utilizado
anteriormente nos nossos estudos com o ZIKV e o atualizamos para o SARS-CoV-2,
incluindo no protocolo uma nova etapa, utilizando algoritmos de deep learning para,
mais do que gerar dados a respeito da patogénese viral, também identificar na célula
hospedeira infectada por SARS-CoV-2 potenciais alvos celulares para o tratamento
da doenca de coronavirus. Aplicando este novo protocolo de analise integrativa de
transcriptoma, foram identificados dois alvos, um transportador de frutose (GLUT5) e
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um componente do proteassoma 26s. Esses alvos foram posteriormente modelados
molecularmente e através do docking molecular identificou-se potenciais inibidores
para ambas as estruturas. A inibicdo de estruturas que tém a expressao aumentada
pelo virus pode representar uma estratégia para reduzir a replicagéo viral por meio da
selecdo de células infectadas. Associar essas ferramentas de bioinformatica
representa uma estratégia promissora de triagem de moléculas para novos usos.
Abrindo espago para uma abordagem que garante economia de recursos financeiros,
tempo e fazer uma triagem personalizada para cada doenca infecciosa emergente.

3.2 Justificativa

Com a emergéncia de um novo coronavirus, o0 SARS-CoV-2, no final de 2019
e sua rapida disperséao pelo globo ainda no inicio ano seguinte, o desenvolvimento de
estratégias de identificacdo de farmacos ja aprovados para outras doencas que
poderiam ser reposicionados se tornou uma emergéncia para o controle da COVID-
19. As ferramentas de bioinformatica representam uma estratégia valiosa na sele¢éao
de farmacos conhecidos e aprovados contra doencgas emergentes, poupando recursos
financeiros e tempo de experimentos in vitro e in vivo. Atraves da triagem in silico, as
analises posteriores podem ser direcionadas e personalizadas para cada doenca e/ou
agente infecioso. Entre os muitos recursos da bioinformatica, a analise integrativa de
transcriptoma tem sido utilizada para identificar genes chave do processo de
patogénese de diversas doencgas, incluindo doencgas infeciosas. Esses genes chave
tornam-se potenciais alvos terapéuticos para essas doencas, que depois de
modelados molecularmente, podem ser utilizados contra bibliotecas de moléculas em
busca de farmacos que tenham potencial inibir tais alvos e consequentemente a

replicacdo do agente viral em questao.

3.3 Objetivos

3.3.1 Objetivo geral

Determinar potenciais alvos celulares terapéuticos e seus respectivos
inibidores pela identificacdo de genes diferencialmente expressos em células
infectadas por SARS-CoV-2.
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3.3.2 Objetivos especificos

e Identificar genes alvos diferencialmente expressos em células apés
a infecgéo por SARS-CoV-2.

e Determinar genes alvos com potenciais drogéveis e realizar a
modelagem in silico das proteinas codificadas por esses genes.

e |dentificar moléculas com potencial inibidor dos alvos previamente

determinados
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ANEXO

Artigo I

Integrative transcriptome analysis of SARS-CoV-2
human-infected cells combined with deep learning
algorithms identifies two potential cellular targets
for the treatment of coronavirus disease
DOI: 10.1007/s42770-022-00875-2
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Abstract

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) quickly spread worldwide, leading coronavirus disease
2019 (COVID-19) to hit pandemic level less than 4 months after the first official cases. Hence, the search for drugs and
vaccines that could prevent or treat infections by SARS-CoV-2 began, intending to reduce a possible collapse of health
systems. After 2 years, efforts to find therapies to treat COVID-19 continue. However, there is still much to be understood
about the virus’ pathology. Tools such as transcriptomics have been used to understand the impact of SARS-CoV-2 on dif-
ferent cells isolated from various tissues, leaving datasets in the databases that integrate genes and differentially expressed
pathways during SARS-CoV-2 infection. After retrieving transcriptome datasets from different human cells infected with
SARS-CoV-2 available in the database, we performed an integrative analysis associated with deep learning algorithms to
determine differentially expressed targets mainly after infection. The targets found represented a fructose transporter (GLUTS)
and a component of proteasome 26s. These targets were then molecularly modeled, followed by molecular docking that
identified potential inhibitors for both structures. Once the inhibition of structures that have the expression increased by the
virus can represent a strategy for reducing the viral replication by selecting infected cells, associating these bioinformatics
tools, therefore, can be helpful in the screening of molecules being tested for new uses, saving financial resources, time, and
making a personalized screening for each infectious disease.

Keywords Integrative bioinformatic - Integrative transcriptome analysis - SARS-CoV-2 - COVID-19 - Deep learning -
Emerging virus disease
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coronavirus syndrome (SARS-CoV) that emerged in 2002
[3] and the Middle East respiratory syndrome coronavirus
(MERS-CoV) of 2012 [4, 5] are examples of two highly
pathogenic coronaviruses with zoonotic origin.

In late 2019, a new highly transmissible coronavirus
called SARS-CoV-2 emerged in China, beginning an out-
break of viral pneumonia known as coronavirus disease 2019
(COVID-19) that spread rapidly around the world configur-
ing itself as a pandemic [6-8]. SARS-CoV-2 overwhelm-
ingly surpassed SARS and MERS in terms of the number of
infected people and the spatial breadth of epidemic areas. As
a new beta-coronavirus SARS-CoV-2 shares 79% genome
sequence identity with SARS-CoV and 50% with MERS-
CoV [9].

The World Health Organization (WHO) has confirmed
more than 630 million cases of COVID worldwide, includ-
ing about 6.5 million deaths [8]. Thus, the ongoing out-
break of COVID-19 represents an extraordinary threat to
the world’s public health [10-13]. Although several studies
have shown that certain drugs may bring some benefits in
patients’ subpopulations, there are few effective therapies for
COVID-19 or antivirals against SARS-CoV-2.

The drugs tested so far can act by preventing the entry
of SARS-CoV-2 into the cell [14-19], directly inactivating
viral replication [20-24], or acting as immunomodulat-
ing agents to reduce the excessive inflammatory response
[25-30]. However, despite the anti-virus drugs and immu-
nomodulators tested so far, it is clear that vaccination is the
most effective long-term strategy for prevention and control
[2].

Furthermore, the molecular mechanisms of pathogenesis
of SARS-CoV-2 and virus-host interactions infection remain
primarily unclear [2]. In this sense, omics technologies,
especially transcriptome studies, can generate thousands of
information about the gene regulation process in host cells
after infection by a virus and, therefore, can help obtain
relevant data on pathogenesis and pathogen—host interac-
tion[31, 32].

Thus, the in silico integrative transcriptome analysis
(ITA) has proven to be a promising approach for under-
standing biological events in complex diseases [33]. It
can connect different data sources, reduce complexity, and
increase data’s predictive value through unified systems.
Therefore, identifying the altered expression profile by ITA
can contribute to understanding the virus pathogenesis and
the development of new antiviral drugs, as performing joint
and integrated analysis of several transcriptomes [34]. In
addition, ITA has been used to find genes with significant
associations for neurodegenerative disease (Alzheimer), can-
cer, and emerging viral disease (Zika) [33-40].

Therefore, this study aimed to perform an integrative analy-
sis of transcriptomes from SARS-Cov-2-infected cells to iden-
tify genes and biological pathways essential for understanding

@ Springer

the pathogenesis and identifying therapeutic strategies for
COVID-19. Here, we show that a combination of ITA and
highly efficient structural modeling through the breakthrough
advance of deep learning algorithms can identify shared dif-
ferentially expressed genes (DEGs) between SARS-CoV-2-in-
fected cells. Furthermore, structural bioinformatics analysis
confirms the potential drug—gene interaction of two DEGs
(SLC2AS and PSMD?2). Therefore, the proposed in silico pro-
tocol performed can predict and identify putative cellular pro-
teins that can be useful to guide the identification of candidate
antiviral drugs or repurposing drugs to treat SARS-CoV-2.

Methods
The transcriptome of cells infected with SARS-CoV-2

Gene expression profiling data from SARS-CoV-2-infected
human cells were retrieved from RNA sequencing data from
the Gene Expression Omnibus platform (https://www.ncbi.
nlm.nih.gov/gds). The platform was extensively searched
for datasets of any human cell infected with SARS-COV-2.
Information about the cell type used, the multiplicity of
infection (MOI), time of infection, and sequencing platform
were represented in Table 1. The raw sequence data were
accessed using the online Galaxy platform (https://usega
laxy.org/), and the identification of differentially expressed
genes (DEG) were obtained using the “Tuxedo suite” pro-
tocol as described in Pires de Souza and colleagues (2020).
Only datasets that were performed with at least two repli-
cates for each experimental sample were considered for the
analysis. The final DEG list was identified from each study
to fulfill an integrative analysis.

Network construction

All networks were built using the Gephi software version
0.9.2 [41]. The cells and genes were listed in a comma-
separated values (.csv) spreadsheet for each graph, and this
file was imported into the software. Another.csv spreadsheet
with the connections between the cells and genes was also
imported to generate the network graphs. The node diam-
eter is directly proportional to the edge in all networks. The
layout was generated using algorithms based on the force of
attraction and repulsion of the nodes (Force Atlas 2). Finally,
the nodes were submitted to local rearrangement to better
visualize the connections between nodes.

