UNIVERSIDADE FEDERAL DE MINAS GERAIS
Instituto de Ciéncias Biologicas

Programa de Pos-graduagdo em Microbiologia

Thais Alkifeles Costa

INVESTIGACAO DA INFECCAO POR CHIKUNGUNYA VIRUS EM PRIMATAS NAO
HUMANOS NO ESTADO DE MINAS GERAIS DE 2017 A 2020 E ADAPTACAO DE TESTE
DE NEUTRALIZACAO VIRAL UTILIZANDO TECIDO HEPATICO

Belo Horizonte

2024



Thais Alkifeles Costa

INVESTIGACAO DA INFECCAO POR CHIKUNGUNYA VIRUS EM PRIMATAS NAO
HUMANOS NO ESTADO DE MINAS GERAIS DE 2017 A 2020 E ADAPTACAO DE TESTE
DE NEUTRALIZACAO VIRAL UTILIZANDO TECIDO HEPATICO

Dissertagao apresentada ao
Programa de Poés-graduacdo em
Microbiologia da Universidade
Federal de Minas Gerais, como
requisito parcial para obtengao do
titulo de Mestre em

Microbiologia.

Orientadora: Betania Paiva Drumond.

Belo Horizonte

2024



043

Costa, Thais Alkifeles.

Investigacdo da infeccdo por chikungunya virus em primatas nio
humanos no estado de Minas Gerais de 2017 a 2020 e adaptagdo de teste
de neutralizac3o viral utilizando tecido hepatico [manuscrito] / Thais Alkifeles

Costa. — 2024.
131 f -l ;29,5 cm.

Onentadora: Profa. Dr®. Betania Paiva Drumond.
Dissertacio (mestrado) — Universidade Federal de Minas Gerais, Instituto
de Ciéncias Biolagicas. Programa de Pos-Graduacio em Microbiologia.

1. Microbiologia. 2. Virus Chikungunya. 3. Primatas. 4. Testes de
MNeutralizacio. |. Drumond, Betania Paiva. ll. Universidade Federal de Minas
Gerais. Instituto de Ciéncias Biolégicas. lll. Titulo.

CDL: 579

Ficha Catalografica elaborada por Jéssica Patricia Silva de 5a CEB-6 3430



BN -'F:;'.'
A R
%

KCIPTT UITA ROVA ¥ &
1!‘1' o -"-'\“":
* .-.--""‘IJ"\b
*..I;F“t,]ﬁ:_.*’

-----

UNIVERSIDADE FEDERAL DE MINAS GERAIS

ATA

INSTITUTO DE CIENCIAS BIOLOGICAS
CURSO DE POS-GRADUACAD EM MICROBIOLOGIA

ATA DA DEFESA DE DISSERTACAD DE THAIS ALKIFELES COSTA
N2 REGISTRD: 20226668719

As 14:00 horas do dia 12 de abril de 2024, reuniu-se, por via remota, a
Comissdo Examinadora composta pelos Drs. Giliane de Souza Trindade
(Departamento de Microbiologia/ICB/UFMG), Pedro Augusto Alves
(Instituto René Rachou) e a Profa. Dra. Betdnia Paiva Drumond
(Orientadora), para julgar o trabalho final "Investigacdo da infeccdo
por Chikungunya virus em primatas naoc humanos no estado de Minas Gerais
de 2017 a 2020 e adaptacdo de teste de neutralizacdo viral utilizando
tecido hepatico”, da aluna Thais Alkifeles Costa, requisito final para
a obtencdo do Grau de MESTRA EM CIENCIAS BIOLOGICAS: MICROBIOLOGIA.
Abrindo a sessdo, a Presidente da Comissdo, Profa. Dra. Beténia Paiva
Drumond, apdés dar a conhecer aos presentes o teor das Normas
Regulamentares do Trabalho Final, passou a palavra a candidata, para a
apresentacdo de seu trabalho. Seguiu-se a arguicdo pelos Examinadores,
com a respectiva defesa da candidata. Logo apts, a Comissdo se reuniu,
sem a presenca da candidata e do publico, para julgamento e expedicdo
de resultado final. A candidata foi considerada APROVADA. 0 resultado
final foi comunicado publicamente & candidata pela Presidente da
Comissdo. MWada mais havendo a tratar, a Presidente encerrou a reuniio e
lavrou a presente ata, que serd assinada por todos os membros
participantes da Comissac Examinadora. A candidata tem 60 (sessenta)
dias, a partir desta data, para entregar a versao final da dissertacao
ao Programa de Pds-graduacdo em Microbiologia da UFMG e requerer seu
diploma.

Belo Horizonte, 12 de abril de 2024
Membros da banca:
Profa. Dra. Giliane de Souza Trindade

Dr. Pedro Augusto Alves

De acordo:



Profa. Dra. Betania Paiva Drumond
(Orientadora)

Prof. Dr. Daniel de Assis Santos
(Coordenador do Programa de Pés-graduacédo
em Microbiologia)

~—— " TyDocumento assinado eletronicamente por Daniel de Assis Santos,
SE'! 5 Coordenador(a) de curso de pdés-graduacao, em 16/04/2024, as 13:52,
conforme horario oficial de Brasilia, com fundamento no art. 52 do
Decreto n? 10.543, de 13 de novembro de 2020 .

assinatura
eletrdnica

" T)Documento assinado eletronicamente por Betania Paiva Drumond,

SE]! [ﬂ Professora do Magistério Superior, em 16/04/2024, as 14:29, conforme
horario oficial de Brasilia, com fundamento no art. 52 do Decreto n2

10.543, de 13 de novembro de 2020.

assinatura
eletrdnica

"~ T)Documento assinado eletronicamente por Pedro Augusto Alves, Usuario
SQ'! @ Externo, em 17/04/2024, as 11:30, conforme hordrio oficial de
Brasilia, com fundamento no art. 52 do Decreto n? 10.543, de 13 de
novembro de 2020.

assinatura
eletrbnica

.. " T)Documento assinado eletronicamente por Giliane de Scuza Trindade,
SEI! [ﬂ Professora do Magistério Superior, em 25/04/2024, as 12:51, conforme
horadrio oficial de Brasilia, com fundamento no art. 52 do Decreto n®%
10.543, de 13 de novembro de 20828.

assinatura
eletrbnica

::‘ autenticidade deste documento pode ser conferida no site
e https://sei.ufmg.br/sei/controlador externo.php?

zare acao=documento conferir&id orgac acesso_externo=8, informando o cédigo
o= verificador 3185973 e o cédigo CRC @E8741AD.

ST

Referéncia: Processo n® 23072.214517/2022-50 SELI n% 3185973



Agradecimento

Agradeco ao programa de poés-graduacdo em Microbiologia da UFMG pela

oportunidade de ter aprendido com tanta exceléncia.

Agradego aos amigos e colegas do Laboratério de virus que tem tanto a ensinar e
deixam a rotina laboratorial mais leve e humana. Destaque para Karolina, Anna Catarina e
Walter que estdo e sempre estardo juntos a mim. Aos professores do Laboratorio de Virus

pela disponibilidade e por serem exemplos de profissionais.

Ao grupo ArboTeam que, unidos pela professora Betdnia, caminha sempre se
apoiando, trocando conhecimentos e tomando cafés. Destaque especial aos amigos Matheus e
Gabriela que passaram pelo mestrado comigo, compartilhando ansiedades e alegrias na

mesma propor¢ao, € vao seguir comigo sempre.

A minha familia que ndo mediu esfor¢os para que eu pudesse estudar e seguir
estudando, sempre sendo uma rede de apoio. Em especial ao Matheus pelo suporte em todos
0s aspectos e por mostrar que as coisas sempre ddo certo, basta olhar do angulo certo. A

minha amiga/irma Thamyres que agora acrescento na parte dos agradecimentos a familia.

A Betania, minha orientadora, por ser exemplo de profissional humana e competente,
e por ter feito um 6timo trabalho de orientacdo desde 2017, na iniciacdo cientifica, até aqui,

na defesa de mestrado.

Ao Centers for Research in Emerging Infectious Diseases (CREID), CREID Pilot
Research Program, the Coordinating Research on Emerging Arboviral Threats Encompassing
the Neotropics (CREATE-NEO), pelo financiamento do projeto (grants 1U01AI151378 e
X.XXX.0217530). E também agradeco o apoio das agéncias de fomento Fapemig, CNPQ ¢
CAPES (processos 88882.348380/2010-1 ¢ 001).

Ao Laboratorio de Zoonoses € ao Centro de Controle de Zoonoses da Prefeitura de
Belo Horizonte e a Secretaria de Estado de Satde de Minas Gerais. As Pro-Reitorias de
Pos-graduacdo e de Pesquisa/Universidade Federal de Minas Gerais/Brasil e a Universidade

Federal de Minas Gerais.



Resumo

O chikungunya virus (CHIKV) ¢é o agente causador da febre chikungunya (CHIKF). A
introducdo do virus no Brasil ocorreu no ano de 2013 e um dos estados mais afetados por
casos de CHIKF foi Minas Gerais, que em 2017 apresentou grande incidéncia da doenga. No
Brasil, o CHIKV ¢ mantido na natureza em um ciclo urbano que envolve o Aedes aegypti e
hospedeiros humanos. Na Africa ¢ observado também o ciclo silvestre do virus, que envolve
mosquitos do género Aedes e os primatas ndo humanos (PNH) como hospedeiros. Ainda nao
foi descrita a circulagdo do CHIKV em ambientes silvestres no Brasil, porém existe o risco de
estabelecimento, visto a persisténcia da circulagdo viral em centros urbanos e a presenga de
vetores competentes em ambientes periurbanos e rurais. Ja foi descrita a detec¢do de
anticorpos neutralizantes contra CHIKV em amostras de PNH do nordeste do pais, indicando
uma possivel circulagdo desse virus no hospedeiro silvestre. Dessa forma, o objetivo desse
trabalho ¢ a investigacdo da circulacdo do CHIKV em PNH coletados no estado de Minas
Gerais de 2017 a 2020 e a otimizacdo de teste de neutralizagcdo adaptado utilizando amostra
de tecido hepatico. Para os testes moleculares, foi realizada a extracdo de RNA total de 407
amostras de figado de PNH, que em seguida foram submetidas a RT-qPCR para detec¢do do
controle enddgeno. Feito isso, quando realizada a RT-qPCR tendo como alvo o gene E1 do
CHIKYV, as amostras testadas foram negativas. Para o teste de neutralizacdo viral adaptado,
foram utilizadas amostras de figados de camundongos C57BL/6 previamente infectados com
CHIKYV (n=6) e de animais ndo infectados (mock) (n=6). Amostras do tecido hepatico foram
maceradas, clarificadas e o homogenato usado para a investigacdo de anticorpos
neutralizantes. Quando comparados os resultados dos testes feitos com amostras de animais
mock e animais experimentalmente infectados, foi observada diferenca significativa entre as
porcentagens de neutralizag¢do, indicando uma ag¢do neutralizante anti-CHIKV em amostras
de animais infectados. Apoés isso, foram realizados os testes de neutralizagao viral adaptado
com homogenato de figado de PNH coletados em Minas Gerais, em zona urbana, em 2017.
Das 25 amostras testadas, uma apresentou neutralizacdo acima de 90% (diluicdo 1:20),
indicando a presenc¢a de anticorpos neutralizantes anti-CHIKV. A ndo detec¢do molecular do
CHIKYV e a detecgao de anticorpos anti-CHIKV nas amostras de PNH ressalta a importancia
da vigilancia epidemioldgica e da utiliza¢do de outros métodos, como o soroldgico, para uma
investigacdo mais completa. Dadas as limitacdes das técnicas moleculares, o teste de
neutralizacdo adaptado pode contribuir para o melhor entendimento da circulagdo de CHIKV
em animais silvestres, em Minas Gerais.

Palavras chaves: Chikungunya virus; primatas nado humanos, spillback.



Abstract

The chikungunya virus (CHIKV) is the causative agent of chikungunya fever (CHIKF). The
virus was introduced into Brazil in 2013 and one of the states most affected by cases of
CHIKF was Minas Gerais, which had a high incidence of the disease in 2017. In Brazil,
CHIKYV is maintained in the wild in an urban cycle involving Aedes aegypti and human hosts.
In Africa, in addition to the urban cycle, there is a wild cycle of the virus involving Aedes
mosquitoes and non-human primates (NHP) as hosts. The circulation of CHIKV in wild
environments in Brazil has not yet been described, but there is a risk of this cycle being
established, given that viral circulation persists in urban centers and that there are competent
vectors in peri-urban and rural environments. The detection of neutralizing antibodies against
CHIKV in PNH samples from the northeast of the country has already been described,
indicating a possible circulation of this virus in the wild host. Thus, the aim of this study is to
investigate the circulation of CHIKV in NHP collected in the state of Minas Gerais from
2017 to 2020 and also to optimize an adapted neutralization test using liver tissue samples.
For the molecular tests, total RNA was extracted from 407 liver samples from NHPs, which
were then subjected to RT-qPCR to detect the endogenous control. Once this was done, when
RT-qPCR was carried out targeting the CHIKV E1 gene, the samples tested were negative.
Samples of liver tissue were macerated, clarified and the homogenate used to investigate
neutralizing antibodies. When comparing the results of the tests carried out on samples from
mock and experimentally infected animals, a significant difference was observed between the
neutralization percentages, indicating anti-CHIKV neutralizing action in samples from
infected animals. After this, adapted viral neutralization tests were carried out with liver
homogenate from NHP collected in Minas Gerais, in urban areas, in 2017. Of the 25 samples
tested, one showed neutralization above 90% (1:20 dilution), indicating the presence of
neutralizing anti-CHIKV antibodies. The lack of molecular detection of CHIKV and the
detection of anti-CHIKV antibodies in NHP samples highlights the importance of
epidemiological surveillance and the use of other methods, such as serology, for a more
complete investigation. Given the limitations of molecular techniques, the adapted
neutralization test can contribute to a better understanding of the circulation of CHIKV in

wild animals in Minas Gerais.