Molecular modeling and validation of SLC2A5
and PSMD2 isoform structures

The three-dimensional models of isoform | of SLC2AS5
(id: P22732) and PSMD2 (ID: Q13200) were generated
from the AlphaFold database (https://alphafold.ebi.ac.uk/)
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Table 1 Summary of datasets and sample details

GEO access  Cell type

SARS-COV-2 strain  MOI

Time of
infection

NGS platform

GSE150392 Cardiomyocyte

GSE148729 Caco2 NR
GSE148729 Calu3 NR
GSE148729 HTI199 NR

GSE153970 Primary human airway epithelial cell (hEC)
GSE154613 A459 cells expressing human ACE2
GSE150728 Peripheral blood mononuclear cells* —

USA-WA1/2020 01 72h

USA-WA1/2020 0.25 48h
USA-WA1/2020 02 24h

[llumina NextSeq 500

03 24h Illumina NextSeq 500 Illumina HiSeq 4000
03 24h Ilumina NextSeq 500 Ilumina HiSeq 4000
03 24h Illumina NextSeq 500 I1lumina HiSeq 4000

Illumina NovaSeq 6000
Illumina NextSeq 500
[llumina NovaSeq 6000

NR, not reported

ACE2, angiotensin I-converting enzyme-2
NGS, next-generation sequencing

“Cells isolated from COVID-19 patients

partnership between DeepMind and EMBL-EBI, which set
out to solve all the main protein structures encoded by the
human genome through the new tool based on deep learn-
ing, AlphaFold2 [42], responsible for a “breakthrough
advance” of protein modeling in CASP14. However, the
structure of PSMD?2 isoform 1 was considered unfeasible
for the present study due to the low quality of the size-
able N-terminal portion of the polypeptide chain (data not
shown). Furthermore, the AlphaFold Database does not
present any other known isoforms for the modeled pro-
teins. Therefore, isoform 2 (ID: P22732-2) of SLC2AS
and isoforms 1 and 2 (ID: Q13200-2) and 3 (ID: Q13200-
3) of PSMD2 were generated through the Robetta Server
(https://robetta.bakerlab. org/) using the RobettaAFold
algorithm [43], which is based on the same deep learning
method used by AlphaFold2. From the models generated
for each structure, those with the best quality were selected
and verified through the MolProbity score [44].

Those generated models were submitted to structural
refinement simulation through the GalaxyRefine [45]
server (http://galaxy.seoklab.org/cgi-bin/submit.cgi?type=
REFINE), which provided different refined models, being
the structures with the highest quality selected for the job.
Finally, the final models’ quality was validated through
the Prosa-web [46] servers (https://prosa.services.came.
sbg.ac.at/prosa.php) which compares the quality of the
targets as a function of their total energy distributions.
Target structure with the protein structures experimen-
tally resolved by X-ray diffraction and nuclear magnetic
resonance. Also used to check the quality of individual
models, the MolProbity server (http://molprobity.biochem.
duke.edu/) provided MolProbity score that combines dif-
ferent structural parameters to provide a normalized score,
favoring the comparison of models with experimentally
solved structures and, lastly, the individual construction
of Ramachandran plot.

Preparation of receptors and ligands

The amino acid residues of SLC2AS and PSMD2 isoforms
received charges and polar hydrogens. Later, the models
were aligned and had their structural centers determined.
A grid box was delimited from these, completely covering
each MGLTools (Morris et al., 2009) model. The coordi-
nates and box sizes were X, 13,153, 64; Y, 33,099, 76; and
Z,— 18,273, 54, for the structures of SLC2A5 and X, 1703,
80; Y, 43,775, 92; and Z, 38,746, 108, for PSMD2. Potential
ligands for SLC2AS5 had their structures obtained through
PubChem: glufosfamide (CID: 123,628) and streptozo-
cin (CID29327). In addition, D-fructose (ChEBI: 37,721)
was used as the substrate of the isoforms of SLC2AS5, and
fludeoxyglucose (18F) (CID: 68,614) was used as an inhibi-
tor. Potential ligands for PSMD2 were also obtained from
PubChem (bortezomib (CID: 387,447), carfilzomib (CID:
11,556,711), ixazomib citrate (CID: 56,844,015), and opro-
zomib (CID: 25,067,547)). All composite structures had
their torsions and charges, and hydrogens were added by
Open Babel. The blind molecular docking’s independent
simulations were performed using Vina software [47] using
exhaustiveness 32. Finally, the result of the simulations was
analyzed and visualized using BIOVIA Discovery Studio®
and Pymol software [48].

Results

Differentially expressed genes
on SARS-CoV-2-infected cells

As illustrated in Fig. 1, a seven-step bioinformatic approach
was used to identify candidate genes that could be tar-
geted for antiviral development compounds against SARS-
CoV-2. The search for transcriptome studies of human cells
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Fig.1 Schematic representation
of the entire in silico approach
for identifying potential targets
for the treatment of coronavirus
disease
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infected with SARS-CoV-2 resulted in the selection of 7
datasets. All experimental data, such as time of infection,
cell type, SARS-CoV-2 strain, the multiplicity of infection
(MOI), GEO number access, and sequencing platform, were
described in Table 1. Several cell types were used in these
experiments, such as cells derived from cardiovascular (car-
diomyocyte), epidermal (HT199 melanoma cells), intestinal
(Caco2), pulmonary (Calu3, primary human airway epithe-
lial cells, A459), and immune systems (peripheral blood
mononuclear cells). Tuxedo suite protocol was performed
based on the transcriptome data from each study to under-
stand better the changes in gene expression in each cell type
after SARS-CoV-2 infection. Table 2 shows the number of
differentially expressed genes (DEG) with statistical signifi-
cance identified in each study.

Interaction networks between DEGs and cells were built
from the identification of differentially expressed genes in
each study. As shown in Fig. 2, there is a cell-specific gene
expression profile since few differentially expressed genes
were common to different cell types. Few genes were shared
between two distinct cells (339/4.18%) and one of three cell
types (7/0.08%). No DEG was shared between four or more
cell types (Fig. 3). Table 3 represents the DEGs that were
shared between three cell types. DEGs that had their expres-
sion increased after SARS-COV-2 infection are chosen for
molecular docking analysis. The increase in their expression
may be related to a dependence on the molecular function of
the proteins encoded by these genes in the replication cycle
of SARS-CoV-2.

Once the differentially expressed genes in three cell types
were identified, the search for drugs that could directly inter-
act with the proteins encoded by these genes began, using
the DGIdb 3.0 platform (Wagner ET AL., 2018). The results
obtained demonstrate that only the SLC2A5, PSMD2, and
GNB3 genes presented drugs with the potential to interact
with the proteins encoded by these genes (Table 4). There-
fore, analyzing the potential gene—drug interactions obtained
and the category analysis identified for each gene, the drugs

Table 2 Number of differentially expressed genes used to construct
interaction networks among SARS-CoV-2-infected cells

GSE access  Cell type Up  Down
GSE150392 Cardiomyocyte 1404 1543
GSE148729 Caco2 50 33
GSE148729 Calu3 39 21
GSE148729 HT199 2240 1458
GSE153970 Primary human airway epithelial cell 463 450
(hEC)
GSE154613 A459 cells expressing human ACE2 204 187
GSEI150728 Peripheral blood mononuclear cells 119 70
Total 4329 3762

for interaction with SLC2AS5 (glufosfamide and streptozo-
cin) and with PSMD?2 (carfilzomib, bortezomib, ixazomib
citrate, and oprozomib) are candidates for in vitro assays
(Table 5).

Molecular modeling and validation of SLC2A5
and PSMD2 isoforms

The general information for the construction and validation
of the three-dimensional models are shown in Table S1. The
two SLC2AS isoforms had excellent qualities, with the Mol-
Probity score being evaluated at the 100th percentile com-
pared to the best three-dimensionally resolved structures.
The same can be observed for the three models generated
for the PSMD?2 isoforms, where the individual percentiles
reached were 100, 100, and 99, respectively. The compari-
son of the models with structures solved using the Z-score
and the Ramachandran plot is presented in Fig. S1. All iso-
forms of SLC2AS5 and PSMD?2 are distributed within the
expected Z-score area (Fig. Sla, c, e, g, 1) for proteins of
the same size, again providing evidence of the high quality
of the models, even for those containing > 900 amino acid
residues (PSMD2 isoform 1) (Fig. Sle). Additionally, the
SLC2AS5 isoform 2 model obtained (Fig. Slc) is compared
to the best structures resolved by nuclear magnetic reso-
nance, and the SLC2AS isoform 1 model (Fig. Sla) stands
out for being among the best-resolved structures with the
same characteristics. The individual Ramachandran plots
are shown in Fig. S1b, d, f, h, and j, where, respectively,
99.4%, 99.6%, 99.8%, 99.6%, and 99.4% are distributed in
allowable regions and > 97% of the residues distributed in
favorable regions for all models of SLC2A5 and PSMD2,
respectively. The superposition of all cured isoforms models
can be seen in Fig. S2a.

Molecular docking

The ligands used in the docking simulations (Fig. S2b) had
their interaction details with the receptors shown in Table 4.
Most of the pockets involved in the ligand—receptor interac-
tions from all structures had promisingly measured drugga-
bility scores > 0.8. On the other hand, P7 of isoform 1 and
P8 of isoform 2, both from PSMD?2, were identified in the
interaction interface with carfilzomib.

SLCA2AS

The pocket PO of SLCA2AS isoform 1 was responsible
for the binding of all docked compounds (Table 5), which
represents the open core of the transmembrane channel of
the GLUTS receptor (extracellular face) with a volume of
1899A° (Fig. 3). At PO, the ligand candidates presented the
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Fig.2 Network of upregulated and downregulated genes after SARS-
COV-2 infection of different human cells types. The bipartite net-
work plot shows a spatially connected network between differentially
expressed genes (DEGs) and cell types after SARS-COV-2 infection.

Each node represents a gene or cell type. The layout was generated
using a force-based algorithm followed by manual rearrangement to
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Fig.3 Number of differentially expressed genes in SARS-COV-2
human-infected cells
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Caco2
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PBMC

visualize the connections better. A total of 8091 DEGs (4329 DEGs
with increased expression and 3762 DEGs that had decreased) and
seven cell types are represented. Genes shared between three cell
types are represented in red. Abbreviations: hEC, human respiratory
tract epithelial cells; PBMC, peripheral blood mononuclear cells

same interaction interface when compared to the positive
ligand control (D-fructose) and the positive inhibition con-
trol (fludeoxyglucose (18F)) (Fig. 3)—indicating potential
competitive binding/inhibition property of selected com-
pounds docked in isoform 1. On the other hand, isoform 2
presented distinct interaction pockets (Fig. S3), where the
positive controls remained in PO but at this model with a
volume of 1206A3. However, the binding candidates were
located at P1 (867A3), still in the open core of the GLUTS5
channel (intracellular face).

Promisingly higher binding energies and higher inter-
face areas (buried surface area (BSA)) ligand-receptor
of glufosfamide and streptozocin were observed com-
pared to both binding/inhibition controls (Table 5). In
particular, streptozocin presented energy — 6.2 in pocket
PO of isoform] with BSA of 629A2 and— 6.9 in P1 of iso-
form2 with BSA of 569A2. At the observed ligand-recep-
tor interfaces, hydrogen bonds are the main interaction
mechanisms presented at the core binding sites of both
transmembrane channels (Fig. 4), which is consistent with
a large number of hydroxyl groups and amine groups pre-
sent in the compounds, in addition to an ample supply of
acceptors and hydrogen donors in the recipient’s residues.
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Table 3 List of the genes that

g . Gene Cells type Expression
were differentially expressed
in three cell types after the IF144 Cardiomyocyte/human respiratory tract epithelial cells/PBMC Up
infection with SARS-COV-2 . . I
SLC2A5 Cardiomyocyte/human respiratory tract epithelial cells/PBMC Up
PSMD2 Cardiomyocyte/A549 +hACE2/HT199 Up
PLEKHG6 Cardiomyocyte/A549 + hACE2/HT 199 Up
PPPIRISA Cardiomyocyte/Calu3/A459 + hACE2 Up
CPM Cardiomyocyte/Caco2/HT199 Up
GNB3 Cardiomyocyte/human respiratory tract epithelial cells/HT199 Down

Table 4 Analysis of potential drugs able to interact with the proteins encoded by the identified genes

Interaction analysis

Gene Category analysis Drug Type of interaction Value Interaction’s value
IF144 - U - - -
SLC2AS Druggable genome transporter Glufosfamide u 0.54 3.55
Streptozocin U 0.19 1.21
PSMD?2 Kinase; clinical action Carfilzomib Inhibitory 0.31 1.00
Bortezomib Inhibitory 0.29 0.95
[xazomib citrate Inhibitory 0.23 0.75
Oprozomib Inhibitory 0.22 0.73
PLEKHG6 u - - -
PPPIR15A U - -
CPM Druggable genome, protease cell surface; enzyme U - - -
GNB3 Sibutramine U 1.45 1.45
Clonidine U 1.01 1.01
Torsemide U 0.73 0.73
Sildenafil U 0.67 0.67
Furosemide U 0.62 0.62
Bumetanide U 0.58 0.58
Telmisartan U 0.54 0.55
Sumatriptan U 0.48 0.49
Sertraline U 0.36 0.36
Nortriptyline U 0.36 0.36

U, unidentified

PSMD2

The 3 isoforms of the monomeric 26s proteasome subunits
have remarkable structural similarities shown by the overlap
(Fig. S2a). However, the binding sites in the receptors were
distributed in different ways, with 4, 2, and 1 pockets being
observed, respectively (Figs. 5 and S4). Noteworthy is the
pocket P3 of isoform 3 with a volume of 983A°% and esti-
mated druggability of 0.81 and volume of 2191A%. The shar-
ing between the mentioned regions is observed due to the
similar interfaces of bortezomib, which is present in P1 of

isoforms 1-2, and oprozomib, which is present in P5 of iso-
form1, partially incorporates the residues of P1 of isoform2
(Figs. 5 and S4)—indicating potential specificity of these
compounds to more than one of the monomeric subunit iso-
forms of the 26 s proteasome. The binding energies varied
between —7.1 and — 8.5 (Table 5), emphasizing the energies
and BSA’s observed in P3 of isoform 3, slightly higher than
in the other isoforms. A great variety of natures of interac-
tions presented by ligand-receptor interaction was observed.
In addition to conventional hydrogen bonds, carfilzomib has
several pi—alkyl interactions caused by the presence of its
two aromatic rings (Figs. 5 and S4).
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Receptor-ligand interface (AZ)

Pocket (ID & drug score)

Vina score (Kcal/mol)

N° of atoms

Accession (ID)

Ligands

Table 5 Docking ligand—receptor interaction
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Glufosfamide
Streptozocin

SLC2A5

123,628
29,327
37,721
68,614

P1/0.82
P1/0.82
P0/0.80
P0/0.80

P0/0.81

569.9

629.4

12

D-Fructose
Fludeoxyglucose (18F)

454.2
486.7

490.8

510.7
ISO1
909.4

ISO3

ISO2
8374

ISO3

ISO2

1SO2 ISO3 ISO1
=77
-83

-7.9
-7.0
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Bortezomib
Carfilzomib

PSMD2

387,447

11323
1546.7
1148

P3/0.84

P1/0.81
P7/0.4

P1/0.8

=779
—-8.2
-85
-79

109

11,556,711
56,844,015

1478.8
944.3

1217.6
908.2

P8/0.45
P2/0.82
P5/0.84

Ixazomib Citrate

Oprozomib

P0/0.80
P0/0.80

69

25,067,547

1249.6

1064.5

1082

Similarly, the influence of bortezomib rings in the pres-
ence of pi—cation/anion and pi—alkyl bonds can also be
observed, mainly due to the presence of the pyrazine group
(Figs. 5 and S4). Furthermore, many hydroxyl groups pre-
sent in Ixazomib citrate give it a remarkable affinity to the
receptor’s hydrogen acceptors, with several hydrogen bonds
being observed as the primary binding mechanism (Figs. 5
and S4). Finally, oprozomib has, in addition to a large num-
ber of hydrogen bonds, the inherent ability to create pi—sul-
fur interactions due to the existence of sulfur from the thia-
zole group (Figs. 5 and S4).

Discussion

In late 2019, SARS-CoV-2 emerged in China, and this new
coronavirus spread rapidly around the world, configuring
itself as one of the most pandemic ever experienced by
humankind [6-8]. Due to high transmissibility, the high
rate of hospitalization, and death, the development of vac-
cines and effective antiviral treatment is a priority of many
research groups.

Although several studies have identified some effective
drugs against SARS-CoV-2, to date, there are few approved
effective therapies for COVID-19. Most of them are mono-
clonal antibodies (e.g., regdanvimab, tocilizumab, sotro-
vimab, and casirivimab/imdevimab), but there is also one
antiviral drug (remdesivir) [49]. Therefore, there is an urgent
need to identify new viral and cellular targets that could be
useful to identify new antiviral compounds or be useful for
repurposing drugs.

In this study, we used an in silico protocol to integrate
different transcriptome data combined with deep learning
algorithms to identify candidate genes important to the
development of antiviral treatment of COVID-19. By this
approach, it was verified that there is a specific transcrip-
tional response of cells to SARS-CoV-2 infection since few
DEGS are shared between the cells (Figs. 2 and 3). This
specific transcriptional response for each cell type can also
reflect the different times of infection, which ranged from 24
to 72 h, in an asynchrony condition (started with MOI <0.3)
(Table 1). Consequently, most cells of each cell model ana-
lyzed could be at different times of the replication cycle and
justify the different expression patterns between these cell
models. After all, the replication kinetics of SARS-CoV-2
is influenced by the host cell, and the virus’s modulation of
host gene expression will also depend on the replication and
transcription step of SARS-CoV-2 itself in that cell [50-53],
and this could explain why few DEGS are shared between
the cell types. ITA was able to identify some potential targets
for the treatment of coronavirus disease (Table 3), with some
of the potential to be a target for the development of new
treatment strategies for COVID-19 (Table 4).
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Among these DEGs, two upregulated DEGs encoded
proteins that can be used as antiviral targets. The SLC2AS5
gene encodes a fructose transporter responsible for fructose
uptake and therefore for energetic metabolism [54, 55]. The
PDSM2 gene encodes a component of the 26S proteasome,
a multiprotein complex involved in the ATP-dependent deg-
radation of ubiquitinated proteins [56]. These two proteins
have recently attracted attention for their druggable and
therapeutic potential [57, 58].

Our analysis identified SLC2AS as an upregulated DEG
in three SARS-CoV-2 infected cells (cardiomyocyte, human
respiratory tract epithelial cells, and PBMC). The SLC2A5
gene was reported as one of many genes differentially
expressed related to a severe neurological progression in
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and D-fructose are represented in stick, with all the amino acid resi-
dues involved in the interaction described by balloons. The hydrogen
donor/acceptor interactions are characterized by a dotted line with
their respective distances. Shaded areas on atoms from balloons indi-
cate solvent exposure. The asterisk points out the key residues bind-
ing to the natural substrate (D-fructose)

COVID-19 patients [59]. It also demonstrated high levels
of fructose in PBMC [60] and serum metabolome of SARS-
CoV-2 patients [61]. The high levels of this metabolite can
also induce glycolysis in SARS-CoV-2-infected human
monocytes [62]. These data suggest an increasing need
for energy production in SARS-CoV-2-infected cells since
fructose could be an efficient carbon and energy source.
Therefore, higher levels of fructose would require greater
transport efficiency into the cell, which could explain the
higher expression of the SLC2AS gene to supply the energy
needs of the infected cells.