Keywords: Chikungunya virus; non human primates, spillback.
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1. INTRODUCAO

Os arbovirus (do inglé€s, arthropod-borne viruses) sdao virus transmitidos por vetores
artrépodes. Existem distintos grupos de virus que possuem essa caracteristica e muitos deles
possuem alto potencial de emergéncia e reemergéncia, causando grandes surtos de doengas ao
redor do mundo. As familias virais Peribunyaviridae, Phenuiviridae, Togaviridae e
Flaviviridae tém como alguns de seus integrantes arbovirus que estdo envolvidos em diversos
ciclos de transmissao, ¢ que causam doencas em humanos e animais (CLETON et al., 2012;
LOPES; NOZAWA; LINHARES, 2014). Dentre essas, a familia Togaviridae abriga o género
Alphavirus, que contém virus transmitidos por mosquitos hematéfagos e possuem ampla
variedade de hospedeiros, como aves, peixes ¢ mamiferos. Alguns dos alfavirus possuem
grande importancia médica e veterinaria como o Chikungunya virus (virus da chikungunya ou
CHIKYV), o Eastern equine encephalitis virus (virus da encefalite equina oriental ou EEEV),
o0 Western equine encephalitis virus (virus da encefalite equina ocidental ou WEEV), o
Venezuelan equine encephalitis virus (virus da encefalite equina venezuelana ou VEEV) e o
Mayaro virus (mayaro virus ou MAYV) (GRIFFIN, 2013; ICTV, 2024). Os virus do género
Alphavirus podem causar exantema e artralgia e podem causar encefalite nos hospedeiros
humanos e em animais (GRIFFIN, 2013).

O CHIKYV ¢ um virus artritogénico causador da febre chikungunya (CHIKF). Sua
particula tem aproximadamente 70 nm de didmetro e apresenta genoma de RNA, fita simples,
senso positivo, de aproximadamente 11.800 bases (Figura 1). Seu genoma codifica uma
poliproteina que é composta por quatro proteinas ndo estruturais (nsP1, nsP2, nsP3 e nsP4)
que estdo envolvidas na replicagdo viral. O genoma também codifica uma poliproteina que é
composta por cinco proteinas estruturais (C, E1, E2, E3 e 6K) que fazem parte do capsideo,
envelope e que fazem parte também da particula viral em processo de maturacio
(ZANOTTO; LEITE, 2018) (Figura 2). As proteinas E1 e E2 exercem importante papel na
fusdo de membranas e na penetragdo na célula por endocitose (VOSS et al., 2010). Ainda a
El e E2 sdo importantes por serem antigénicas e induzirem resposta imune em infecgdes

naturais no hospedeiro (WEGER-LUCARELLI ef al., 2015).


https://paperpile.com/c/F3xhCW/a6DA+VJcb
https://paperpile.com/c/F3xhCW/a6DA+VJcb
https://paperpile.com/c/F3xhCW/59uX
https://paperpile.com/c/F3xhCW/AS4u
https://paperpile.com/c/F3xhCW/59uX
https://paperpile.com/c/F3xhCW/WopA
https://paperpile.com/c/F3xhCW/25QF
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Figura 1: Representag@o esquematica da particula viral do CHIKV. Estdo representadas as estruturas
do capsideo, envelope e RNA viral de fita simples, polaridade positiva (CASTILLO-MACIAS,;
SALINAS-CARMONA; TORRES-LOPEZ, 2018).

| | Structural Proteins

ORF ORF

B BT - e I

RNA synthesis RNA-dep Capsid .
Protease/Helicase RNA synthesis Small accessory peptides: E3 and 6K
RNA synthesis Major Envelop Glycoproteins: E1 and E2

"12 kbp Two ORFs produce polyproteins cleaved by proteases

Figura 2: Representagdo da organizacdo do genoma do CHIKV. Estdo representadas a posigdo e
funcdo das proteinas virais estruturais que sdo a C (capsideo), E3 e 6K (peptideos acessorios) e El e
E2 (envelope). As proteinas ndo estruturais sdo nsP1 e nsP3 (sintese de RNA), nsP2 (protease ¢
helicase), e nsP4 (sintese e replicacdio de RNA). O CHIKV possui duas janelas abertas de leitura
(open reading frame - ORF) que geram poliproteinas (ZANOTTO; LEITE, 2018).

O CHIKYV possui um sorotipo e quatro genotipos (WEAVER, 2014) e a diferenciacao
dos gendtipos € feita pela comparacdo de sequéncias genomicas do gene E1 (SIMON et al.,
2011). Os gendtipos sdo o FEast-Central-South-African (ECSA) que foi identificado
primeiramente no continente africano e tem registro de circulagdo na América do Sul e na
Europa. O West African, que foi isolado no Senegal e na Nigéria, e é circulante na Africa. O
Asian foi isolado do continente asiatico, e atualmente circula também na América do Norte.
Ja o The Indian Ocean lineage (IOL) causou grande surto na india e na Asia em 2004 ¢
atualmente tem grande circulagdo na Africa, Europa ¢ na Asia (WEAVER e FORRESTER,
2015; WAHID et al., 2017).


https://paperpile.com/c/F3xhCW/9yCK
https://paperpile.com/c/F3xhCW/9yCK
https://paperpile.com/c/F3xhCW/AS4u
https://paperpile.com/c/F3xhCW/Yr9e
https://paperpile.com/c/F3xhCW/fr34
https://paperpile.com/c/F3xhCW/fr34
https://paperpile.com/c/EYh4rW/4CXC
https://paperpile.com/c/EYh4rW/4CXC
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1.1 CICLO DE MULTIPLICAGAO DO CHIKV

O ciclo de multiplicacdo do CHIKV se inicia com a adsor¢do e penetracdo do virus na
célula hospedeira através da interacdo da proteina E2 do envelope com os receptores
celulares. Apos isso, o virus ¢ transportado para dentro da célula por endocitose mediada por
clatrina, e, posteriormente, ocorre a redu¢do do pH no interior da vesicula que leva a
dissociacdo de proteinas E1 e E2. Essa mudanca nas proteinas expde o peptideo de fusdo da
proteina E1 que ¢ ancorada na membrana do endossomo, o que faz com que elas sejam
fundidas e através da formacao de poros o nucleocapsideo ¢ liberado no citoplasma celular.
Uma vez no citoplasma, o capsideo ¢ desnudado e, apds essa etapa, o genoma viral pode
comegar a ser replicado (KUHN, 2013). Inicialmente, ocorre a tradugdo imediata de duas
proteinas que sdo precursoras de proteinas ndo estruturais (poliproteina P1234 e P123), que
ao final da clivagem produzem P123 e nsP4 e sdo importantes para a produgdo de fitas de
genoma senso negativo intermedidrias que sdo necessarias para a sintese de RNA gendmico.
O complexo de proteinas nsP1, P123 e nsP4 realiza a transcrigdo e replicagdo do RNA viral.
Durante esse processo ocorre a traducdo do RNA subgenomico que leva a sintese de
poliproteina que ¢ clivada e produz as proteinas C, 6K e El. A poliproteina pE2 ¢
transportada com a proteina E1 para o reticulo endoplasmatico e acessam o complexo de
Golgi, formando um complexo pE2-El. Esse complexo ¢ transportado para a membrana
plasmatica celular, e, depois de mais clivagens, sdo originadas as proteinas E2 e E3
(GAROFF; SJOBERG; CHENG, 2004). A montagem das particulas ocorre pela interagio da
proteina C, ribossomos € RNA viral que posteriormente se ligam as proteinas do envelope na
membrana da célula, conduzindo o processo de brotamento do virus (GAROFF; SJOBERG;
CHENG, 2004) (Figura 3). Apos a liberacdo, os virus adquirem uma bicamada lipidica
derivada da membrana da célula (LEUNG et al., 2011).
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Figura 3: Representacdo do ciclo de multiplicagdo do CHIKV.

E representada a adsorgdo, penetragdo, desnudamento, replicagio do material genético e produgio de
proteinas virais, montagem, maturacdo e liberacdo da particula recém produzida. RNA: &cido
ribonucleico. ER: reticulo endoplasmatico. (THIBOUTOT et al., 2010).

Assembly

1.2 FEBRE CHIKUNGUNYA

A CHIKF ¢ caracterizada por uma febre aguda, dolorosa e ¢ comumente confundida
com a febre da dengue (SIMON et al., 2011). Mas, diferente da dengue, os casos de infeccao
por CHIKV s3o majoritariamente sintomaticos (MATUSALI et al., 2019). A fase aguda da
doenca se caracteriza por febre alta e artralgia na grande maioria dos pacientes (MATUSALI
et al., 2019), em conjunto com dor de cabeca, mialgia, hemorragia e irritacdo na pele. A
infeccao causada pelo CHIKYV possui uma fase curta de viremia que persiste por quatro a sete
dias apos o inicio dos sintomas e a producao de anticorpos neutralizantes e especificos para o
virus acontece uma semana ou mais apos o inicio da infeccio (SCHWARTZ; ALBERT,
2010). A viremia da CHIKF ¢ um preditor de casos graves da doenga, visto que os casos que
necessitam de hospitalizacdo possuem maiores cargas genomicas virais quando comparados a
casos sem complicacdoes (WAGGONER et al., 2016).

Diversos estudos ja descreveram a persisténcia da artralgia por meses apos a fase

aguda da doenca, sendo esse quadro de artralgia cronica mais comum em pessoas idosas e
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com problemas de saude pré-existentes como hipertensdo, problemas cardiacos e renais
(WAHID et al., 2017). Estima-se que de 30 a 40% das pessoas que tem a CHIKF sofrem de
sequelas persistentes como a artralgia e/ou a artrite ¢ dos que apresentam artralgia, 37%
sofrem de dor forte (MURILLO-ZAMORA et al., 2017). Além do maior risco de desenvolver
a forma grave da doenca, o risco de morte por CHIKF também € maior em pessoas com
problemas renais e cardiacos (DE MORAIS ALVES BARBOSA OLIVEIRA et al., 2022). A
artrite cronica pode incapacitar gravemente o individuo por semanas ou até anos
(ABDELNABI; NEYTS; DELANG, 2015) causando prejuizo na qualidade de vida das
pessoas e também significativos impactos na economia (MATUSALI et al., 2019). Apesar da
taxa de mortalidade por CHIKV ser baixa, ja foram descritos Obitos em decorréncia das
formas graves da CHIKF principalmente no Nordeste do Brasil, o que chama a atengdo para
um possivel aumento do niimero de casos graves da doenca nessa regidao (DE LIMA et al.,
2021; VASCONCELOS; POWERS; HILLS, 2018).

Os sintomas da CHIKF, da febre do Zika e da dengue sdo dificeis de diferenciar,
sendo necessarios testes laboratoriais para a identificagdo do agente causador, e isso ¢
agravado pela sobreposi¢cdo dos locais de circulacao do CHIKYV, do dengue virus (DENV) e
zika virus (ZIKV) (MATUSALI et al., 2019; DE FRANCA CIRILO et al., 2023). Sendo
assim, o grande numero de casos associados a arboviroses em conjunto com a grande
semelhanca de sintomas e sinais clinicos entre elas gera confusdo e falha na detec¢do da
circulacdo dos arbovirus, fazendo com que a investigagdo com testes especificos seja
necessaria (DE SOUZA COSTA et al., 2019). Somado a isso, existem estudos que mostram a
possibilidade de reagdo cruzada entre MAYV e CHIKYV e outros alfavirus, dificultando ainda
mais o diagnostico e investigagdo de circulacdo desses virus (FUMAGALLI et al., 2021),
porém a diferenciacdo em testes sorologicos de anticorpos anti-alfavirus e anti-ortoflavivirus
¢ possivel (WILDER-SMITH et al., 2017). O Ministério da Satde considera um caso
suspeito de CHIKF na presenga de febre alta (>38,5°C), artralgia e intensa artrite sem outros
precedentes, além disso o individuo ter visitado ou viver em locais onde houve casos da
doenga. A confirmagdo da infec¢do por CHIKV ¢ realizada através de sorologia, isolamento
viral ou RT-PCR (RODRIGUES FARIA et al., 2016). O contato com o CHIKV pode conferir
imunidade por longos periodos com a producdo de anticorpos neutralizantes, e isso pode
evitar reinfecgdes nos individuos (SOUZA et al., 2023).

Alguns estudos demonstraram o acometimento neurolégico pelo CHIKV (WAHID et
al., 2017), sendo os mais comuns a encefalite e a encefalopatia. Essas complicagdes do

sistema nervoso central (SNC) graves somam 0,1% dos casos de CHIKF. Além disso, foi
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associado a infec¢do pelo CHIKV o desenvolvimento da sindrome de Guillain—Barré, antes ja
associada a infec¢des de diversos arbovirus (MATUSALI et al., 2019).

Apesar de bilhdes de pessoas viverem em dareas de risco para a transmissao de
CHIKY, ainda ndo foram desenvolvidas vacinas ou antivirais para o tratamento ou prevencao
da doenca (POWERS, 2018). O tratamento vigente atualmente € caracterizado pelo uso de
analgésicos e anti-inflamatdrios, sendo que o uso de aspirina ndo ¢ recomendado pelo risco
de complicagcdes hemorragicas e de desenvolvimento de sindromes que acometem o SNC
(ABDELNABI; NEYTS; DELANG, 2015). Alguns antivirais, como o Ribavirin, Favipiravir
e Sofosbuvir estdo sendo testados in vitro e in vivo ¢ tém apresentado resultados positivos
contra a infec¢do por CHIKV (MATUSALI et al., 2019).

Estratégias como o uso de bactérias do género Wolbachia em mosquitos vetores tém
demonstrado resultados satisfatorios na diminuicao da incidéncia de infec¢des por CHIKV no
Brasil (PINTO et al., 2021). A medida preventiva mais eficaz para evitar a infec¢do por
CHIKV e evitar surtos da doenca ¢ o controle do vetor, além de medidas de protecdo

individual que envolvem uso de repelentes e mosquiteiro (MINISTERIO DA SAUDE, sd).