Other viruses are known to manipulate other glucose
transporters to increase the acquisition of their target carbo-
hydrate. For example, the human immunodeficiency virus led
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the right, the ligands are represented in 2D interaction maps. The first
pair of ligands is represented by lines, from left to right: carfilzomib
and bortezomib and, the second pair, ixazomib and oprozomib. Bal-

to an increased expression of GLUT3 and increased glucose
transport in H9 lymphocytic infected cells [63]. In addition,
the human cytomegalovirus replaces GLUT1 with GLUT4,
abundant in adipose tissue, and increases glucose transport
capacity [64]. In this particular case, this change in GLUTSs
appears essential in cytomegalovirus infection of fibroblasts;
once the function is specifically inhibited, the result is not
only less glucose uptake but also dramatically inhibits the
formation of infectious viral infection progeny [64, 65].

Therefore, an increase of the expression of SLC2AS in
SARS-CoV-2-infected cells derived from heart and lung tis-
sues could be important to the pathophysiology of COVID-
19 once these organs are two important systems affected
COVID-19 patients. It is also suggested that the increase in
glycolysis induced by SARS-CoV-2 infection may also be an
important factor in cytokine regulation [62]. An increased
expression of SLC2AS by SARS-CoV-2 may represent a vital
mechanism of infection, and inhibiting it could lead to a sig-
nificant reduction in viral production. Previously, the inhibi-
tion of glycolysis by 2-deoxy-D-glucose prevents conversion
to fructose, and this event resulted in inhibition of SARS-
CoV-2 replication in a colon adenocarcinoma cell (Caco-2)
line and monocytes [62, 66, 67].

Once it was understood that the SLC2AS5 is a poten-
tial target for the control of SARS-CoV-2 replication, this
enzyme was modeled to be later used to search for potential
inhibitors of the target and, consequently, viral replication.
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loons represent the amino acid residues involved in the interaction.
The hydrogen donor/acceptor interactions, pi—sulfur, pi—cation, and
pi—anion are characterized by a dotted line with their respective dis-
tances. Shaded areas on atoms and balloons indicate solvent exposure

The molecular modeling of GLUT-5 included the three-
dimensional models of its isoforms (Table S1) derived from
the alternative-splicing demonstrated in accessions P22732
and Q13200 (Uniprot ID). Even though interactions with the
lipid bilayer make it particularly difficult to achieve high-
quality resolution of transmembrane transporters [68], the
complete structure of GLUT-5 presented here offers qual-
ity comparable to the best structures ever solved in PDB
(Fig. S1), providing a unique path to search for potential
drugs from its three-dimensional model.

The molecular modeling allowed determining the drug-
gable regions classified in different pockets and starting
the search for putative ligands. D-Fructose was used as
an empirical reference of potential new ligands. Flude-
oxyglucose (18F), an experimentally known inhibitor of
the sugar transport function [69], was also included in the
analysis. It was also considered the “open core of the chan-
nel,” which has the hotspot binding points characterized for
the amino acid residues 32TYR, 167GLN, 288GLN, and
387HIS responsible for the binding site of the transmem-
brane receptor SLC2AS5 to D-fructose [70]. All these bench-
marks were considered for the new putative ligand/inhibitor
appointment.

The accuracy of the receptor-ligand binding is supported
by the result of the docking simulation with D-fructose
which presented an interaction interface with its respec-
tive natural binding site, constituting interactions with all
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key residues and observed for the fludeoxyglucose (18F)
(Fig. 3). Furthermore, both molecules were observed in
pocket P1 with the same — 5.6 kcal/mol of Vina score and
with a high similar BSA score (Table 4). These data suggest
that a competitive inhibition mechanism of SLC2AS in this
region could be important to find new potential drugs for
inhibiting SLC2AS activity.

Through the binding and inhibition references
presented, we promisingly point to the putative inhibition
of SLC2AS5 by streptozocin through comparison with
the fludeoxyglucose (18F) binding site in pocket PI.
Streptozocin presents a binding interface with all the key
residues observed in Fig. 3. Additionally, streptozocin had
a higher Vina (— 6.2 kcal/mol) and BSA (629.4 1&2) score
than the known inhibitor, making it a candidate for inhibiting
sugar transport also through competition. Streptozocin is
particularly an eclectic drug; it was first discovered as an
antibiotic against Gram-negative bacteria once it inhibits
the synthesis of DNA in microorganisms and mammalian
cells [71, 72]. It is also used as a chemotherapeutic drug for
treating certain pancreatic cancers and was approved to be
used in the USA in 1982. The anticancer activity is due to
the inhibition of glucose transporter 2 (GLUT2) expressed
at pancreatic beta cells [71, 73]. These data strengthen the
potential of streptozocin to be used in in vitro and in vivo
assays, and therefore, new experiments should be performed
to determine if the inhibition of GLUT-5 activity could
reduce viral replication.

Our analysis also indicates that the ubiquitin—protea-
some system is a potential target to develop antivirals
against SARS-CoV-2. This intracellular system has a
crucial role in the degradation of most cellular proteins,
including short-lived, regulatory, and misfolded/denatured
proteins [74, 75]. While viruses evolved, exploiting the
cellular machinery and taking control of a protein deg-
radation system are undoubtedly an adaptive advantage.
Therefore, it is not surprising that viruses induce protea-
some regulation after cellular infection. The proteasome
can play an antiviral role in response to many infections,
through degradation of viral proteins (e.g., West Nile virus
and hepatitis C virus) or suppressing viral protein activity
by ISGylation (e.g., influenza A virus and human papillo-
mavirus) [76-78], although many other pro-viral functions
are reported [79].

Viruses such as adenovirus and human immunodefi-
ciency viruses | and 2 use proteasome to regulate cellular
protein degradation [80, 81]. However, others may employ
this system to maintain proper levels of viral proteins (e.g.,
human papillomavirus and hepatitis C virus) [82, 83]. It
was described that SARS-CoV might use the proteasome
for its benefit, counteracting the post-translational modi-
fication of signaling molecules involved in innate immu-
nity. The papain-like protease of SARS-CoV can promote

deubiquitinating (and deISGylating) that are proposed to
counteract the post-translational modification of signaling
molecules that activate the innate immune response [79, 84].
At least two other SARS-CoV proteins interact with this sys-
tem. The E protein interacts with the non-structural protein
3 to be ubiquitinated and the N protein with the host cell
proteasome subunit p42, a 268 proteasome subunit [85, 86].

Since the proteasome system plays an important role dur-
ing the SARS-CoV infection cycle, proteasome inhibition
appears to be a promising strategy in combating SARS-
CoV-2 infection. Proteasome inhibition leads to the accu-
mulation of polyubiquitinated proteins in the cytoplasm
[87]. This unbalanced protein homeostasis leads to a cellular
stress response that can be responsible for the induction of
cell death [87, 88].

The inhibition of the proteasome with different com-
pounds, such as MG132 and epoxomicin, leads to impaired
viral entry and a decrease of RNA synthesis and protein
expression of different coronaviruses [89]. On the other
hand, a study demonstrated that the inhibition of SARS-CoV
replication by MG132 occurs independently of inhibition
of the proteasome system [90]. Although this potential of
proteasome inhibitors has been suggested to combat SARS-
CoV-2 infection, we do not know that they have been used
in clinical trials.

Notwithstanding, a proteasome inhibitor (a-keto phe-
nylamide) derivative compound demonstrated an anti-
SARS-CoV-2 activity. However, the authors associated
the viral progeny reduction with an interaction with the
virus’s protease [91]. Anyway, it seems plausible to con-
sider proteasome inhibitors as a target for the search for
drugs that inhibit viral replication, especially if we con-
sider the expression profile of the proteasome observed
by our integrative analysis and its roles in the control of
coronaviruses replication.

Large polypeptide chains are difficult to model without
high-quality homologous templates. The three-dimensional
structures of the 26 s proteasome subunits are known from
the 6MSK crystal (PDB ID). However, dozens of mono-
mers are incomplete and mostly resolved at low resolutions.
Therefore, it was relevant to obtain high-quality three-
dimensional models for the monomeric chain of the 26S
proteasome (Fig. Sle and S1j) before starting the search for
its putative inhibitors.

The 26 s proteasome showed four high druggability
different pockets of ligand—receptor interaction, each con-
taining distinct and promising interaction profiles (Fig. 4).
Besides, recent studies reported curcumin, LDN192960,
and oprozomib as 26 s proteasome inhibitors, the pathways
responsible for its inhibition are poorly understood. There-
fore, there are no specific ligands/inhibitors that can be used
as controls in docking studies using the 26 s proteasome
[92-94].

@ Springer



47

Brazilian Journal of Microbiology

Nevertheless, four ligands have been identified, and they
had similar binding energy scores (from — 7.0 to —7.5). The
compound ixazomib citrate i1s promisingly docked to P2 in
the N-terminal portion of the 26 s proteasome (Fig. 4). The
N-terminal portion is understood as an attractive drug target
once it constitutes a regulatory region of the 26 s proteasome
[95]. The ligands bortezomib and oprozomib interact in P1
and P5, respectively. These two regions are both considered
promising druggable pockets (Table 4) located around the
dozens of helices in the structural center of the monomer. On
the other hand, carfilzomib has the largest binding interface
area and Vina energy score (Table 4). However, it is located
at P8, with a low estimated druggability (0.45).

These compounds are already known as proteasome
inhibitors and are used/suggested for anti-myeloma therapy
[96]. Bortezomib reversibly binds with high affinity to the 26S
proteasome f-subunit [97]. This drug has been recommended
in treating adult patients with multiple myeloma cell
Ilymphoma by the Food and Drug Administration (FDA)
since 2003 [98]. Ixazomib binds and inhibits the (35 subunit
of the 208 proteasome and has been approved by the FDA
in 2015 for use in the treatment of patients with multiple
myeloma [99]. Unlike bortezomib, the carfilzomib, approved
in 2012 by the FDA, binds irreversibly and selectively to
the chymotrypsin-like activity region of the 208 proteasome
[100, 101]. Oprozomib is a second-generation proteasome
inhibitor, which the US FDA has also approved for clinical
treatment of recurrent multiple myeloma [102, 103].

Identifying new uses outside the original indication
for approved or investigational drugs has become a very
desired strategy, especially with the need to treat COVID-
19 [104-106]. This strategy, known as drug repurposing,
offers various advantages over developing an entirely new
drug. For example, drug repurposing has a lower failure risk
and reduced drug development and approval [105, 107]. In
this study, we used several bioinformatic tools to find new
drugs that could repurpose drugs for different COVID-
19. Through the initial integrative analysis, genes that are
differentially expressed during the infection in cells from
different tissues are determined, resulting in an almost global
pattern of infection. This previously determined pattern will
guide the subsequent modeling of the targets selected by
this integrative transcriptomic analysis of machine learning
structural modeling. Furthermore, molecular docking would
allow identifying available drugs that interact with the targets
and propose laboratory and clinical essays for proof of
concept. This represents a bioinformatics tool for screening
molecules tested for new uses, saving financial resources
time, and making a personalized screening for each infectious
disease.

Supplementary information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s42770-022-00875-2.
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4. ARTIGO llI: Virus goes viral: an educational kit for virology classes

Este é um artigo original publicado no periédico “Virology Journal” em janeiro de 2020.

4.1 Introducao

A disseminacao de noticiais falsas na pandemia de COVID-19 tem uma relacao
direta com a dificuldade de se transmitir conhecimento sobre virus e doencas para a
populacdo em geral. A complexidade dos conceitos cientificos envolvidos, a
linguagem técnica e a falta de conhecimento prévio de grande parte da populagéo
sobre o assunto sdo alguns dos fatores que dificultam a comunicacao clara e eficaz
sobre a doenca e suas formas de prevencao e tratamento. Isso abre espaco para a
disseminacédo de informacdes falsas e desinformacdo, que muitas vezes sao mais
simples e apelativas, mas que podem ter consequéncias graves para a saude publica.
Nesse sentido, é importante que os virologistas e profissionais de salde ndo apenas
gerem conhecimento, mas também trabalhem na disseminacdo de informacdes
precisas e acessiveis para o publico em geral, de forma a combater a desinformacéo
e as noticias falsas.

Na sala de aula, essa lacuna na transferéncia de conhecimento é ainda mais
grave, pois falha no instrumento de instrucdo de parte da populacdo. Nesta lacuna
identificam-se inumeros fatores, como a dificuldade de se realizar aulas praticas em
disciplinas de virologia, devido aos riscos de biosseguranca e aos altos custos
envolvidos nesse tipo de aula (AKASHI et al., 2019). Outro fator apontado é que sdo
dificeis as observacfes praticas dos virus devido ao seu tamanho, o que faz com que
os alunos se restrinjam a figuras esquematicas, ilustracdes e imagens de microscopia
eletrbnica, o que torna o conhecimento gerado um tanto abstrato.

Contudo, desde o inicio deste século, com a descoberta dos virus gigantes,
essa limitacdo de tamanho tornou-se obsoleta na virologia, mas ainda é pouco
explorada em sala de aula. Os virus gigantes, tipicamente infectam amebas e séo
caracterizados por possuirem grandes particulas virais associadas a extensos
genomas e foram responsaveis pela quebra de diversos paradigmas da virologia
classica, além de por apresentar genes jamais identificados anteriormente na vasta
virosfera (BORATTO et al., 2022).

O tamanho colossal de suas particulas dentro da virosfera que torna estes virus
tdo especiais para se desenvolver ferramentas para aulas praticas de virologia, afinal,
eles podem ser visualizados por microscopia 6ptica, assim como as bactérias e 0s
fungos, que séo tradicionalmente apresentados aos alunos através de microscopios
comuns. Pensando nisso, desenvolveu-se um kit de laminas, que fosse inédito e de
baixo custo, para ser utilizado em aulas praticas de virologia. Esse kit conta com

laminas para a visualizacéo de particulas de virus gigantes e suas fabricas virais em
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células de amebas, assim como laminas que apresentam o efeito citopatico de virus
animais em monocamadas de células. O Virus Goes Viral deve ser trabalhado para

explorar os aspectos peculiares e inspiradores dos virus.

4.2 Justificativa

Nas salas de aula de virologia, seja para alunos de graduacao ou de ensino medio,
existe uma grande dificuldade em se tornar os virus conceitos menos abstratos, vistos
apenas por figuras em livros didaticos. Aulas praticas de virologia séo particularmente
desafiadoras de serem elaboradas, pois geralmente envolvem altos custos e uma
preocupacdo com a biosseguranca. Contudo, romper essas dificuldades € uma
necessidade para garantir que os alunos alcancem a melhor compreensao possivel
nos estudos dos virus. Um potencial pouco explorado em salas de aulas sdo o dos
virus gigantes, que sdo uma descoberta relativamente recente, e por serem virus de
amebas podem ser utilizados em salas de aula sem grandes riscos de biosseguranca
e devido a suas particulas visiveis a microscopia 6tica comum, podem ser visualizados
assim como é feito com bactérias de tamanho similar, dando oportunidade de que os
alunos pudessem visualizar na pratica sua morfologia e tamanho, correlacionando
estas caracteristicas com a grande diversidade presente na virosfera. O
desenvolvimento de um kit que permita que o educador melhore a sua forma de
transferir o seu conhecimento aos alunos, dando a eles a oportunidade de fazer
ciéncia no lugar de apenas estudar sobre ela pode transformar o ambiente de aula em

um lugar inspirador.

5.3 Objetivos

4.3.1 Objetivo Geral

Construir uma ferramenta de uso seguro e de baixo custo para aulas

praticas de virologia.
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4.3.2 Objetivos Especificos

Confeccionar laminas de microscopia Otica que permitam a
visualizacdo de particulas de virus gigantes, destacando sua
morfologia e tamanho.

Confeccionar laminas que facilitem a visualizagcdo de alteracdes
morfolégicas em células infectadas por virus.

Fundamentar os docentes com conceitos béasicos de virologia e

instrugdes para o uso do material confeccionado.
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Abstract

Background: Viruses are the most numerous entities on Earth and have also been central to many episodes in the
history of humankind. As the study of viruses progresses further and further, there are several limitations in
transferring this knowledge to undergraduate and high school students. This deficiency is due to the difficulty in
designing hands-on lessons that allow students to better absorb content, given limited financial resources and
facilities, as well as the difficulty of exploiting viral particles, due to their small dimensions. The development of
tools for teaching virology is important to encourage educators to expand on the covered topics and connect
them to recent findings. Discoveries, such as giant DNA viruses, have provided an opportunity to explore aspects of
viral particles in ways never seen before. Coupling these novel findings with techniques already explored by
classical virology, including visualization of cytopathic effects on permissive cells, may represent a new way for
teaching virology. This work aimed to develop a slide microscope kit that explores giant virus particles and some
aspects of animal virus interaction with cell lines, with the goal of providing an innovative approach to virology
teaching.

Methods: Slides were produced by staining, with crystal violet, purified giant viruses and BSC-40 and Vero cells
infected with viruses of the genera Orthopoxvirus, Flavivirus, and Alphavirus. Slides with amoebae infected with
different species of giant viruses and stained with hemacolor reagents were also produced.

Results: Staining of the giant viruses allowed better visualization of the viral particles, and this technique highlights
the diversity in morphology and sizes among them. Hemacolor staining enabled visualization of viral factories in
amoebae, and the staining of infected BSC-40 and Vero cell monolayers with crystal viclet highlights plague-
forming units.

Conclusions: This kit was used in practical virology classes for the Biological Sciences course (UFMG, Brazil), and it
will soon be made available at a low-cost for elementary schoal teachers in institutions that have microscopes. We
hope this tool will foster an inspiring learning environment.
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Background

Viruses are the most numerous entities on Earth, and
they are found in the majority of ecosystems [1]. Over a
century after their discovery, viruses are often recog-
nized by the population as pathogens associated with
diseases and epidemics. They generate fear and fascin-
ation once they directly influence human life [2]. The
study of viruses is known as virology; this subject is
often considered to be a part of microbiology. In the
early years, strong background in this discipline was es-
sential for studying medicine and biology. Virology
pedagogy presents several limitations and challenges, in-
cluding a high monetary cost for materials and biosafety
laboratory requirements. Additionally, students work
with biohazardous materials that can endanger them-
selves and their colleagues [3].