1.3 PATOGENESE DA FEBRE CHIKUNGUNYA

ApO6s o repasto sanguineo do mosquito vetor, o CHIKV tem acesso as células da pele
(fibroblastos, queratindcitos e melandcitos), que € o primeiro sitio de replicagdo viral, onde o
CHIKV ¢ amplificado e atinge os linfonodos. Apds a chegada nos linfonodos, o virus se
replica e ja € capaz de atingir a corrente sanguinea do individuo, o que provoca alta viremia e
permite que o virus chegue a outros 6rgaos. Estudos ja demonstraram que o CHIKV esta
presente em plaquetas e hemacias no sangue. ApOs a passagem para o sangue, além dos
linfonodos, o CHIKV se replica no baco (MATUSALI et al., 2019). Durante a fase aguda da
doenga o CHIKV atinge os musculos e as articulagdes, onde se replica e provoca os
principais sintomas associados a doenca, a mialgia e a artralgia. Além dos danos aos
musculos e articulagdes, as cartilagens também sdo afetadas pela infeccao apresentando um
quadro de degradagdo e ocorre perda dssea em alguns casos pelo fato de que os osteoblastos
também sdo sitios de replicacao viral (GOUPIL et al., 2016; NORET et al., 2012). Estudos
demonstraram que os macréfagos sdo células que servem como sitio de replicacdo para o
CHIKYV e que estdo associados com a persisténcia da infeccdo e os sintomas cronicos da

doenga (MATUSALI et al., 2019).
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Virios orgdos sdo afetados pela infeccdo do CHIKYV, e isso esta associado as
complicacdes renais, cardiovasculares e hepaticas em alguns pacientes (RAJAPAKSE;
RODRIGO; RAJAPAKSE, 2010). Orgios linféides, figado e células endoteliais apresentam
altos titulos virais durante a infeccdo. A presen¢a do CHIKV no figado ja foi descrita em
estudos feitos em primatas nao humanos (PNH) (MATUSALI ef al., 2019), em camundongos
(COUDERC et al., 2008) e também em biopsia de caso fatal de CHIKF em humano (CHUA
et al., 2010). Pulmdes e rins também sdo orgdos onde o CHIKV esta presente durante a
infeccao (MATUSALI et al., 2019).

Apesar do CHIKV nao ser considerado um virus neurotropico, casos de sintomas
neurologicos associados a infeccdo por CHIKYV ja foram descritos e também de estudos que
descrevem o isolamento viral e RT-PCR positiva em liquor de pacientes (MEHTA et al.,
2018). O CHIKYV possui tropismo por varios tipos de células, isso pode ser explicado por
suas proteinas se ligarem a um receptor (virus entry-enhancing receptors -PVEERs-
mediados por proibitina, fosfatidilserina e glicosaminoglicanos) que ¢ ubiquo entre os tipos
celulares (VAN DUIJL-RICHTER et al., 2015). Esse amplo tropismo celular do CHIKYV ¢
reforgado pelas varias formas de manifestacdo da doenca durante a fase aguda e cronica

(MATUSALI et al., 2019).

1.4 CHIKV NO MUNDO E INTRODUCAO NAS AMERICAS E NO BRASIL

O CHIKYV tem a distribui¢do geografica caracterizada pela circulagdo na Africa, Asia,
América Central e América do Sul (MEJIA; LOPEZ-VELEZ, 2018), e possui registro de
transmissdo em muitos paises (Figura 4). A detec¢do de CHIKV mais antiga foi feita na
Tanzania, Africa, em 1952 em um surto de CHIKF que foi marcado por diversos casos de
artralgia grave que persistiram por meses apds a fase aguda da doenca (MASON; HADDOW,
1957). Desde suas primeiras detecgdes, ¢ observado o aumento de casos de infeccdo por
CHIKYV no continente africano (CHINEDU ENEH et al., 2023). A recorréncia de casos de
infecgdo por CHIKV na Africa esta associada ao ciclo enzodtico do virus em hospedeiros
silvestres, como os PNH, podendo ocorrer a infeccdo de humanos, por spillover, em areas
proximas de florestas (NITATPATTANA et al., 2014). Entre os anos de 1960 e 1990,
ocorreram alguns casos da doenca em paises da Africa Central e Meridional, Senegal, Guiné
e Nigéria (POWERS; LOGUE, 2007). Em 2004, um surto de maior escala ocorreu em paises
como Quénia, India, China e outros paises do Sudeste Asiatico. Posteriormente, casos
também foram reportados na Italia e na Franga, em 2007 e 2009, respectivamente. O surto de

2004 teve maiores propor¢des devido a uma mutagdo no gene que codifica a proteina E1 do
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envelope, com a alteragdo do aminoécido 226, que permitiu a adaptacdo do virus ao mosquito
Aedes albopictus, que ¢ um vetor do virus para os humanos (POWERS; LOGUE, 2007;
TSETSARKIN et al., 2007).

Em dezembro de 2013, foi registrada a primeira detecgdo do CHIKV nas Américas, e
em 2015 a circulagdo viral ja era reportada em 42 paises, incluindo Caribe, América Central,
América do Norte e América do Sul que tiveram milhares de casos confirmados
(Organizagdo Mundial da Saude, 2015). No Brasil, o primeiro caso autdctone de CHIKV
ocorreu no Amapa, em 2014, seguido por casos confirmados no estado da Bahia. Os casos,
nesses dois estados, tiveram origem de introdugdes diferentes no pais, pois os virus
detectados nos dois estados sdo de genotipos diferentes, sendo eles os genotipos asiatico
(possivelmente vindo do Caribe e América do Sul) e ECSA (possivelmente vindo de Angola)
(FILIPE; PINTO, 1973; NUNES et al., 2015). A transmissao sustentada do CHIKV apos a
sua introdu¢do no Brasil, ¢ resultado da abundancia de populacdo de hospedeiros
susceptiveis, vetores competentes e também de condi¢des climaticas favoraveis, como chuva

e altas temperaturas (NUNES ez al., 2015).

[ Countries with previous or °
current CHIKV transmission

Figura 4: Paises com registro de transmissdo do CHIKV. Em azul estdo representados paises onde ja
foram registrados ou ainda s3o registrados casos de transmissido do CHIKV (DE LIMA
CAVALCANTI et al., 2022).

Desde sua primeira deteccao (1952) até¢ 2018, o CHIKV ja causou mais de 70
episddios epidémicos ao redor do mundo (FRITSCH et al., 2022; MATUSALI et al., 2019).
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No Brasil, dos anos de 2013 a 2015 foram confirmados aproximadamente 3000 casos de
CHIKEF, ja dos anos de 2016 a 2017 houve um grande aumento no nimero de casos, sendo
confirmados mais de 260 mil casos, sendo o Nordeste a regido mais afetada do pais (OMS,
2016; OMS, 2015; OMS, 2017). Nos anos de 2019 a fevereiro de 2022, foram reportados
mais de 180 mil casos provaveis de CHIKF. No periodo de 2022 a 2023, houve significativo
aumento no nimero de casos de infecgdo por CHIKV no Brasil (MINISTERIO DA SAUDE,
2023), sendo o estado de Minas Gerais o mais afetado com mais de 100 mil casos provaveis
notificados (MINISTERIO DA SAUDE, 2024). Esses dados demonstram que a circulagio do
CHIKV continua acontecendo no Brasil, sendo a linhagem ECSA com circulagao
predominante no pais (MINISTERIO DA SAUDE, 2020a; MINISTERIO DA SAUDE, 2021;
SOUZA et al., 2023).

No Brasil, a somatéria de casos confirmados e provaveis de CHIKF, desde a
introducao da linhagem asiatica e da ECSA em 2013 e 2014, faz com que o Brasil seja o pais
que tem o maior numero de casos da doenca na América (SOUZA et al., 2023). Apds anos da

introducdo do virus no pais, a circulagdo do CHIKYV persiste em diversas regides (Figura 5).

CHIKF 2013 CHIKF 2014 CHIKF 2015 CHIKF 2016 CHIKF 2017

v

CHIKF 2021 CHIKF 2022
Figura 5: Incidéncia do CHIKV no Brasil do ano de 2013 a 2022. Representada na imagem a
incidéncia do CHIKV nos estados brasileiros desde 2013, o ano da sua introduc¢éo, a 2022. A escala

em tons de azul representa baixa incidéncia em branco e alta incidéncia em azul escuro. Incidéncia de
casos por 100.000 habitantes (SOUZA et al., 2023).
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Os casos de CHIKF no Brasil ocorrem em surtos periddicos, predominantementenos
meses de fevereiro a julho (SOUZA et al., 2023), o que ¢ compativel com o padrao sazonal

de algumas arboviroses, na maior parte do pais. O padrao sazonal ¢ caracterizado pela
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ocorréncia de casos principalmente nos meses de dezembro a maio, que t€ém clima imido e
quente, o que propicia a proliferacdo dos vetores e, consequentemente, leva a uma maior
transmissio das arboviroses (MINISTERIO DA SAUDE, 2020a). Mesmo que o CHIKV
cause milhares de casos anuais no Brasil, seu manejo e politicas publicas dedicadas a
vigilancia e prevengao de casos sdo ainda uma lacuna e um desafio para a saude publica do
pais (SEGATA, 2022).

Minas Gerais foi um dos estados atingidos pelo surto de CHIKF em 2017, e até 2023
tem registrado grande nimero de casos provaveis da doenga, indicando uma persisténcia da
circulagdo do virus no estado (Figura 6)(FRITSCH et al., 2022; MINISTERIO DA SAUDE,
2022; MINISTERIO DA SAUDE, 2024). Apoés o inicio dos casos autoctones em 2016
(MINISTERIO DA SAUDE, 2016), no ano de 2017 foram registrados mais de 16 mil casos
provaveis de CHIKF no estado de Minas Gerais, superando o nimero de casos provaveis de
dengue registrados no estado (MINISTERIO DA SAUDE, 2017). Os casos de CHIKF foram
registrados em todas as mesorregioes do estado, porém houve maior nimero de casos e maior

incidéncia registrada no Vale do Mucuri, Jequitinhonha e Vale do Rio Doce (Figura 7).
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Figura 6: Incidéncia do CHIKYV no sudeste brasileiro, nos anos de 2015 a 2021.

O Grafico representa a incidéncia do CHIKV nos estados do sudeste do ano de 2015 a 2021. Em
vermelho ¢é representado o estado do Espirito Santo, em verde Minas Gerais, em azul o Rio de Janeiro
e em roxo Sdo Paulo. Incidéncia por 100.000 habitantes. Feb: Fevereiro (FRITSCH et al., 2022).


https://paperpile.com/c/F3xhCW/6MHi
https://paperpile.com/c/F3xhCW/tmNc
https://paperpile.com/c/F3xhCW/tmNc

25

[C] sem casos provaveis de chikungunya
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Figura 7: Incidéncia de casos provaveis de CHIKF nos municipios do estado de Minas Gerais em
2017. Mapa do estado de Minas Gerais em que municipios em branco representam a auséncia de
casos provaveis de febre chikungunya, em verde representam baixa incidéncia da doenga, em amarelo
representam média incidéncia e em vermelho representam locais com alta incidéncia da doenca
(MINISTERIO DA SAUDE, 2017).

Concomitantemente com os surtos de CHIKF, entre 2016 e 2019, o Brasil enfrentou o
maior surto de febre amarela ja registrado que causou grande numero de casos da doenga em
humanos, epizootias, e teve como consequéncia grande nimero de mortes humanas e de PNH
(REZENDE et al., 2018; SACCHETTO et al., 2020; SILVA et al., 2020). Nesse periodo
foram confirmados mais de 1900 casos de febre amarela em humanos, ¢ mais de 1400 casos
da doenca em PNH, sendo a regido Sudeste do pais a mais afetada (MINISTERIO DA
SAUDE, 2020b). A co-circulagdo de arbovirus é um agravante para a vigilancia e diagnostico
correto de doengas, principalmente pelo fato de apresentarem sintomas muitas vezes
semelhantes. Dessa forma, o diagnostico desses patdgenos pode ser comprometido podendo
mascarar ¢ subnotificar a circulagdo de virus de importancia para a satde publica
(OIDTMAN; ESPANA; PERKINS, 2021). Um exemplo disso sio o DENV, CHIKV e ZIKV
que possuem areas de circulacao e vetores em comum e ja foi descrita a co-circulagao desses
patogenos (MAGALHAES et al., 2017; RUFALCO-MOUTINHO et al., 2021; RAUT et al.,
2015).

Em locais como o Brasil, onde existe a circulacao de YFV, DENV, CHIKV, MAYV ¢
ZIKV ¢ de extrema importancia a vigilancia epidemiologica ser intensificada e também o uso

de estratégias para diagndstico diferencial para a notificagdo dos casos (SILVA et al., 2018).
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A co-circulagao de arbovirus pode ocultar a presenca e dificultar a deteccdo de virus que
podem permanecer circulantes silenciosamente (MAGALHAES et al., 2020). Assim como ji
foi descrito na Africa a co-circulagdo de CHIKV e YFV (ENDALE et al, 2020;
OSTERRIETH; RATHE; DELEPLANQUE-LIEGEOIS, 1961), o CHIKV poderia ter
circulado concomitantemente ao YFV durante o ultimo surto de febre amarela no Brasil, visto
que os humanos e PNH sdo hospedeiros de ambos os virus. Somado a isso, os mosquitos
Aedes aegypti e Aedes albopictus do Brasil possuem competéncia vetorial para o CHIKV
(VEGA-RUA et al., 2014). Outro fator que corrobora ¢ que os alfavirus possuem ampla gama
de vetores na Africa, o que indica que o virus tenha facilidade de adaptagéio a novos vetores
permitindo  sua  circulagdo no ambiente (LORENZ; FREITAS RIBEIRO;
CHIARAVALLOTI-NETO, 2019).

1.5 CICLO DE TRANSMISSAO DO CHIKV

O CHIKYV tem dois ciclos de transmissido descritos, o ciclo silvestre € o urbano
(Figura 8). Na Africa, o CHIKV ¢ circulante em um ciclo enzodtico silvestre que envolve
mosquitos do género Aedes spp. como vetores PNH como principais reservatorios (DIALLO
et al., 1999; FILIPE; PINTO, 1973; NUNES et al., 2015), além de aves e roedores
(THIBOUTOT et al., 2010). Além da transmissdo do CHIKV por vetores, ja foi descrita a
transmissao vertical do virus, da mae para o feto (FIGUEIREDO, 2007).

Na Africa foram registrados diversos eventos de spillover, quando pessoas sio
infectadas em 4reas silvestres ou rurais e se deslocam para centros urbanos, causando surtos
da doenca na populagio (SOUZA et al., 2023). Na Asia, a circulagio do CHIKV ocorre em
areas urbanas envolvendo mosquitos vetores Aedes aegypti ou Aedes albopictus e seres
humanos como hospedeiros, mas existem indicios de circulacao do virus em ciclos silvestres
apos a deteccdo de anticorpos anti-CHIKV especificos em macacos selvagens em algumas

partes do continente asiatico (MORRISON, 2014).
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Figura 8: Esquema dos ciclos de transmissdo do CHIKV.

Ciclo silvestre envolvendo mosquitos do género Aedes e PNH (A) e ciclo urbano envolvendo
mosquitos do género Aedes e humanos (B). As setas indicam a circulagdo viral e a interconexao entre
os dois ciclos de transmissdo, destacando o spillover e spillback que pode ocorrer entre os dois ciclos
virais (Weaver, 2013).

No Brasil, o CHIKV ¢ transmitido para os humanos pelos vetores Aedes aegypti e
Aedes albopictus. Grande parte da populagdo brasileira sem imunidade para CHIKV vive em
areas onde Ae. aegypti ou Ae. albopictus estao presentes, o que propicia a infeccao de pessoas
pelo virus (NUNES et al., 2015). Ainda, ndo ¢ sabido se o CHIKV tem um ciclo de
manutengdo silvestre estabelecido nas Américas. Até entdo, os casos reportados sdo de
transmissdo de mosquitos para humanos e de humanos para mosquitos. Porém existe o risco
de um ciclo enzootico se estabelecer, envolvendo PNH e mosquitos vetores do género Aedes
no ambiente silvestre (INOUE et al., 2003), assim como ocorre para outros virus no pais,
como o yellow fever virus (YFV) (SACCHETTO et al., 2020).

Em éreas densamente povoadas, a transmissdo urbana do CHIKV provoca grandes
surtos, pois a circulagdo viral minima ja ¢ capaz de manter o virus circulante na populacao
(DE LIMA CAVALCANTI et al., 2022), em grande parte devido a populagdo desprovida de
contato prévio e, consequentemente, de anticorpos contra 0 CHIKV (MORRISON, 2014).

Apds o repasto sanguineo em hospedeiro infectado, o CHIKV se multiplica no intestino do

mosquito e se dissemina para outros tecidos, como as glandulas salivares. Estudos
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experimentais demonstraram que, de dois a trés dias apds o repasto sanguineo, o CHIKV ja ¢
encontrado na saliva do vetor, que pode continuar transmitindo o CHIKV por toda sua vida
(CHINEDU ENEH et al., 2023; DUBRULLE et al., 2009; CAGLIOTI et al., 2013). Sendo
assim, o CHIKV ¢ disseminado na populagdo susceptivel. Os fatores de risco para a
ocorréncia da febre chikungunya sao a densidade populacional, migracao, presen¢a do vetor,
temperatura, chuva e vegetacdo (YACTAYO et al., 2016). Outros fatores de risco que podem
ser citados sdo a abundancia de vetores do CHIKYV, a co-circulagdo com outros arbovirus e o
grande numero de casos assintomaticos da doenga que dificultam o manejo dos pacientes e a
identificacdo de surtos (HONORIO et al., 2015).

Foi demonstrada a competéncia vetorial para a transmissdo do CHIKV para diversas
espécies do género Aedes em diversos paises (MATUSALI et al., 2019). No Brasil, espécies
do género Haemagogus tiveram sua competéncia vetorial experimentalmente comprovada
(LOURENCO-DE-OLIVEIRA e FAILLOUX, 2017). Em alguns estudos foi possivel a
deteccio de RNA do CHIKV em mosquitos das espécies Ae. taeniorhynchus e Cx.
quinquefasciatus coletados em locais onde foi registrada a circulagdo viral no sudeste, centro
oeste ¢ nordeste do Brasil (KROKOVSKY et al., 2022; RIBEIRO CRUZ et al., 2020; DE
MELO XIMENES et al., 2020; DA SILVA NEVES et al., 2022). Além disso, também ja foi
descrita a deteccdo do RNA do CHIKV em mosquitos das espécies Aedes fluviatilis e
Wyeomyia bourrouli coletados em parques urbanos do nordeste do Brasil (DE MELO
XIMENES et al., 2020), e também em espécies do género Psorophora no centro oeste do
pais (DA SILVA NEVES et al., 2022). Esses estudos destacam o risco do estabelecimento de

ciclos enzodticos do CHIKV no pais.

1.6 PRIMATAS NAO HUMANOS E INFECCAO POR CHIKUNGUNYA VIRUS

Os PNH sdo importantes hospedeiros para diversos arbovirus (MATUSALI et al.,
2019). Estudos realizados na Africa demonstraram a participagdo dos PNH no ciclo silvestre
do CHIKV (ALTHOUSE et al., 2018; EASTWOQD et al., 2017), nas Américas e na Europa
a persisténcia da circulagdo do CHIKYV precisa ser melhor compreendida.

Os PNH do Brasil sdo chamados Neotropicais ou do Novo Mundo, sendo eles das
familias Aotidae, Atelidae, Callitrichidae, Cebidae e Pitheciidae. Essas familias tém
comportamentos majoritariamente arboricolas e s3o ativos durante o dia, apresentando
diversidade quanto ao tamanho, peso e comportamento. Sao descritas 130 espécies de PNH

no Brasil com distribui¢do por todos os seis biomas brasileiros (PAGLIA et al., 2012). No
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Cerrado e na Mata Atlantica brasileiro, biomas caracteristicos do estado de Minas Gerais, se
encontram primatas do género Alouatta (bugios) que sdo reconhecidos pela sua vocalizacao
caracteristica (PAGLIA et al., 2012), do género Callithrix (saguis-de-tufo ou mico estrela)
que sdo pequenos, possuem unhas em formato de garras e sdo presentes em areas de mata
proximas a humanos e, por fim, primatas do género Sapajus (macacos-prego-de-topete) que
vivem em grupo e sdo arboreos (DUNN; CRISTOBAL-AZKARATE, 2016; PAGLIA et al.,
2012). Esses animais, na maioria das vezes, sdo encontrados em ambiente silvestre, porém
alguns grupos, como as familias Atelidae, Callitrichidae e Cebidae, possuem alta capacidade
de sobreviver e viver em ambientes urbanos o que faz com sejam objetos importantes da
vigilancia da circulagdo viral (KUNO et al., 2017; DUARTE et al., 2012)

Os PNH sao evolutivamente proximos do ser humano, dessa forma existe a chance de
ocorrer spillover e spillback de patdogenos que infectam ambos os grupos devido as
semelhancas fisiologicas entre eles (WOLFE et al., 1998). A presenca dos mosquitos vetores
e dos PNH em areas de mata proximas as areas urbanas oferece risco de spillover de virus
circulantes nesses ambientes, causando surtos de doencas em populagdes humanas. Essa
situagdo pode ser exemplificada pelo YFV que circula em ambientes silvestres e
eventualmente causa surtos em populagcdes humanas. Com isso, € necessaria a intensificacao
da vigilancia da circulag@o de arbovirus em mosquitos e animais silvestres (MAGALHAES et
al., 2020). O Brasil possui programa de vigilancia da circulagdo de YFV em carcagas de PNH
de zonas rurais, urbanas e periurbanas (Ministério da Saude, 2014), sendo assim possivel
incluir a investigagdo da presenca de outros arbovirus, como o CHIKV.

Considerando que o CHIKV tem uma circulagao silvestre na Africa que envolve PNH
e mosquitos vetores do género Aedes, ¢ prudente considerar que existe um risco do
estabelecimento do ciclo silvestre do CHIKV no Brasil. Caso esse ciclo seja estabelecido, a
erradicagdo da doenga se tornaria muito dificultada no pais (DONALISIO; FREITAS, 2015)

A infecgdo do CHIKV em PNH ndo se apresenta com sinais clinicos marcantes
(MONGKOL et al., 2022). Dessa forma, sdo necessdrios mais estudos para elucidar a
infeccdo pelo CHIKV nos PNH e também em outros hospedeiros como roedores e aves
(YACTAYO et al., 2016). Em infecgdes experimentais em PNH da espécie Macaca
fascicularis foi possivel observar a fase aguda e cronica da doenga. Os sintomas observados
foram parecidos com os ja descritos em humanos (HIGGS; ZIEGLER, 2010). Na fase aguda
foi observado febre e exantema, e a viremia se apresentou mais alta do que a observada em
humanos, com carga gendmica variando de 10® a 10° copias de RNA/mL (LABADIE et al.,

2010). E descrito que a viremia tem duracdo de dois a seis dias e tem inicio de dois a quatro
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dias apds a infeccao (BINN et al. 1967). Aumento de aminotransferases e alteragdes no
sangue foram observadas, como granulocitose, monocitopenia e linfopenia. Na fase cronica
houve a persisténcia viral em macrofagos, tecido linfoide e figado por até dois meses
(LABADIE et al., 2010). Em estudos realizados em infec¢cdo experimental em macaco rhesus
foi observada a deteccdo do CHIKYV no sétimo dia apos a infecgdo nas articulacdes, tecidos
musculares, coracdo, pulmao, figado, rim e tecidos linfoides (PAL et al., 2014).

Alguns trabalhos ja demonstraram a deteccdo de anticorpos anti CHIKV e outros
arbovirus em PNH na Africa, na Asia e na América (MONGKOL et al., 2022). Foram
detectadas evidéncias sorologicas de circulacdo do DENV, CHIKV e do Virus da encefalite
japonesa em PNH das Filipinas (INOUE et al., 2003) e a detec¢@o de anticorpos anti-CHIKV
em PNH da regido sul da Africa, onde o ciclo silvestre do virus é estabelecido (EASTWOOD
et al., 2017; MCINTOSH, 1970). Outro estudo realizado no Senegal demonstrou a detec¢ao
de anticorpos especificos para CHIKV em PNH, por teste de neutralizacao de placas (plaque
reduction neutralization test - PRNT), e demonstrou que existe a manutencao do virus em
ciclos enzooticos que envolvem os PNH e mosquitos vetores, aumentando o risco da
emergéncia da doenga em humanos (ALTHOUSE et al., 2018). Na Asia também ja houve a
deteccao de anticorpos anti CHIKV em PNH (MARCHETTE et al., 1978; NAKGOI et al.,
2014; SAM et al., 2015; TONGTHAINAN et al., 2020) e também o isolamento viral em
amostras de PNH (APANDI et al., 2009). Nas Américas a deteccao de anticorpos
anti-CHIKV em amostra de PNH aconteceu nos Estados Unidos (HARRISON et al., 1967) e
no Brasil (MOREIRA-SOTO et al., 2018).

No Brasil j4 foi descrita a deteccdo de anticorpos anti flavivirus em PNH do nordeste
do Brasil. Em testes de PRNT realizados foi possivel a detec¢do de anticorpos contra ZIKV,
DENV-1, DENV-2, DENV-3, DENV-4, YFV, ILHV e SLEV em PNH de vida livre e de
cativeiro (DE OLIVEIRA-FILHO et al., 2018). Também foi descrita a deteccao de anticorpos
contra Orthoflavivirus, Phlebovirus, Ortobunyavirus e Alphavirus em PNH também da regido
nordeste do pais (CATENACCI et al., 2018). Em outro trabalho, foram testadas, por PRNT,
amostras de soro de PNH, coletados em areas urbanas e periurbanas em que houve grande
casos de deteccdo de YFV e CHIKV em humanos. Foram detectados anticorpos anti-CHIKV
e anti-ZIKV em animais das familias Atelidae, Callitrichidae ¢ Cebidac. Nos testes
realizados, 11 PNH coletados nos anos de 2013, 2014 e 2016 foram positivos para a deteccao
de anticorpos neutralizantes contra CHIKV. Os animais tinham origem dos estados da Bahia e

Pernambuco (MOREIRA-SOTO et al., 2018).
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1.7 TESTES DE DETECCAO DO CHIKV
A infeccdo por CHIKV ¢ diagnosticada a partir dos sintomas do individuo, levando

em consideracdo critérios epidemioldgicos. Os testes laboratoriais utilizados para deteccao
s30 os sorologicos, a RT-qPCR ¢ o isolamento viral. E recomendada a RT-qPCR em amostras
coletadas na primeira semana de sintomas, isso devido a curta viremia do virus no sangue
(GALAN-HUERTA et al., 2015; MINISTERIO DA SAUDE, 2014b). O isolamento viral
também ¢ uma alternativa, porém sdo necessarios animais experimentais ou cultura de
células, além de laboratério equipados, sendo necessaria a confirmagao da presenga do virus
por RT-qPCR ou teste para a presenga de antigenos virais. Para os testes sorologicos
geralmente ¢ necessario amostra de sangue do individuo que pode ser da fase de
convalescenga, até 14 dias apds os sintomas. Os testes sorologicos mais utilizados sdo o
ensaio imunoenzimatico (do inglés enzyme linked immuno sorbent assay - ELISA) e os testes
imunocromatograficos que podem detectar IgM ou IgG apo6s a infecgao por CHIKYV, porém
existe o risco de ocorrer reagao cruzada com anticorpos de infec¢des por outros alfavirus.
Alguns testes alternativos podem ser utilizados, como o de inibi¢do de hemaglutinina (HI),
teste de neutralizagdo por redugdo de focos (FRNT) e fluorescéncia indireta de anticorpos
(IFA) (AZAMl et al., 2016).

O teste de neutralizacao por reducao de placas (PRNT) também pode ser utilizado e
se apresenta testes padrao-ouro por ter alta especificidade e sensibilidade (ROEHRIG, 2008),
pois detecta e quantifica anticorpos neutralizantes especificos em amostras de soro. Além de
detectar infeccdo prévia para o virus, a PRNT permite avaliar o nivel de protecdo por
anticorpos do individuo, levando em consideragao a neutralizagao viral do teste (AZAMI et
al., 2016).

Como a viremia do CHIKV em PNH ¢ relativamente curta, as chances de detecgdo da
circulacao viral por RT-qPCR, quando sdo testadas amostras de carcacas de PNH, sdo baixas.
Além disso, a deteccdo por PCR ¢ influenciada por uma série de fatores, sendo um deles o
estado de conservagdo da carcaga de PNH no momento da coleta do 6rgdo. Dessa forma, os
testes sorologicos para vigilancia epidemiologica em PNH sdo de grande importancia e sdo
essenciais para investigar a ocorréncia do ciclo silvestre do virus no pais (MONGKOL et al.,
2022). Porém, tendo como base a vigilancia epidemioldgica de YFV em PNH no estado de
Minas Gerais, sdo coletadas as carcagas do animal, ndo sendo possivel a coleta do sangue
para realizacdo dos testes soroldgicos convencionais, como a PRNT, por exemplo. Dessa

forma, sdo necessarias novas alternativas para que a investigacao da infec¢do de PNH por
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CHIKYV seja melhor explorada, visto que a utilizagdo apenas da abordagem de RT-qPCR seja
limitada.