The small size of viruses is a major obstacle that limits
the study of virology. Therefore, learning viral morph-
ology is often limited to electron microscopy figures and
schematic illustrations of viruses [2]. This obstacle, how-
ever, became obsolete after the discovery of the Acanth-
amoeba  polyphaga (APMV), the first
described amoeba giant virus [4-6]. APMYV is the proto-
type species of the genus Mimivirus (4); it belongs to the
nucleocytoplasmic large DNA viruses (NCLDV) [7-9].
Following the discovery of APMV, other giant viruses
were described and characterized, including cedratvirus
(CV@G), pandoravirus (PDV), kaumoebavirus (KAUYV),
Orpheovirusbrasiliensis (OBRY), faustovirus (FSTV), and
tupanvirus (TPV) [10-17]. Additionally, with the discov-
ery of giant viruses, one of the paradigms of virology was
broken, namely that viruses are considered to be “filter-
able organisms”. This shift led researchers to think that
a portion of the virosphere is trapped in filters and begin
research on prospection and characterization of giant
viruses [18].

Another key point in virology is the observation of cyto-
pathic effects (CPEs) [19]. CPEs refer to structural changes
in host cells that are caused by the viral invasion. Some vi-
ruses cause characteristic CPEs, and observation of these
effects is an important tool for virologists concerned with
isolating and identifying viruses [19, 20]. From an educa-
tional perspective, myriad CPEs are visible by students
under the optical microscope, such as changes in cell
morphology, inclusion bodies, and lysis plaques [2, 19,
20]. Many medically important animal viruses show these
effects over the course of infection [20]. In this study, we
present the CPEs of poxviruses (vaccinia virus [VACV]
and cowpox virus [CPXV] and arboviruses (yellow fever
virus [YFV], chikungunya virus [CHIKV], and mayaro
virus [MAYV]) on materials that are safe for classroom
application. Besides, we used a wide range of giant virus
preparations where particles and other viral structures as
well as CPEs can be visualized.

mimivirus
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Practical activities in biology provide opportunities for
students to perform science rather than only learn about
it. This modality allows the educator to expand topics in
the classroom and connect them to recent discoveries
[21, 22]. Some studies highlight the importance of com-
bining laboratory and theoretical courses to attain a dee-
per understanding and greater satisfaction [23, 24]. Our
goal in the present work was to develop an innovative
way to address the concrete aspects of viral particle and
host cell effects. This method, from an educational per-
spective, combines hands-on experience with a class-
room virology course to allow the instructor to expand
the students (and her/his own) knowledge. Thus, the
purpose of our “Virus Goes Viral” kit was to explore the
revolutionary aspect of giant viruses and also the classic-
ally explored aspects of animal virus interactions with
cell lines and integrate them into the study of virology.

Methods

Virus and cells

TPV, CVG, PDV, and Niemeyer virus (NYMV) were
propagated individually using Acanthamoeba castellanii
(American Type Culture Collection [ATCC] 30010) cul-
tured at 32°C in 175 cm? cell culture flasks with 50 mL
peptone-yeast extract with glucose (PYG) medium sup-
plemented with 25 mg/ml amphotericin B (Fungizone;
Cristalia, Sdo Paulo, Brazil) and 500 U/ml penicillin
(Schering-Plough, Brazil). The amoebae were infected
with at a multiplicity of infection (MOI) of 0.01. Cells
were incubated until the expected CPEs appeared in cul-
ture, and the media was collected by two centrifugation
steps. A. castellanii cells and cellular debris were first re-
moved by centrifugation (400 x g for 10 min), and the
particles were purified by centrifugation (36,000 x g for
1 h) through a sucrose cushion (40-50%), suspended in
PAS, and stored at - 80°C. KAUV, OBRV, and FTSV
were propagated individually in Vermamoeba vermifor-
mis (ATCC50237) cultivated at 32°C in PYG medium
with a MOI of 0.01. After the appearance of CPEs, the
cells and supernatants were collected, with sterile sero-
logical pipettes, stored in sterile conical tubes, and the
viruses were purified through ultracentrifugation with a
sucrose cushion.

African green monkey kidney BSC-40 cells (ATCC CRL-
2761) and Vero cells (ATCC CCL-81) were maintained in
an atmosphere with 5% CO, at 37 °C in Eagle’s minimum
essential medium (MEM; Gibco BRL, Invitrogen, Carlsbad,
CA, United States), supplemented with 5% fetal bovine
serum (FBS; Cultilab, Brazil), 2.5 ug/mL amphotericin B,
500 U/mL penicillin (Cristalia), and 50 pg/mL streptomycin
(Schering-Plough, Sao Paulo, Brazil).

YFV (vaccine strain 17DD), MAYV (Strain BeAr20290),
CHIKV (Genotype ECSA - Strain BHI3762/H804917,
kindly provided by Dr. Mauricio Lacerda Nogueira),
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VACV group I (Isolate Caragola eye 1), VACV group 1l
(Isolate Caragola eye II), and CPXV (strain Brighton Red)
were individually multiplied in Vero cells in MEM that
contained 1-2.5% FBS, 0.25 pg/mL amphotericin B, 100
U/mL penicillin 100 U/mL (Schering-Plough, Brazil), and
100 pg/mL streptomycin at 37°C in an atmosphere with
5% CO, in a large 175 cm? bottle. Subsequently, for YFV,
MAYV, and CHIKYV, the cell infection supernatant was
transferred to tubes and centrifuged at 3,000 x g for 5 min.
The clarified supernatants from these centrifugations were
stored at — 70 °C. VACV and CPXV were purified on a su-
crose gradient as previously described [25] and stored at
-70°C.

Slide preparation for microscopic visualization

Viral particles

Aliquots of purified virus were diluted 1:10 (CVG,
OBRYV, PdV, and TPV) or 1:20 (NYMV), and 10 uL of
the appropriate dilution was placed on the center of
glass slide. The liquid was spread using circular move-
ments to obtain an approximately 1-cm diameter drop.
The slide was kept at room temperature until the liquid
dried on the surface. Subsequently, the virus was fixed
by adding 200 pL. methanol over the center of the slide
and stained with crystal violet for 15 min. After staining,
the slides were washed in running water and dried at
room temperature. Once dried, the stained region was
covered by a 13mm glass coverslip and affixed to the

slide with Canada balsam (Synth, Brazil).

Viral factories

Approximately 1 million A. castellanii cells in PYG
medium were cultured in cell culture flasks (25 cm?).
After the amoebae adhered to the flask, NYMV was in-
oculated with a MOI of 1. After 12-h infection, cells
were removed from the flask and centrifuged at 885 x g
for 10 min and stained with hemacolor reagents (Reny-
lab, Brazil). Once dried, the stained region was covered
with a 13 mm glass coverslip using Canada balsam.

Plaque-forming units

Two cell lines were used for visualization of virus
plaque-forming units. For MAYV, CHIKV, and YFV,
Vero cells (2 x 10° cells/well) were plated on sterile 13
mm coverslips, grown in MEM with 5% FBS for 24 h,
and maintained at 37 °C in an atmosphere with 5% CO,.
The next day, the cells were infected with viruses and
observed until the characteristic CPE appeared (lysis pla-
ques). Once CPEs were detected, the coverslips were
fixed in formaldehyde (3.7% v/v) for 2 h and stained with
crystal violet. After staining, the coverslips were washed,
dried, and affixed to the glass slides using Canada bal-
sam. For viruses from both VACV groups and CPXV,
lysis plaque visualization was performed by infecting
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BSC-40 cells. The same procedure described above was
followed to prepare this slide.

Inclusion bodies

BSC-40 cells (2 x 10° cells/well) were plated on sterile
13 mm coverslips, grown in MEM with 5% FBS for 24 h,
and maintained at 37 °C in an atmosphere that contained
5% CQ,. The cells were infected with CPXV (MOI: 10),
and once CPEs were detected, the coverslips were fixed
in formaldehyde (3.7% v/v) for 2h and stained with the
solution rich in eosin from the hemacolor kit for 10 min.
After staining, the coverslips were washed, dried, and
affixed to glass slides using Canada balsam.

Results

Viral particle visualization slides

The slides produced with the purified viral particles
stained with crystal violet allowed a simple evaluation of
the distinct morphology and particle sizes for each iso-
late (Fig. 1). CVG, OBRV, and PDV particles were ovoid
and measured ~ 1 pm in size and ~ 0.5 pm in diameter
(Fig. 1). NYMYV particles were ~0.6 um and appeared
spherical when viewed with optical microscopy. TPV
particles were large and strongly stained with crystal vio-
let. They appeared to have a spherical head and a cylin-
drical tail under optical microscopy (Fig. 1).

Viral factory visualization slides

Viral factories were visualized after staining the cells
with the hemacolor kit. The Mimivirus viral factory,
such as for NYMYV, is very identifiable, and was repre-
sented by a light halo with a strongly marked dark pur-
ple center located in the cell cytoplasm (Fig. 1, blue
arrow). The nucleus was stained dark purple (Fig. 1, yel-
low arrow).

CPE visualization slides

Two cell lines were infected with different viruses to
produce CPE slides (Figs. 2 and 3). BSC-40 cells assays
provided visibly distinct lysis plaques after infection with
different viruses. CPXV generated large circular plaques
of clear destruction with very stained round cell remains
(Fig. 2). The presence of A-type eosinophilic inclusion
bodies was also observed in CPXV-infected BSC-40 cells
(Fig. 2). These inclusion bodies appeared as large pink
circles in the host cell cytoplasm (Fig. 2, black arrow).
Both VACYV groups presented a distinct plaque pheno-
type; group I showed small lysis plaques, while group II
showed large plaques with very stained and stretched
cells that formed a web (Fig. 2). There were lysis plaques
generated by arbovirus infection in the Vero cell mono-
layers. YFV generated largely undefined edge lysis pla-
ques that included numerous stretched cells (Fig. 3).
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Fig. 1 Presentation of different giant virus particles (cedratvirus, pandoravirus, orpheovirus, Niemeyer virus and tupanvirus) and viral factories of
Niemeyer virus under light microscopy. Visualization and comparison of optical and electron micrographs for visualization of viral morphology

and factories. Total magnification is 1000x
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Fig. 2 Cytopathic effects of orthopoxvirus in BSC-40 cells. Monolayers of cells infected or not infected with orthopoxvirus and stained with crystal
violet. Visualization of inclusion corpuscle in an eosin-stained infected cell is also shown. Total magnification is 100x
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stained with crystal violet. Total magnification is 100x

Fig. 3 Cytopathic effects of arboviruses in Vero cells. Monolayers of cells infected or not infected with arboviruses (flavivirus and alphavirus) and

CHIKV presented large circular plaques, while MAYV
showed small undefined edge lysis plaques (Fig. 3).

"Virus Goes Viral” kit and associated teaching materials

The slides generated in previous sections were used to
compose the “Virus Goes Viral” kit. The kit has a total
of 15 labeled slides: five viral particle slides, nine CPE
slides, and one viral factory slide (Fig. 4). The kit in-
cludes associated teaching materials on a CD-ROM, in-
cluding an infographic material, which aims to assist in
understanding what is being observed (Additional file 3)
and also high-resolution model images of each slide and
CPE images from several giant viruses in A. castellanii
and V. vermiformis that were not fixed and stained in slide
form (Additional file 1: Figure S1 and Additional file 2: Fig-
ure S2). These CPEs include: cell rounding for CVG, Mar-
seillevirus, PDV, TPV, and KAUV; cell stretching for
OBRYV; cell bunches for TPV; lysis plaques for ESTV (Add-
itional file 1: Figure S1 and Additional file 2: Figure S2).
The “Virus Goes Viral” kit and its attached material encom-
pass 13 different viral species and 17 miscellaneous effects
in host cells. This kit has been used in practical virology
classes for the Biological Sciences course (Universidade
Federal de Minas Gerais [UFMG], Brazil). The students
seemed very receptive to the proposal and many were

excited about the practice. Some expressed interest in start-
ing research with giant viruses and initiated contact with
our laboratory.

Discussion
The field of virology has a long and strong history of edu-
cational innovations. The actual challenge is to develop
specific initiatives that can be broadly implemented early
in the curriculum ([26], see Table 1). Virology is a very
important subject for several undergraduate courses. Stu-
dents from medical and biological courses need to learn
virology, however, costs and adequate facilities, including
biological hoods in aseptic rooms, are frequently obstacles
[3]. Although digital learning and other approaches to
traditional texts or lectures increase student receptiveness,
standard educational materials, such as microscope refer-
ence slides, are invaluable pedagogical resources [27, 28].
Two main goals led us to develop the “Virus Goes Viral”
kit. The first goal was to foster better understanding
among students about the basic concepts of virology.
Achieving this goal requires only simple installations with
one light microscope or computer, and these measures
are congruent to the Brazilian reality.

The second goal was to introduce and spread knowledge
about giant viruses to high school and undergraduate
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Fig. 4 "Virus Goes Viral” kit. The stock of kit blades that highlights the individual labels
L

students. Our group has been dedicated to the exploration
of giant viruses and isolates from different samples, includ-
ing water, soil, sewage, and clinical samples, as well as in
extreme environments, for example, permafrost and soda
lakes [12, 17, 29, 30]. Giant viruses led biologists to rethink
the nature of life. In recent years, giant viruses have been
widely publicized in magazines, newspapers, blogs, televi-
sion channels, and video sharing platforms; this coverage is
an important example of scientific dissemination.

A common misconception in the general population is
that all microorganisms are associated with human dis-
eases [31]. Integrating giant viruses into the classroom
represents a way to expand knowledge and dispel the
notion that viruses are solely human pathogens. Indeed,
giant viruses highlight that all organisms can be infected
with viruses. Besides, giant viruses can represent tools to
help the general public understand the importance of
microorganisms, their evolutionary biology and ecology
in the ecosystem, and their ancestry. With this material,
we believe the educator can explore the revolutionary as-
pects of these viruses and create an inspiring learning
environment. This is intended to be a simple but useful
material for teaching virology. It can and should be asso-
ciated with other educational strategies, including other
hands-on lessons, according to the educator’s plan and
institution resources.

Our kit covers 13 viral species, including vertebrate vi-
ruses, protozoan viruses, and arboviruses. This range of
viral models illustrates for students the diversity of the

virosphere. Besides, the CPEs covered by the kit are an
important discussion point with students about specific
interactions between virus and host. An interesting ex-
ample of virus-host interactions is the mechanism of
TPV and amoebas [32]. Virus-induced infected cells can
aggregate with uninfected cells to form bunches that can
increase TPV fitness [32]. These bunches are present in
the “Virus Goes Viral” attached material. Another ex-
ample is the VACV isolates that show a biological diver-
sity that allows separating the viruses into different
groups [33]. The VACYV strain shows plaque phenotypes
that differ in size; for example, the VACV group II has
larger plaques than the VACV group I [33]. Our kit con-
tains slides with VACV differentiation to make it clear
to students that even within the same viral species there
is variation.

Conclusion

We designed a slide microscope kit named “Virus Goes
Viral” that explores giant virus particles and some as-
pects of animal virus interactions with cells, with the
aim to provide an innovative approach in virology teach-
ing. Slides were produced by staining, with crystal violet,
purified giant viruses and BSC-40 and Vero cells infected
with viruses of the genera Orthopoxvirus, Flavivirus, and
Alphavirus. The kit contains a slide for viral factory
visualization in amoebas stained with the hemacolor kit
as well as associated teaching materials on a CD-ROM,
including high-resolution model images of each slide
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and CPE images of several giant viruses in A. castellanii
and V. vermiformis. This kit has been used in practical
virology classes for the Biological Sciences course
(UFMG, Brazil), and it will soon be made available at a
low cost to elementary school teachers in institutions
that have microscopes. We hope this tool will foster an
inspiring learning environment about virology.

Supplementary information
Supplementary information accompanies this paper at https#//doiorg/10.
1186/512985-020-1291-9.

Additional file 1: Figure S1. The cytopathic effects caused by different
viruses on Acanthamoeba castellanii

Additional file 2: Figure S2. The cytopathic effects caused by different
viruses on Vermamoeba vermiformis.

Additional file 3. Infagraphics related to Virus Goes Viral educational kit.
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Virus Goes Viral
Manual do Usuario

r-----9 Abundancia

1 0Os wirus sao as entidades
= mais numerosas da Terra e
sao encontrados na maioria
dos ecossistemas.

~------@ Patogénicos?

Embora os wvirus estejam
frequentemente associados a
doenca, nem todos sdo
patogénicos. Eles
representam fortes forcas de
selecao natural e controle
-=i populacional para todos os

: organismos vivos.

1
---® Menor dos menores?

Anteriormente, 0s virus eram
considerados o menor grupo de
organismos, no entanto, descobertas
recentes mostraram a diversidade de

Formiga tamanhos de wirus. Alguns deles
PP T podem até ser vistos em microscopios
; ™, Hemacias comuns !
IJ \" ’,"--",,\

[
i vy N

107 104 2x103  1.2x10° 200 !';'0 1 nm




Virus Goes Viral
Manual do Usuario

————— @ Protagonistas

| 0s virus vém sendo protagonistas de
i inumeros episodios na  historia da
E humanidade. Viroses, como variola e
i sarampo, causaram a morte de milhoGes
i de seres humanos somente no seculo
| passado.
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Virus gigantes @---------------- \

Como nome ja indica os wirus gigantes possuem |

particulas de grandes dimensdes, o que
possibilita a wvisualizacae de alguns em
microscopic optico, alem de genomas extensos e
complexos, quando comparados a outros wvirus.
Eles fazem parte do grupo de wvirus grandes
nacleo-citoplasmaticos de DNA, que possuem
representantes capazes de infectar hospedeiros

vertebrados e invertebrados. Alguns exemplos de
virus gigantes que infectam amebas sao: os
mimivirus como os Tupanvirus, os Orpheovirus e
os Pandoravirus

er wvi
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e Observando particulas virais
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e Ciclo geral de replicacao

i===® Para virus envelopados

8’ Brotamento

*, 7 Envelopamento}
& Penet ra-;'ein*"e._. _.-"'
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€) Vo

@Transc\r\iﬁy &@ Rep1icacio

Sintese de E \M Lise
proteinas m}] D@@@ o liberacio
( € e 9
®Montagem

Parasitas Intracelularese------------ \

O0s virus sdo parasitas dntracelulares
obrigatdrios, e, portanto, utilizam o
mecanismo das células infectadas para se
multiplicar. Embora cada virus possa ter
suas proprias peculiaridades durante seu
ciclo de replicacdo, geralmente segue as
etapas descritas acima.
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e Fabricas virais

As fabricas wvirais sdo compartimentos
intracelulares nos quais ocorre, com alta
eficiéncia, a montagem da particula viral e
d::) também pode representar uma protecdo contra
Iigggﬁ_ as defesas do hospedeiro. As fabricas virais
podem ser citoplasmaticas ou nucleares e
geralmente surgem de um rearranjo extensivo
dos compartimentos do citoesqueleto e/ou da
membrana celular das células hospedeiras.

® Observando a fabrica viral

9 Aumento: 100x 6 Oleo de imersao

Niemeyer virus
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e Interacdo virus-célula: Efeito
citopatico

Um ponto chave na virologia é a
observacao de efeitos citopaticos
(ECPs). ECPs referem-se a alteracoes
estruturais nas células hospedeiras
causadas pela invasdo viral. Alguns
virus causam ECPs caracteristicos, e a
observacdo desses efeitos é uma
ferramenta importante para os
virologistas que buscam isolar e
identificar virus.