Vem sendo desenvolvido pelo grupo um teste adaptado de neutralizagdo viral, baseado
na PRNT convencional, para investigar a presenca de exposi¢ao prévia dos PNH ao CHIKV.
Na execu¢dao da PRNT convencional sao utilizadas amostras de soro, enquanto que no teste
adaptado de neutralizagdo viral sdo utilizadas amostras de tecido hepatico macerado, ja que a
coleta de soro das carcacas frequentemente ndo ¢ possivel. Dra. Natalia da Silva realizou
testes de neutralizagdo ao YFV, utilizando tecido hepatico macerado de carcacas de PNH,
sendo observada uma redugdo de placas de lise. Com base nesse teste preliminar, foram
produzidos macerados de figado de camundongos C57BL/6 experimentalmente infectados
para realizagdo de ensaio de citotoxicidade que foram realizados pelo Dr. Erik Reis. Apos a
interpretagdo do resultado foi observado que a viabilidade celular quando utilizada a dilui¢ao
de 1:20 foi superior a 80%, sendo observado o aumento da viabilidade a medida que a
dilui¢do também aumentava. Esses resultados demonstraram que ¢ vidvel o uso de macerado
de tecido hepatico sem o prejuizo da monocamada de células Vero.

Com isso, o Me. Matheus Soares Arruda e a Me. Gabriela Fernanda Garcia Oliveira
realizaram testes de neutralizagao adaptados com homogenato de figado de camundongos
experimentalmente infectados com MAYV e YFV (ARRUDA, 2023; OLIVEIRA, 2023).
Nos testes foi possivel observar a acdo neutralizante do homogenato, associada com a
presenga de anticorpos neutralizantes, nas amostras dos animais infectados para esses virus.
Apo6s as andlises dos resultados foi possivel a adaptagdo de teste de neutralizacao utilizando
esse tipo de amostra, o que pode contribuir satisfatoriamente para os programas de vigilancia

de circulagdo viral em PNH.
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2. JUSTIFICATIVA

O CHIKYV ¢ o agente causador da CHIKF que acomete milhares de pessoas todos os
anos no Brasil. Desde sua introducdo nos anos de 2013 e 2014, tem se registrado a
persisténcia da circulagdo viral em diversas regides do pais. Essa circulagdo ocorre pelo ciclo
urbano de transmissdo, envolvendo os humanos como hospedeiros e como vetor o mosquito
Aedes aegypti, amplamente distribuido no pais. Na Africa o ciclo silvestre, que envolve PNH
e mosquitos silvestres do género Aedes, ¢ bem estabelecido, e isso destaca que existe risco do
CHIKYV se estabelecer em um ciclo enzooético silvestre no Brasil, dificultando ainda mais sua
erradicacdo. Esse risco ¢ acentuado pelo fato de o Aedes albopictus, que habita areas
periurbanas no pais, ser um vetor do CHIKV e de mosquitos do género Haemagogus, com
habitos silvestres, também presentes no Brasil, possuirem competéncia vetorial para o virus.

O CHIKV tem registro de circulagdo em areas em que também ¢ registrada a
circulagdo de outros arbovirus, o que dificulta a detec¢do e identificacdo correta dos
patogenos, podendo mascarar a circulacdo e diagnostico de alguns deles principalmente
durante grandes surtos de doengas. Em 2017, o estado de Minas Gerais teve grande
incidéncia de CHIKYV, sendo registrados grandes numeros de casos da doenca. Dessa forma,
existe a possibilidade de PNH terem sido infectados pelo CHIKV durante a circulagdo do
virus no estado, por spillback. Levando em consideragdo que aconteceu em Minas Gerais um
surto de YFV em 2017 que atingiu grande nimero de PNH, existe a possibilidade de que o
YFV e o CHIKYV possam ter co-circulado nesse periodo nos animais do estado.

J& foi descrita a deteccdo de anticorpos neutralizantes contra CHIKV em PNH no
Brasil, o que ¢ um indicio da circulagdo do virus nesses hospedeiros. Dessa forma, a
intensificacdo e a ampliagdo da vigilancia epidemioldgica em PNH, que ja acontece para o
YFYV, sdo importantes para que seja investigada a circulagdo de outros arbovirus e para que
seja detectado o estabelecimento do ciclo silvestre de CHIKYV, caso ele ocorra no Brasil.

O objetivo deste trabalho ¢ a investigacdo da circulacdo do CHIKV em PNH de Minas
Gerais coletados de 2017 a 2020, mesmo periodo em que observamos um grande numero de
casos de CHIKF no estado. Além disso, esse trabalho tem como objetivo a padronizagao de
um teste de neutralizacdo viral, utilizando tecido hepatico de camundongos infectados com
CHIKYV, como uma alternativa para a deteccdo sorologica do virus. A investigacdo da
circulagdo do CHIKV em PNH, tanto molecular quanto soroldgica, pode contribuir para
preencher uma lacuna no conhecimento acerca da dinamica de circulagdo do virus. Além

disso, a padronizacdo de teste soroldgico utilizando tecido hepatico ¢ uma alternativa de
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auxilio a vigilancia epidemioldgica, uma vez que nem sempre € possivel a coleta de amostras
de soro, principalmente quando se trata de carcagas de PNH. Dessa forma, a detecgdo de
anticorpos anti-CHIKV utilizando o tecido hepatico, juntamente com a detec¢ao molecular,
pode ajudar a definir melhor as areas de risco de spillback, onde medidas para a protecao da

populagdo podem ser tomadas.



35

3. OBJETIVOS
3.1 Objetivo geral

Investigar a circulagdo do CHIKV em PNH coletados no estado de Minas Gerais, nos
anos de 2017 a 2020, e otimizar teste de neutralizagdo viral utilizando tecido hepatico

para investigacao soroldgica de CHIKV.
3.2 Objetivos especificos

Investigacao da presenca de RNA de CHIKYV, por meio de RT-qPCR, em amostras de
figado de carcacas de PNH coletadas em Minas Gerais, nos anos de 2017 a 2020.

Adaptacao e otimizagao de ensaio de neutralizacao viral utilizando tecido hepatico de

camundongos experimentalmente infectados com CHIKV.

Realizagdo de teste de neutralizagdo viral adaptado utilizando tecido hepatico de

figado de PNH coletados em zona urbana de Minas Gerais, no ano de 2017.
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4. MATERIAIS E METODOS
4.1 Cultura de células e producio de estoque viral

Foi utilizado o CHIKV da linhagem asiatica (BHI1762H804917), gentilmente cedidas
pelo Dr. Mauricio Nogueira (FAMERP), como controle em experimentos de investigagdo
molecular do CHIKV e investigacao de anticorpos neutralizantes anti-CHIKV.

Células Vero (CCL81) foram utilizadas para a montagem das placas de célula, para a
realizacdo do teste de neutralizagdo adaptado, para ensaio de titulacdo viral e para produgdo
de estoques virais. As células Vero, que sdo derivadas de rim de macaco verde africano
(Cercopithecus aethiops), foram cultivadas em meio MEM (Cultilab, BR) suplementado com
100U/ml de penicilina, 50 pg/ml de estreptomicina, 2 pg/ml de anfotericina B e 5% de soro
fetal bovino (SFB), mantidas em estufa a 37°C com atmosfera de 5% de CO: (ATCC).

Para a produgdo de virus, monocamadas de células Vero foram infectadas com MOI
de 0,01. Apos o tempo de incubagdo overnight, o sobrenadante foi coletado, clarificado e
aliquotado em tubos de 0,6ml (ANG; LAM; CHU, 2016). Apds a producdo o CHIKV foi
titulado utilizando monocamadas de células VERO em placas de 6 pogos. O sobrenadante
viral foi diluido de forma seriada na base 10 até 107 e inoculado nos pogos de células,
seguido por adsor¢cdo de 1 hora, com agitagao da placa a cada 10 minutos. A placa foi
incubada por 48 horas e foi adicionado formalina 3,7% para fixacdo e incubagdo por 30
minutos e cristal violeta 1% para coloracdo com incubagdo de 30 minutos, seguido da
lavagem (KAUR; LEE; CHU, 2016). Apds a andlise do resultado do experimento, o titulo viral
calculado foi de 2,8x 10%. O titulo viral foi utilizado para os célculos dos testes adaptados de

neutralizacao viral.

4.2 Autorizac¢oes comité de ética

Este projeto foi submetido e aprovado pela Comissdo de Etica no Uso de Animais
(CEUA) da UFMG para recebimento e armazenamento de amostras bioldgicas de PNH
(Protocolo CEUA: 98/2017). A utilizagdo de animais experimentais no projeto foi submetida
a Comissdo de Etica no Uso de Animais da Universidade Federal de Minas Gerais
(CEUA/UFMGQG) e aprovada para utilizagdo de animais em experimentacdo (protocolos
CEUA: 33/2021; 176/2021), conforme a Lei 11.794/2008 e¢ o Decreto 6.899/2009 do
Conselho Nacional de Controle de Experimentagdao Animal (CONCEA).


https://paperpile.com/c/F3xhCW/aYiL
https://paperpile.com/c/F3xhCW/Zqkc
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4.3 Investigacdo molecular da infeccio por CHIKYV em carcacas de PNH

As amostras de figado de carcacas de PNH utilizadas nesse estudo foram obtidas em
parceria com o Laboratorio de Zoonoses da Prefeitura de Belo Horizonte (LZOON) e o
Laboratorio de Virus da Universidade Federal de Minas Gerais (UFMG). As carcagas de
PNH foram coletadas pelo LZOON, no estado de Minas Gerais, durante o surto de YFV que
ocorreu no estado, possibilitando assim a constru¢cdo de um banco de amostras que permitiu
que a investigagdo de outros arbovirus fosse realizada posteriormente. Apds o recebimento,
as amostras foram armazenadas em tubos de 1,5 mL com e sem RNA later™ Stabilization
Solution em freezer -70°C no Laboratorio de Virus/UFMG. Para este projeto foram utilizadas
amostras de figado de 428 carcacas de PNH coletadas nos anos de 2017 a 2020 em areas
urbanas, periurbanas e rurais do estado de Minas Gerais. As carcagas testadas neste trabalho
sao distribuidas entre os géneros Callithrix, Callicebus, Alouatta e Sapajus ¢ da familia
Cebidae foram coletadas no periodo epidémico e nao epidémico e sdo advindas das 12
mesorregides do estado de Minas Gerais.

Para os testes moleculares das carcacas de PNH (tabela 1), foi realizada a extragao de
RNA total de 407 figados de carcacas de PNH armazenados em freezer -70°C e embebidos
em RNA later™ Stabilization Solution. As carcacas, advindas de areas urbanas, rurais e
periurbanas, pertencem a animais dos géneros Callithrix (n=308), Callicebus (n=28),
Alouatta (n=40), Sapajus (n=1) e a familia Cebidae (n=3) sem identificagdo de género.
Algumas carcagas ndo possuem informacao de género ou familia (n=27). Das carcagas
utilizadas, 63% (n=258) apresentavam estado de conservagdo bom, 26% (n=109)
intermediario e 5% (n=23) ruim. De 4% (n=17) delas ndo foi possivel obter essa informacao.
Das 407 amostras, 268 (65%) foram positivas para detec¢gdo do RNA do YFV em
investigacoes prévias no figado (SACCHETTO et al. 2020).
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Tabela 1: PNH testados por RT-qPCR para detec¢ao de RNA de CHIKV

Area de procedéncia

Ano Espécie/género | Urbana | Rural (Periurbana|Sem informaciao| Total

Callithrix sp.

Callicebus sp.
2017 129 81 23 2 235
Alouatta sp.

Sapajus sp.

Callithrix sp.

2018  |Callicebus sp. 51 74 4 3 132

Alouatta sp.

Callithrix sp.
2019  |Callicebus sp. 8 3 0 0 11

Alouatta sp.

Callithrix sp.
2020 |(Callicebus sp. 22 4 2 1 29

Alouatta sp.

TOTAL 210 162 29 6 407

Numero de PNH testados por RT-qPCR, incluindo informag¢des do ano de coleta, do género e/ou
espécie e da classificacdo do local de coleta em rural, urbano ou periurbano. O valor total de animais
testados PNH: primatas ndo humanos; CHIKV: virus da chikungunya.

Para a investigacao molecular, foi utilizado fragmento de 20 a 30 mg de tecido de
cada amostra, que foram colocados em microtubos de 1,5mL juntamente com 600 pL de
tampao de lise (Buffer RLT — QIAGEN, EUA) e trés esferas de borossilicato de 2mm
(Sigma-Aldrich, Alemanha). Os tubos foram colocados em um macerador
(Mini-Beadbeater-16, BioSpec Products, EUA) onde as amostras foram maceradas. Apos
isso, o conteudo dos tubos foi utilizado para realizacdo da extragdo de RNA total com o
protocolo Purification of Total RNA from Animal Tissues, RNeasy® Mini Handbook, 4th
edition, 2012, seguindo recomendagdes do fabricante (RNeasy® Mini Kit, QTAGEN, EUA).
O RNA foi eluido em 65 pL de agua livre de RNase e armazenado em freezer a -70°C. Na

extracdo de 4cidos nucleicos foi utilizado controle negativo, que consiste na realizacdo do
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processo sem a adigdo de amostra, de forma a garantir que ndo houvesse contaminagdo
cruzada entre as amostras.

As 407 amostras de RNA total extraidas foram submetidas a one step PCR em tempo
real (kit GoTaq® Probe 1-Step RT-qPCR - Promega, EUA) em StepOne™ RealTime PCR
Systems (Applied Biosystems, EUA) e QuantStudio™ 6 Flex Real-Time PCR Systems
(Applied Biosystems, EUA). As amostras extraidas foram submetidas a RT-qPCR com
iniciadores para deteccdo do gene constitutivo da proteina B-actina (tabela 2) (REZENDE et
al., 2019) como controle endégeno, garantindo que a extracdo do acido nucleico funcionou,
por ser altamente conservada e presente em amostras bioldgicas animais. Foi utilizado
controle negativo contendo apenas agua (non-template control) e o controle negativo da
extracdo também foi testado. As 407 amostras testadas molecularmente nesse estudo foram
submetidas a RT-qPCR tendo como alvo o controle endogeno e foram consideradas positivas
as amostras que apresentaram temperatura de melting (Tm) de 82°C=1. Caso a amostra ndo
cumprisse esse requisito, a RT-qPCR era repetida, e caso o resultado persistisse a extragdo de
acido nucleico era feita novamente.

Apos serem positivas no teste do controle endogeno, as amostras foram submetidas a
RT-qPCR para detecgdo do genoma de CHIKV utilizando iniciadores e sonda especificos
descritos por Edwards e colaboradores (EDWARDS et al., 2007)(tabela 2). Os iniciadores
utilizados tém como alvo a proteina E1 do genoma do CHIKYV, gerando um fragmento de
aproximadamente 120 bases. As amostras foram testadas em duplicata, utilizando controle

negativo contendo 4gua, controle negativo da extracdo de RNA e controle positivo de

CHIKV.

Tabela 2: Iniciadores e sonda utilizados nas RT-qPCR para detecg¢@o de B-actina e CHIKV
em RNA extraido de figado de PNH.

Iniciadores e sondas Sequéncia Alvo Referéncia
B-ACT FWD 5°- CCAACCGCGAGAAGATGA -3’
[B-actina De Rezende et al., 2019
B-ACT REV |  5-CCAGAGGCGTACAGGGATAG-3' |
CHIK El F | 5'- TCGACGCGCCCTCTTTAA -3'
Gene El
CHIKEIR |  5-ATCGAATGCACCGCACACT -3 c;lva Edwards et al., 2007
CHIK E1 P | 5'- ACCAGCCTGCACCCATTCCTCAGAC -3' |

FWD: iniciador forward (senso); REV: iniciador reverse (antissenso); F: forward; R: antissenso; P:
sonda; CHIKYV: virus da chikungunya. CHIKV E1 P: FAM-BHQ]1a.


https://paperpile.com/c/xU4zi4/zjsL
https://paperpile.com/c/xU4zi4/zjsL
https://paperpile.com/c/xU4zi4/r28B
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4.4 Teste de neutralizacao viral adaptado

Testes de neutralizagdo viral foram inicialmente feitos com amostras de figado de
camundongos C57BL/6 previamente infectados com CHIKV e animais mock inoculados com
sobrenadante de células Vero (MEM 5% SFB). Com os resultados obtidos foram realizados
testes para a deteccdo de anticorpos anti-CHIKV por neutralizagao viral utilizando amostras

de figado de PNH.

4.4.1 Teste de neutralizacdo viral adaptado usando amostras de animais
experimentalmente infectados

Os testes de neutralizacdo viral foram realizados utilizando amostras de figado de
camundongos C57BL/6. Seis camundongos foram infectados previamente com 1x10°
unidades formadoras de placa (do inglés, plaque forming units - PFU) de CHIKYV, enquanto
outros seis animais foram inoculados com meio MEM 5% SFB sobrenadante de células Vero
ndo infectadas (mock). Ambos os grupos foram inoculados por via intraplantar. Apos a
infeccdo dos animais, eles foram observados por 21 dias e eutanasiados, nesse processo 0s
figados foram coletados e armazenados em tubos de 1,5mL em freezer a -20°C. Outro grupo
de animais foi infectado com 1x10° PFU de CHIKV para obten¢do de soro sabidamente
positivo para presenga de anticorpos anti-CHIKYV, para utilizagdo como controle positivo nos
testes de neutralizacdo viral. A manuten¢do e infeccdo dos animais foi feita com a
colaboracao do Dr. Erik Reis.

Para a producdo do homogenato de figado foram utilizados 50 mg de figado de
camundongos C57BL/6 macerado em beadbeater (Mini-Beadbeater-24, BioSpec Products,
EUA) com 200ul de MEM sem suplementagdo e quatro esferas (beads) de borosilicato de 2
mm (Sigma-Aldrich, Alemanha). Apdés a maceracdo, o homogenato foi centrifugado
(Centrifuge 5415 R, Eppendorf, Alemanha) por cinco rodadas em velocidade maxima
(13.200 rpm) por 10 minutos para a clarificagdo e o sobrenadante final, sem debris celulares,
foi coletado. Com o homogenato obtido, foi realizada a diluicdo 1:10 utilizando 80 pL de
amostra e 720 uL. de MEM 0% SFB. Esse material foi entdo incubado a 56°C por 30 minutos
para a inativacao do sistema do complemento. ApoOs a inativagdo, foi realizada mais uma
etapa de clarificacdo da amostra, com centrifugacdo por trés minutos em velocidade méaxima
(aproximadamente 16.000 g). Assim, aproximadamente 750 pL de sobrenadante na dilui¢do
1:10 foram obtidos e usados em dilui¢des seriadas de 1:20 a 1:640, usando MEM, em placa
deepwell de 96 pocos. Nessa etapa, foi utilizado MEM com 1% de SFB e 1% HEPES, assim

como para o preparo do controle de virus e de células. A utilizagdo de solugao tamponante
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(HEPES) foi utilizada como uma tentativa de estabilizar o pH do meio e diminuir as
variagdes nas contagens de PFU nos experimentos de ambos os grupos.

Para o preparo do controle de virus, o meio foi misturado com a quantidade
pré-estabelecida de virus de modo que ao final foi possivel a contagem de 70 a 180 PFU por
poco da placa de células. Foi utilizado um controle positivo de neutralizacao, que consiste em
amostra de soro de camundongos C57BL/6 infectados com CHIKV nas dilui¢des 1:20 a
1:640 sendo possivel observar a neutralizagdo viral. Foi utilizado também um segundo
controle positivo que consistia em uma mistura de soro de animal infectado com CHIKV e
homogenato de animal ndo infectado, em igual propor¢do, com o objetivo de observar a
neutralizagdo por anticorpos no soro na presenca do material do homogenato de figado. Foi
utilizado também controle negativo que consistia em homogenato de figado de animal nao
infectado, de forma a observar a interferéncia desse material na redugdo de placas.

Apos a diluicao, a solugdo contendo virus foi adicionada as amostras e controles na
placa de 96 pocos. Apos a mistura, a placa foi incubada em estufa por uma hora a 37°C a 5%
de CO: para possibilitar a ligacdo dos anticorpos as particulas virais (AZAMI et al., 2016).

Foram utilizadas placas de células de 12 pogos com 1,8 x 10° células por pogo onde,
apods a incubagdo, foram inoculados 180ul da mistura da amostra e dos controles com o virus.
Em cada placa foram inoculados trés pocos (triplicatas) para cada amostra de homogenato de
e para os controles positivos e negativo, dois pocos (duplicata) para os controles de virus e
um poco para o controle de células. Apds a inoculagdo, foi realizada a etapa de adsor¢dao em
que as placas de células infectadas foram incubadas em estufa por uma hora a 37°C a 5% de
CO:, sendo homogeneizadas manualmente a cada 10 minutos. Apds o fim da adsorcdo, foi
adicionado aos pocos de célula solucdo de carboximetilcelulose a 1,5% e meio 199 2x
(Gibco-Life Technologies, EUA) com 2% de SFB e as placas foram incubadas a 37°C a 5%
de CO: por dois dias e observadas diariamente em microscopio optico.

Decorrido o tempo de incubagdo, as células foram fixadas com solugdo de formalina
3,7%, por duas horas, e coradas com solugdo de cristal violeta 1%, por 30 minutos. Apds a
lavagem do cristal violeta foi realizada a contagem de PFU em cada amostra e diluicdo
realizada para a realizagdo de andlises posteriores.

Apenas foram consideradas validas as contagens de PFU no controle de virus que
variaram entre 70 e 180 PFU. Apenas foram considerados experimentos cujos controles
positivos e negativo funcionaram. O nimero de PFU por pogo/diluigdo/animal (por pogo, por
diluicdo por animal) foi utilizado para o calculo da porcentagem de neutralizagdo com base

no controle de virus (mediana de PFU no controle de virus de cada placa)


https://paperpile.com/c/EYh4rW/Vled
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Foram realizados trés testes feitos com homogenatos de seis animais infectados com
CHIKV e trés testes feitos com homogenatos de seis animais mock, todos realizados de
maneira independente. Para as analises, foram consideradas e apresentadas nesse trabalho os
resultados referentes as diluicdes 1:20, 1:40, 1:80 e 1:160, pois em diluigdes maiores nao
foram observadas mudangas significativas entre os dois grupos. Neste estudo optou-se pela
utilizagdo da mediana que ndo permite que o conjunto de dados seja diretamente afetado por
outliers, como a média pode ser afetada, isso considerando que o teste de neutralizacdo viral
possui variacdes inerentes a técnica (TIMIRYASOVA et al., 2013).

De cada réplica experimental, foram calculados os valores de neutralizagdo por pogo,
por animal por diluicdo (por pogo/diluicdo/animal). Foi analisada a variacdo do valor de
neutralizacdo entre as triplicatas de cada animal/diluicdo, para que os resultados nao tivessem
grande influéncia de erros de técnica. Em seguida, de cada réplica experimental, foi calculado
o valor mediano de neutralizacdo para cada animal/dilui¢do. Sendo assim, obtivemos trés
valores de medianas de porcentagem de neutralizagdo para cada animal em cada diluigdo.
Estes valores medianos de neutralizagdo por animal/diluicdo (relativos as 3 réplicas
experimentais para cada grupo, infectado ou mock) foram analisados (GLMM e ROC).
Ainda, os valores minimos absolutos de neutralizagcdo por dilui¢do de cada animal infectado
foram comparados com os valores méximos absolutos de neutralizagdo, por diluicdo, de cada
animal mock (GLMM).

Foi utilizado o modelo linear generalizado de efeito misto (Generalized Linear Mixed
Models - GLMM) para analisar como os valores de neutralizagdo de cada animal se
comportam em relacdo ao grupo (infectado e mock), a diluicdo e a interacao da dilui¢do com
o grupo. Optou-se pela utilizacdo de teste com modelo misto pela caracteristica do conjunto
de dados utilizado, que possui diluicdes derivadas de um mesmo animal que vao ser
analisadas entre si e também por assumir que os diferentes individuos tém respostas
diferentes diante da infec¢do ou ndo com CHIKYV. Com a colaboragdo da Dra. Marina Beirao,
as analises foram realizadas no RStudio 4.2.3 (RSTUDIO TEAM, 2020; WICKHAM, 2016)

com o lme4 (BATES et al, 2015). Diferengas estatisticas foram consideradas quando p <
0,05.

Em uma primeira analise, foram utilizados como variaveis dependentes os trés valores
medianos de neutralizagdo neutralizacao viral/animal/diluicao das trés réplicas experimentais
(tabela 3), e como variaveis independentes o grupo (infectado ou mock), a diluicao (1:20 a

1:160) e a intera¢do do grupo com a diluigdo.


https://paperpile.com/c/EYh4rW/dRNY
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Em outra andlise realizada, foram comparados o maior valor absoluto de
neutralizacdo/animal mock/diluicdo ¢ o menor valor absoluto de neutralizagdo/animal
infectado/diluicdo (tabela 5). O objetivo dessa analise foi verificar se, mesmo com os maiores
valores de reducao de placas no grupo mock e os menores valores de neutralizacao no grupo
infectado, ainda seria possivel diferenciar os dois grupos.

Foram feitas também andlises de curva ROC (receiver operating characteristic), que
¢ utilizada para avaliar a performance de um teste diagnostico, determinando um valor

adequado de cut off para considerar um teste negativo ou positivo (NAHM, 2022). Para as
analises foi utilizado o GraphPad Prism versdo 8.0.2 (GraphPad
Software, USA). Diferencas estatisticas foram consideradas quando
p < 0,05.

Primeiramente, foi feita uma andlise usando a mediana de neutralizacdo de cada
animal/dilui¢ao (considerando trés réplicas experimentais) (tabela 3), utilizando o método
Wilson/Brown (WILSON 1927; BROWN et al., 2001). O objetivo desse teste foi observar se
era possivel diferenciar estatisticamente os grupos infectados e mock em cada diluigdo, e
observar os cut offs de porcentagem de neutralizacdo de cada diluicdo em relagdo a
sensibilidade e a especificidade do teste. Foi feita também a analise da curva ROC, usando o
menor valor mediano de neutralizagao/animal infectado/diluigdo e o maior valor mediano de
neutralizacdo/animal mock/diluicdo (tabela 3). O objetivo desta andlise consistiu em
investigar se mesmo utilizando as medianas minimas do grupo infectado € maximas do grupo
mock ainda seria possivel a diferenciagdo dos dois grupos, visto que a técnica possui

variacdes e pode sofrer interferéncia do tipo de amostra utilizada.

4.4.2 Investigacao soroldégica da infeccao por CHIKV em carcagas de PNH

Apos a realizacdo dos testes utilizando tecido hepatico de camundongos e a andlise
desses resultados, foram realizados alguns testes de neutralizagdo adaptados com tecido
hepatico de carcacas de PNH. Foram utilizados figados de 25 carcacas de PNH coletadas
durante o surto de YFV, no ano de 2017, em zonas urbanas no estado de Minas Gerais. Todas
as carcagas sao do género Callithrix e eram provenientes das mesorregides Central Mineira
(n=3), Metropolitana (n=9), Zona da Mata (n=2), Norte de Minas (n=4), Campo das Vertentes
(n=1), Vale do Rio Doce (n=2) e Triangulo Mineiro (n=4). Nos trabalhos do Me. Matheus
Soares Arruda, Dra. Livia Sacchetto e da Dra. Natalia Ingrid Silva, os animais foram

negativos para deteccao por RT-qPCR de YFV, CHIKV e MAY V.


https://paperpile.com/c/xU4zi4/JnaK
https://paperpile.com/c/xU4zi4/xCGf+xcOg
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Para a realizacdo do teste adaptado em amostras de tecido hepatico de PNH, foram
preparados homogenatos com figados das carcagas que estavam armazenados em freezer a
-70°C. Os homogenatos foram preparados utilizando a mesma metodologia descrita no tdpico
4.4.1. Para uma triagem inicial, optou-se por fazer o teste utilizando um poco (replicata) para
cada diluicao de cada amostra. No caso de algum animal apresentar neutralizagdo acima de
65% na diluigao 1:20, na triagem inicial, o teste seria repetido com a realizacdo de triplicatas
nas dilui¢des 1:20-1:80, para cada dilui¢do para cada animal, com a adi¢ao da dilui¢do 1:160.
Os testes foram realizados como descrito no topico 4.4.1. Foram utilizados controle positivo
(soro de animal infectado com CHIKYV), controle negativo de soro de animal ndo infectado e

controle negativo de homogenato de figado de animal ndo infectado.
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5. RESULTADOS E DISCUSSAO
5.1 Investigacdo molecular de CHIKV em PNH

Das 407 amostras testadas, a maioria foi coletada em areas urbanas (51%, n=210),
isso possivelmente devido ao fato de a coleta das carcagas pelo programa de vigilancia da
prefeitura ser baseado em notificagdes da populagdo da presenca de animal morto
(MINISTERIO DA SAUDE, 2014a). Dessa forma, a chance de um animal morto ser
encontrado em 4rea urbana, com maior concentracao de pessoas, ¢ maior do que em areas
rurais, que somam 39% (n=162) das carcagas testadas nesse estudo, e do que em 4areas
periurbanas, que somam 7% (n=29).