Efeitos «citopaticos de diferentes wvirus em Vermamoeba
vermiformis (Ameba de vida 1livre)
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eInteracdao virus-célula: como se formam
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orthopoxvirus @ -----------——-——————-

Sao virus que 1infectam muitos animais diferentes
como bovinos, equinos e humanos e estdao presentes
em praticamente todo o planeta. Em humanos causam
mal-estar, febre e Tlesdes na pele, com alta
capacidade de contagio; em cultura de células
formam placas de lise. Alguns representantes sao:
o vaccinia virus, o monkeypox virus, o cowpox e o
virus da variola.

e Observando efeito citopatico

Aumento: 40x ﬁa% Linhagem celular: BSC-40 (Rim de
&2/ Macaco)

Grandes placas de lise
(parte clara) com
restos celulares bem
corados

Corpusculo de |
inclusao: grandes |
circulos cor-de-rosa E
no citoplasma da |
célula hospedeira |

0s grupos VACV apresentam um fenotipo distinto de placa; o
grupo I apresenta pequenas placas de lise, enquanto o grupo II
apresenta grandes placas com células muito coradas, esticadas

e que formaram uma teia
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-------------------------- e Arbovirus

Sdao um grupo de virus que utilizam como vetores os
artropodes, como carrapatos e mosquitos. Atingem
diversas regioes do planeta, em especial regiodes
equatoriais. 0 ciclo de transmissao ocorre apos a
picada de um artropode infectado em um humano.
Neste, os virus podem causar sintomas
inespecificos, como febre, exantemas e dores
articulares, podendo levar a morte; em cultura de
células formam placas de Tise. Exemplos classicos:
o dengue, o chikungunya, o febre amarela e o Zika.

¢ Observando efeito citopatico

Placas de lise grandes
e circulares

Linhagem celular: Vero (Rim de
Macaco)

Placas de lise grandes

com bordas indefinidas

que incluem numerosas
células alongadas

s

unyavirus

Placas de lise pequenas e
com bordas indefinidas
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e Laminas fornecidas a partir dos seguintes virus:

Virus
Cedratvirus
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Orpheovirus
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Tupanvirus
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6. CONSIDERACOES FINAIS

As ferramentas in silico sdo grandes aliadas nas previsbes de fendbmenos
bioldgicos, e sem esse tipo de recurso, dificilmente seria possivel analisar todo o
grande volume de dados que sdo gerados atualmente, por exemplo, pela gendémica,
transcriptobmica e protedmica (KUSHWAHA et al., 2017). Esses dados requerem
andlises computacionais sofisticadas para tirar conclusbées enquanto as previsdes
permitem tomadas de recurso em menor tempo, poupando recursos financeiros e até
mesmo bioldgicos, no caso de testes in vivo, bem como o desgaste da propria equipe

de pesquisa em extensos trabalhos in vitro.

Ainda assim, € comum que estudos realizados in silico ndo sejam validados em
etapas posteriores dos ensaios biolégicos. Por mais avancadas que sejam as analises
de bioinformética, a complexidade de um organismo é dificilmente reproduzivel pelos
algoritmos. Portanto, mesmo que possamos aplicar as andlises de transcriptoma,
integra-las e identificar genes associados a patogénese viral e/ou alvos terapéuticos
como apresentado nesta tese, havera ainda uma necessidade de se testar se estas

previsdes podem ser validadas in vitro e in vivo.

Nas analises integrativas de transcriptoma aqui apresentadas, ha uma
limitacdo clara: a dificuldade de homogeneizacdo das amostras. Visto que temos
células de diferentes linhagens e até mesmo de tecidos distintos, encontrar fatores
comuns é particularmente desafiador. Ha de se compreender que o tempo de infec¢cao
€ um fator limitante, visto que o virus manipulara a expresséo da célula hospedeira de
forma a favorecer a sua replicacéo e conforme as necessidades do seu ciclo. Integrar
0s transcriptomas de células que estdo em etapas distintas do ciclo de replicacéo viral
pode representar a exclusdo da andlise genes chave do processo em etapas

especificas do ciclo.

Além de se considerar o tempo e o ciclo de infeccao, ha também uma grande
heterogeneidade em relagcdo a multiplicidade de infecgcdo (MOI) das amostras de
transcriptdmica. E sabido que a MOI tem grande impacto na andlise, pois ela pode
determinar o tipo de ciclo de infeccdo, com MOlIs altas, temos maior probabilidade de
termos todas as células infectadas, e portanto, todas estariam em um ciclo sincrono

de infeccao, enquanto com MOIs mais baixas, temos a possibilidade de acompanhar
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mais ciclos mais com células de uma mesma amostra em diferentes momentos do

ciclo, ou seja, um ciclo assincrono de infeccéo.

Portanto, mesmo que os protocolos aqui pospostos tenham sido capazes de
identificar genes diferencialmente expressos em células neuronais humanas
infectadas com ZIKV e trazido pistas para o entendimento da patogénese viral; Ou
ainda permitido a identificagéo de dois alvos terapéuticos e seus respectivos inibidores
para o controle da doenca causada pelo SARS-CoV-2. H4 uma necessidade de se
desenvolver algoritmos para a selecao e agrupamento destes conjuntos de dados de
transcriptoma de acordo com as condi¢des experimentais em que os dados foram
gerados e isso enriqueceria significativamente os trabalhos que utilizam esta
abordagem de analise integrativa de transcriptoma.

Apesar dessas limitacbes, os protocolos parecem eficientes em encontrar
genes frequentemente diferencialmente expressos em células infectadas e podem ser
uteis para o entendimento de novas doencas virais emergentes, seja na compreensao
da biologia e patogénese viral, quanto para a identificacdo de alvos terapéuticos e
reposicionamento de farmacos. Permanece, contudo, a necessidade de se testar as
conclusBes destes trabalhos em ensaios biolégicos, promovendo o silenciamento dos
genes frente a uma infec¢do pelo virus em questdo e 0 seu impacto na patogénese.
Bem como os préprios ensaios antivirais, para se avaliar os impactos da inibicdo dos

alvos pelas moléculas propostas avaliando na producdo de SARS-CoV-2.

A pandemia de COVID-19, doenca causada pelo SARS-CoV-2, trouxe para a
sociedade varias mudancas no seu dia a dia: adotamos o uso de mascaras e
intensificamos o trabalho e estudo remotos. Assim como trouxe mudancas, também
evidenciou o quanto grande parte da populacdo estd afastada da compreensao do
que sao os virus. Essa dificuldade em entender estes organismos tem sido detectada
mesmo entre pessoas com acesso a educacdo, pois muitas vezes 0S virus sao
erroneamente associados estritamente a doencgas, e se tornam um tanto abstratos no
imaginario do aluno, por se restringir a figuras e micrografias e pela dificuldade de se

elaborar aulas praticas seguras e de baixo custo.

O “Virus Goes Viral” foi desenvolvido como uma ferramenta para superar estas
limitacdes que representam uma falha na transferéncia de conhecimento entre o que

se faz na virologia e o0 que é passado ao aluno. O Kit de laminas traz um material a
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ser observado pelo aluno, trazendo para a discussdo questdes como a diversidade
dos virus, sua especificidade e o proprio ciclo de replicacdo. O material de suporte foi
elaborado para guiar o instrutor, mas também permitir que os alunos manipulem o kit

s0zinhos.

Ainda que o Virus Goes Viral seja um material de baixo custo, ele ainda esta
limitado ao uso em salas de aula com microscépios que permitam com objetivas de
aumento de pelo menos 100 vezes. Isso é uma limitacdo em particular para escolas
em regifes carentes e com poucos recursos. Além disso, como revelado pela propria
pandemia, com a difusdo do ensino remoto emergencial, devemos pensar em
solugdes alternativas para as aulas de virologia, para momentos em que os alunos

ndo possam acessar os laboratorios de aulas préticas.

Como perspectivas, o Virus Goes Viral tem potencial de ser ampliado, com
laminas adicionas que permitam a comparagdo com outros microrganismos, como
bactérias, por exemplo. H&4 também a possibilidade da criagdo de roteiros de aulas
praticas que utilizem outras abordagens de ensino, menos expositivas e mais
investigativas, permitindo que os alunos elaborem hipéteses e cheguem a conclusdes
ao manipular o material. Ficando a cargo do educador escolher uma abordagem para

as suas aulas.
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7. CONCLUSOES

De forma geral, este trabalho apresenta protocolos de pesquisa para 0 uso de
analises integrativas de transcriptdmica para dois virus emergentes. Para o ZIKV,
esse protocolo foi utilizado em busca de genes associados ao processo de
patogénese viral em células neurais humanas, permitindo que se determinasse genes
associados a neurogénese e a apoptose diferencialmente expressos nas células
infectadas pelo ZIKV. Para 0 SARS-CoV-2, este protocolo foi revistado e atualizado,
assim, foi possivel determinar dois alvos a serem inibidos por farmacos conhecidos e
que tem potencial de inibir também a replicacdo do SARS-CoV-2 em células
infectadas. Ao passo gque os virus gigantes de amebas forneceram nédo so pistas sobre
0 processo de coevolucdo dos virus, mas também uma ferramenta educacional inédita
com potencial de expandir topicos educacionais para superar limitagcdes dos estudos
dos virus em sala de aula, permitindo uma abordagem mais pratica e de uso seguro
em aulas de virologia, com foco em tornar o ambiente de aprendizagem mais

inspirador.
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