Outra caracteristica do conjunto de amostras deste estudo ¢ a predominancia de
animais do género Callithrix (75%, n=308), PNH comumente encontrado em areas urbanas.
Em trabalhos semelhantes de detec¢ao molecular de arbovirus em amostras de PNH também
foi observado que a maioria dos animais pertencem ao género Callithrix
(GARCIA-OLIVEIRA et al., 2023; SACCHETTO et al., 2020). Isso pode ser justificado
pelo fato de o género ter se adaptado muito bem a viver préximo a areas urbanas, facilitando
que as carcagas sejam mais encontradas do que as de outros géneros que vivem mais
afastadas de regides densamente povoadas (DUARTE et al., 2012).

As 407 amostras de RNA de figado de carcagas de PNH foram submetidas a
RT-gPCR com iniciadores para a proteina f-actina e todas foram positivas, indicio de que a
extragdo de acidos nucleicos ocorreu de maneira satisfatoria. Sendo assim, quando
submetidas a RT-qPCR com iniciadores especificos para o gene E1 nao foi possivel detectar o
RNA de CHIKV em nenhuma das amostras testadas.

E sabido que a molécula de RNA ¢é de facil degradagio (HOUSELEY e
TOLLERVEY, 2009), isso somado ao fato de que as amostras testadas sdo advindas de
carcacas de PNH coletadas nos ambientes sem controle de quanto tempo ficaram expostas ao
calor ou umidade, pode ter influenciado na ndo detec¢ao do RNA viral. Com a degradacdo da
carcaga do animal € possivel que o processo de degradagdo de RNA viral no figado tenha
sido acelerado (SAMPAIO-SILVA et al., 2013). E descrito que o RNA é rapidamente
degradado apds a morte, isso ocorre especialmente mais rapido em oOrgdos ricos em
ribonucleases, como o figado por exemplo (BAUER, 2007). Esses fatores podem ter
dificultado a deteccdo do RNA viral nos figados das carcagas testadas neste estudo.

A viremia causada pela infec¢do do CHIKV em PNH ¢ curta, sendo desenvolvida de
1-2 dias apds a inoculagdo e descrita com duracao de 3 a 5 dias (BROECKEL et al., 2015;

PAUL et al., 1968). Dessa forma os resultados aqui apresentados podem indicar que os
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animais nao estavam infectados no momento da morte, o que nao descarta a possibilidade de
eles terem sido infectados com CHIKV durante sua vida.

Apesar da ndo detec¢do molecular de CHIKV em PNH de vida livre no sul do Brasil
(ALMEIDA et al., 2019) e da ndo deteccdo molecular e soroldogica de CHIKV em PNH no
nordeste em 2014 (CATENACCI et al., 2018), a deteccdo de anticorpos anti-CHIVK em
PNH j4 foi demonstrada (MOREIRA-SOTO et al., 2018). O trabalho de Moreira-Soto e
colaboradores detectou por PRNT anticorpos anti-CHIKV em soro de animais do nordeste
brasileiro, entre 2013 e 2016, indicando que os animais poderiam ter tido contato prévio com
o virus e foram infectados. A deteccao de anticorpos anti-CHIKV em PNH no Brasil,
juntamente com o cenario epidemiologico do CHIKV em Minas Gerais, ressalta a
importancia da vigilancia epidemioldgica do virus em PNH. Com a vigilancia
epidemiologica, ¢ possivel detectar a circulacdo viral em hospedeiros silvestres, de forma a
adotar medidas que evitem o inicio da circulagdo do virus em populagdes humanas
(MINISTERIO DA SAUDE, 2014a).

Os dados de investigagdo molecular deste trabalho estdo incluidos em manuscrito que

estd em preparagao.

5.2 Otimizacao de teste de neutralizacio viral por reducio de placa com tecido hepatico
de animais experimentalmente infectados

Utilizando o homogenato preparado a partir de amostras de figado dos animais
experimentais, foram realizados ensaios de neutralizag¢do viral adaptados, tendo como base a
PRNT classica que utiliza amostras de soro.

Considerando os seis animais infectados, o valor mediano de neutralizagao (de trés
réplicas experimentais) variou de 68,85% a 40,71% na diluicdo 1:20. Dos seis animais, cinco
apresentaram valor de neutralizacdo acima de 50%, sendo que trés deles apresentaram
neutralizacdo acima de 60%. Na dilui¢ao 1:40 os valores tiveram variagao de 47,24% a 25%,
sendo que dois animais tiveram mediana de neutralizacao acima de 40%. Nas diluigdes 1:80 e
1:160 nao foram observadas mediana de neutralizagao acima de 50%, sendo que na dilui¢ao
1:80 o valor maximo observado foi 32,37% ¢ o minimo observado foi de 12,14%. Para a
diluicao de 1:160 os valores de mediana foram mais baixos, sendo a maxima 15,66% e a
minima 0% (Tabela 3)(Figura 9).

Os valores de neutralizagdo para as amostras de animais mock foram menores quando

comparados com amostras de animais infectados. O valor mediano de neutralizacdo (trés
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experimentos independentes) variou de 17,27% a 0% na diluicdo de 1:20, sendo que quatro
animais apresentaram neutralizagdo de 0%. E na dilui¢do 1:40, a neutralizacdo variou de
7,27% a 0%, sendo que trés animais apresentaram neutralizacdo de 0%. Na dilui¢do 1:80
apenas um animal apresentou neutralizacdo de 6,58%, e o restante de 0%. Ja na diluicao

1:160 nao foi observada neutralizagdo em nenhum dos animais (Tabela 3)(Figura 9).

Tabela 3: Medianas de neutralizacao (%) obtidas nos trés testes de neutraliza¢dao contra
CHIKYV utilizando homogenato de figado de animais experimentais.

Medianas de neutralizacio (%) por dilui¢do, por experimento

1:20 1:40 1:80 1:160

Animal | Expl Exp2 Exp3 | Expl Exp2 Exp3 | Expl Exp2 Exp3 | Expl Exp2 Exp3

infl | 4071 59,18 38,61 [ 2500 5020 22,15| 12,14 4122 443 | 0,71 28,16 0,63
inf2 | 4649 70,00 64,81 [ 27,76 52,99 3724 | 11,71 4786 23,17 | 1639 1538 9,09
inf3 15971 68,18 5920 | 46,04 68,18 39,80 | 32,37 51,82 23,75 | 10,79 33,64 435
inf4 150,73 5855 5137|3548 40,93 11,85 17,89 2021 17,33 | 12,61 30,57 0,00
infS | 4699 68,85 73,62 | 30,72 5820 4724|2229 4426 3129 | 1566 40,98 12,88
inf6 | 4529 65,16 66,19 30,00 6129 3525|1064 31,61 3,60 | 881 000 0,00
ml 11727 3251 11,31 | 727 1343 000 | 0,00 1555 000 | 0,00 000 0,00
m2 | 1404 000 0,00 | 809 724 000 | 1915 658 000 | 0,00 000 0,00
m3 | 2883 0,00 0,00 [1802 135 000 | 000 270 000 | 0,00 10,14 0,00
m4 | 000 000 0,00 | 000 000 000 000 000 000 | 000 453 0,00
m5 0,00 819 258 | 000 19,57 0,00 | 0,00 18,8 0,00 | 0,00 0,00 0,00

m6 0,00 267 0,00 | 0,00 1,33 0,00 | 0,00 0,00 0,00 [ 0,00 0,00 0,00

As medianas de porcentagem de neutralizagdo apresentadas foram obtidas a partir de 3
experimentos independentes com trés replicatas de cada dilui¢do para cada animal. Os
valores sao referentes aos testes realizados com seis animais experimentalmente infectados e
seis animais mock. inf: infectado. m: mock.
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Figura 9: Valores medianos de neutralizagdo (%) dos testes com animais infectados com CHIKYV e animais mock.

Os valores de mediana de neutralizagdo, representados por pontos nos graficos, foram obtidos de trés experimentos independentes com trés replicatas para
cada diluigdo/animal. Figura A: animais infectados. Figura B: animais mock. Para cada diluigdo/animal: n=3. Para os controles: n=3. Em azul: animal 1; em
vermelho: animal 2; em amarelo: animal 3; em marrom: animal 4; em rosa: animal 5; em azul escuro: animal 6. Pos 1: soro de animal infectado (verde claro).
Pos 2: soro de animal infectado + figado de animal ndo infectado (verde escuro). Negativo: homogenato de animal ndo infectado (preto).
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Apesar da maioria dos valores de neutralizacao obtidos para cada animal, em cada
uma das trés replicatas experimentais, serem homogéneos entre si, ¢ possivel observar
variagoes (Tabela 3)(Figura 9). Isso pode ser associado as variagdes implicitas da propria
técnica de PRNT, pois pequenas variagcdes na execu¢ao, como pipetagem ou condicoes da
cultura celular, podem gerar impacto no resultado final (WHO, 2008). Mesmo com as
variagdes naturais do ensaio biologico, a PRNT ¢é considerada um teste com alta
especificidade e sensibilidade (WHO, 2008). Essas diferencas entre os valores de
neutralizacdo em cada experimento independente sdo esperadas, e somado a isso a utilizagao
de amostra nao convencional, homogenato de figado, pode intensificar essas variagdes.
Alguns estudos ja demonstraram que debris celulares e células lisadas podem interferir na
contagem de PFU, reduzindo a contagem (HOLLAND et al., 1959). Mas a interferéncia de
debris celulares ¢ diminuida a medida que a diluicdo aumenta (HOLLAND et al., 1959). De
maneira similar, neste estudo, os valores de mediana obtidos para os animais mock, que na
diluicdo 1:20 variou em torno de 17%, tiveram reducdo da porcentagem de neutralizacdo
mediana a medida que aumentou a dilui¢do, de forma que e ap6s a dilui¢ao 1:80 a mediana de
neutralizacao foi 0%.

Outra variagdo observada nos dados gerados ¢ entre os valores medianos de
neutralizacdo quando comparado entre os diferentes animais infectados (Tabela 3)(Figura 9).
E sabido que essa variagdo entre os animais ¢ devida a variagdo na resposta imune individual
(BRODIN e DAVIS, 2017), sendo possivel que alguns animais tenham altos valores de
neutralizacdo enquanto outros tenham valores mais baixos.

Em relacdo as analises GLMM realizadas, foi possivel observar que existe diferenga
estatistica entre os grupos mock e infectado (p< 0,001), sendo possivel a distingdo dos dois
grupos quando analisados os valores de neutralizagdo medianos (Tabela 4). Quando feitas as
analises da mediana de neutralizacdo em relacdo a diluicdo, foi possivel observar maiores
valores de neutralizacdo relacionados as menores diluigdes e menores valores de
neutralizacdo relacionados as maiores diluicdes em ambos os grupos (mock e infectado),
sendo possivel a distingdo entre as diluigdes (p< 0,001) (Tabela 4). Nas analises realizadas
considerando a interagdo da dilui¢do com o grupo a qual pertencem as amostras, também foi
possivel a diferenciacdo (p< 0,001). Sendo que a medida que a dilui¢do aumenta, a diferenca
estatistica entre os grupos infectado e mock diminui, mas ainda continua significativa (p <

0,001) (Tabela 4).
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Tabela 4: Resultado da analise GLMM da mediana de neutralizacao viral em relacdo aos
grupos (infectado e mock), dilui¢do e grupo/dilui¢do

Variavel Variaveis
dependente independente F p
Grupo (infectado/mock) | 283.587 < 0,001
Mediana de
. Diluica 35.669 < 0,001
neutralizacdo (%) Huieao
Grupo/diluigao 22.070 < 0,001

Valores de mediana de neutralizagao (variaveis dependentes) obtidos da mediana de trés experimentos
independentes para cada animal (n=6) e cada diluicdo (1:20 a 1:160). Foi analisada a resposta da
variavel dependente em relagdo as variaveis independentes grupo (mock ou infectado), diluigdo (1:20
a 1:160) e a interagdo do grupo e diluicdo. A partir disso foram obtidos valores de F relacionados ao
teste e valores de p. Diferenga significativa quando p<0,05.

Quando o valor minimo absoluto de neutralizagdo observado para cada animal
infectado/diluicao foi comparado com o valor méximo absoluto de neutralizacdo para cada
animal mock/dilui¢do (tabela 5), foi observada diferenca significativa quando analisados em
relacdo as trés varidveis independentes (p>0,001 e p=0,002)(Tabela 6). Isso demonstra que
mesmo utilizando os menores valores obtidos para animais infectados e os maiores obtidos

para os mock ¢ possivel a diferenciagdo entre os grupos em cada dilui¢ao realizada.
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Tabela 5: Valores maximos e minimos neutraliza¢do (%) obtidos nos trés testes de
neutralizagao contra CHIKV utilizando homogenato de figado de animais experimentais.

Valores minimos de neutraliza¢ao (%) por diluicao dos animais infectados

01:20 01:40 1:80 1:160

Animal|Exp1 Exp2 Exp3|Exp1 Exp2 Exp3|Exp1 Exp2 Exp3|Exp1 Exp2 Exp3

infl 13929 51,84 31,01 6,43 46,12 22,15| 7,14 31,43 0,63 | 0,00 13,47 0,00
inf2 14515 58,12 60,70 | 25,75 51,28 34,90 | 6,35 41,88 1437[13,04 13,68 7,33
inf3 | 5827 64,55 54,52(34,53 61,82 30,43 (23,74 48,18 22,41 | 7,19 29,09 0,00
inf4 | 4721 54,40 21,58 (33,72 30,57 11,85 (14,37 15,03 456 | 2,64 27,46 0,00
inf5 | 4578 68,03 73,01 (30,12 53,28 46,01 19,88 37,70 2331 | 4,82 27,05 3,68
inf6 | 4347 62,58 65,47 22,80 56,13 31,65| 821 29,03 144 | 456 0,00 0,00

Valor maximos de neutralizagao (%) por diluicio dos animais mock

01:20 01:40 80 160

Animal|Exp1 Exp2 Exp3|Exp1 Exp2 Exp3|Exp1 Exp2 Exp3|Exp1 Exp2 Exp3

ml 18,18 32,86 13,15[20,00 13,78 23,55| 0,00 1590 0,00 | 0,00 0,00 0,00
m2 1745 921 0,00 |21,70 7,89 0,00 |22,55 8,55 0,00 [ 0,00 4,61 0,00
m3 31,53 10,14 0,00 | 19,82 2,03 0,00 | 0,90 8,78 833 [ 000 10,81 0,00
m4 0,00 0,00 0,00 (0,00 272 0,00 (0,00 0,00 0,00(0,00 5,14 0,00
m5 1591 11,74 6,27 | 18,18 23,84 0,00 [ 0,00 2028 0,00 | 0,00 1,78 0,00
mé6 0,00 6,00 0,00 (0,00 13,33 0,00 [ 0,00 6,67 0,00 0,00 5,33 0,00

Os valores maximos e minimos absolutos de neutralizacdo apresentados foram obtidos a partir de
trés experimentos independentes com trés replicatas de cada diluicdo para cada animal. Os valores
sao referentes aos testes realizados com seis animais experimentalmente infectados e seis animais
mock. inf: infectado. m: mock.

Tabela 6: Resultado da andlise GLMM de resposta do valor minimo absoluto de
neutralizacao viral dos animais infectados e do valor maximo absoluto de neutralizagao viral
dos animais mock para os grupos (infectado e mock), dilui¢do e grupo/dilui¢ao

Variavel Variaveis
dependente independentes F Valor p
Grupo (infectado/mock) | 134.120 < 0,001
neutralizagdo (%) Diluicdo 34214 < 0,001
Grupo/diluigdo 16.216 < 0,001

Valores minimos absolutos de neutralizacdo dos animais infectados e valores maximos absolutos de
neutralizagdo dos animais mock (variaveis dependentes) obtidos de trés experimentos independentes
para cada animal (n=6) e cada diluigdo (1:20 a 1:160). Foi analisada a resposta da variavel dependente
em relacdo as variaveis independentes grupo (mock ou infectado), diluicdo (1:20 a 1:160) ¢ a
interacdo do grupo e diluicao. A partir disso foram obtidos valores de F relacionados ao teste e valores
de p. O valor de F representa a forca do teste estatistico. Diferenca significativa quando p<0,05.
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Ao fazer a andlise da curva ROC com a neutralizacdo mediana dos trés experimentos
independentes, obtida para cada animal/diluicio (Tabela 3), foi observado que,
nas diluicoes 1:20, 1:40 e 1:80 (AUC=1,0; 95%CI=1,0—1,0; p=0,0039:), foi
possivel a diferenciacao dos valores dos animais infectados e dos
valores obtidos para os animais mock (Figura 10). Na dilui¢do 1:160 também foi

observada diferenga estatistica entre os valores do grupo infectado e do grupo mock

(AUC=0,91; 95%CI20,72-1,0; p=0,01)(Tabela 7).
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Figura 10: Andlise da curva ROC com medianas de neutralizagdo dos testes de neutralizacdo
adaptados utilizando homogenato de figado de camundongos infectados e mock.

Curva ROC realizada com a mediana das medianas de trés experimentos independentes realizados
com animais mock e animais experimentalmente infectados com CHIKYV. Foram realizadas
comparagdes entre as medianas de cada diluicdo dos animais infectados com as medianas da
respectiva diluigdo dos animais mock. Grafico A: diluicdo 1:20; grafico B: 1:40, grafico C: 1:80 e

grafico D: 1:160. ROC: receiver operating characteristic. Andlises e graficos gerados no GraphPad
Prism versdo 8.0.2 (GraphPad Software, USA).

A sensibilidade representa a proporcdo de individuos que tém a infeccdo e tem

resultado positivo, e a especificidade a propor¢ao de individuos que nao sao infectados e sdo



53

testados negativamente. Os valores de cut off de porcentagem de neutralizagdo fornecidos
pela andlise da curva ROC sugerem que um valor de 46,04% de neutralizacdo na diluigdo
1:20 oferece 83% de sensibilidade e 100% de especificidade ao teste. Na diluicdo 1:40 o
valor de cut off seria de 30,13% de neutralizagao (Tabela 7).

Tabela 7: Analise da curva ROC das medianas de neutralizacdo de animais infectados com

CHIKYV comparados com animais mock

Mediana de neutralizacao dos infectados x mediana de neutralizacao dos mock

AUC Sensibilidade Especificidade
Diluicao 95% CD valor de p Cut off 95% CI) 95% CI)

1,0 83,3% 100%

1:20 (1,0-1,0) 0,0039 46,04 (43,6% - 99,1%) | (60,9% - 100%)
1,0 83,3% 100%

1:40 (1,0 -1,0) 0,0039 30,13 (43,6% - 99,1%) | (60,9% - 100%)
1,0 83,3% 100%

1:80 (1,0 -1,0) 0,0039 11,39 (43,6% - 99,1%) | (60,9% - 100%)
0,91 66,6% 100%

1:160 (0,72-1,0) 0,0163 5,7 (30% - 94,08%) | (60,9% - 100%)

Valores de medianas de neutralizacdo obtidos das medianas de trés experimentos independentes para
cada animal infectado (n=6) e cada animal mock (n=6) de cada diluicdo. Com a curva ROC foram
comparadas as diluicdes 1:20 a 1:160 dos dois grupos de animais. Nas diluigdes 1:20 a 1:80 foi
possivel observar diferengas estatisticas entre os grupos comparados, enquanto na dilui¢do 1:160 ndo
foi observada diferenca. Os valores de cut off escolhidos levaram em consideragdo os maiores valores
possiveis de especificidade e sensibilidade. AUC: area sob a curva. Cut off: ponto de corte. CI:
intervalo de confianca; ROC: receiver operating characteristic.

Usando o menor valor mediano de neutralizacao observado
para cada animal infectado/diluicdo e o maior valor mediano de
neutralizacao de cada animal mock/diluicado (Tabela 5) foi realizada

a analise da curva ROC. Mesmo nesse cenario, o teste foi capaz de

diferenciar os dois grupos nas diluicdes 1:20 (AUC=1,0;
95%CI=1,0—-1,0: p=0,0039), 1:40 (AUC=0,91: 95%CI=0,74-1,0:

p=0,0163)(Figura 11). Nas diluic¢des 1:80 (AUC=0,69; 95%CI=0,37-1,0:
p=0,2623) e 1:160 (AUC=0,63; 95%CI=0,31-0,96: p=0,4233) nédo foi
observada diferenca estatistica entre os grupos, o que significa
que o teste nao foi capaz de diferenciar os dois grupos nessa

diluicado (Figura 11).
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Figura 11: Andlise da curva ROC com as menores medianas de neutralizacdo dos testes de
neutralizacdo adaptados utilizando homogenato de figado de camundongos infectados e mock.

Curva ROC realizada com a menor mediana de trés experimentos independentes realizados com
animais mock e animais experimentalmente infectados com CHIKYV. Foram realizadas comparacdes
entre as menores medianas de cada dilui¢do dos animais infectados com as maiores medianas da
respectiva diluicdo dos animais mock. Grafico A: diluigdo 1:20; grafico B: 1:40, grafico C: 1:80 e
grafico D: 1:160. ROC: receiver operating characteristic. Analises e graficos gerados no GraphPad

Prism versdo 8.0.2 (GraphPad Software, USA).

Os resultados obtidos para as andlises de curva ROC deste estudo possuem valores de
sensibilidade e especificidade préximos aos observados em outros trabalhos que avaliaram
esses pardmetros em testes de neutralizagdo viral anti-YFV utilizando soro (SIMOES et al.,
2012). Em testes de micro-PRNT com cut off de 50% (SN50) com o YFV foi obtida
sensibilidade e especificidade de 91% e 72%, respectivamente, enquanto que para 0 mesmo
teste com SN90 foi obtida sensibilidade de 100% e especificidade de 94% (SIMOES et al.,
2012). Um teste ideal seria aquele com valores de sensibilidade e especificidade de 100%,
porém isso ¢ dificultado pelas limitagcdes dos proprios testes. Dessa forma se optou por cut
offs com os maiores valores possiveis de sensibilidade e especificidade, considerando um
valor de neutralizagdo que esteja em consonadncia com os cut offs utilizados para PRNT

convencional (50%), que utilizam amostras de soro (RASULOVA et al., 2022; SIMOES et
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al., 2012). Com anaélises feitas em paralelo com os resultados dos testes de neutralizagao para
YFV e MAYV utilizando homogenato de animais experimentais (OLIVEIRA, 2023;
ARRUDA, 2023) e considerando o fato de que os debris celulares dos homogenatos podem
interferir e gerar uma neutralizagao inespecifica, optou-se por valores de cut off maiores. Para
uma maior seguranca no resultado dos testes adaptados, foi escolhido cut off de 65% na
diluicdo 1:20 e de 40% na diluicdo 1:40 para os testes realizados com amostras ambientais
para detec¢do de indicios de infecgdo natural. Dessa forma, aumentando o valor de cuf off, €
esperado que o numero de falsos positivos seja diminuido.

Apos as andlises e observacao dos dados, € possivel que exista uma redugao de placas
residual em ambos os grupos analisados, muito provavelmente devido a presenca de debris
celulares no tipo de amostra utilizada (HOLLAND e MCLAREN, 1959), especialmente
considerando que houve uma neutralizagdo viral inespecifica nos animais mock, dependente
da dilui¢do. Porém, devido a diferenca estatistica no teste GLMM quando comparados as
medianas de neutraliza¢ao dos animais infectados e dos animais mock e também entre o valor
minimo absolutos dos infectados € 0 maximo absoluto dos animais mock, observamos que ¢é
possivel diferenciar os dois grupos. Os resultados da curva ROC também corroboram com

esse resultado ao demonstrar que ¢ possivel a diferenciagdao dos grupos.

5.3 Teste de neutralizacio viral utilizando tecido hepatico de carcacas de PNH

Das 25 amostras de homogenato de figado de PNH testados, uma apresentou valor de
neutralizacao acima de 90% na diluigdo 1:20, 79% na 1:40 e 64% na 1:80 (Tabela 8). As 24
amostras restantes foram consideradas negativas, e os valores de redu¢do de placas variaram

de 0% a 43% na diluigdo 1:20 (Tabela 8).



56

Tabela 8: Porcentagem de neutralizacdo do teste de neutralizacdo adaptado utilizando

homogenato de figado de PNH.

Neutralizacio (%)

PNH | 1:20 | 1:40 | 1:80
2 | 142 | 183 | 17,5
4 | 270 | 20 | 145
8 | 242 | 150 67
24 | 435 | 365 | 294
39 | 169 | 153 | 43
52 | 93,0 | 79,7 | 64,1
s4 | 00 | 00| 00
65 | 352|336 86
70 | 60 | 00 | 157
71| 117 | 00 | 00
79 | 145 | 123 | 00
106 | 39,1 | 0,0 | 203
1 | 216 | 313 00
116 | 00 | 00 | 00
127 | 121 [ 112 | 193
131 | 42,5 | 483 | 550
170 | 38,1 | 20,1 | 37
171 | 173 | 183 | 34.6
208 | 12 | 00 | 00
209 | 00 | 00 | 00
229 | 192 | 144 | 202
232 | 433 | 1255 | 22,1
235 | 138 | 51| 00
246 | 0,0 | 00 | 00
248 | 82 | 67 | 142

Valores obtidos de uma replicata de cada diluicdo, para cada animal, sendo as diluigdes 1:20, 1:40 ¢
1:80. Experimento realizado com homogenato feito de tecido hepatico de carcaga de PNH. PNH:

primata ndo humano.

Apos a repeticdo em triplicata da amostra positiva na primeira triagem, foi obtido

valor mediano de neutralizagdo de 83,76% na diluicdo 1:20, 67,52% na 1:40 e 34,19% na

1:80 (Tabela 9). Esta amostra foi coletada em area urbana da cidade de Curvelo em 2017, na
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mesorregido Central Mineira, e foi classificada com estado de conservacao intermedidrio. A
situacdo epidemiologica na cidade de Curvelo, em 2017, era de baixa incidéncia, com poucos
casos em humanos registrados. Ja foi descrita a deteccdo de anticorpos neutralizantes
anti-CHIKV em amostras de soro de PNH no Brasil (MOREIRA-SOTO et al., 2018),
indicando a infec¢ao prévia de PNH por CHIKYV e a circulacdao do virus nesses hospedeiros
no Brasil. Alguns estudos que investigaram infec¢do por CHIKV em PNH no Brasil, por
PRNT, utilizando amostras de soro, ndo encontraram animais positivos (CATENACCI et al.,
2018). Essa falta de deteccdo pode ser associada com a ndo circulagdo viral nesses
hospedeiros. Dessa forma, sdo necessarios mais estudos para entender melhor a situagao da

circulagao do CHIKYV no Brasil, nos PNH.

Tabela 9: Mediana de neutralizagao de teste neutralizagdo com homogenato de PNH.

Diluicao | Neutralizacao (%)
1:20 83,76
1:40 67,52
1:80 34,19
1:160 37,61
1:320 11,21

As medianas foram obtidas através de teste realizado em triplicata. S0 apresentados dados
das diluicdes 1:20 a 1:320. Experimento realizado com homogenato feito de tecido hepatico de
carcaca de primata nao humano.

Das amostras testadas, 14 apresentaram estado de conservacao da carcaca considerado
bom, cinco foram consideradas intermedidrias, quatro ruins e em duas ndo foi possivel a
avaliagdo. J4 foi descrita a utilizacdo de amostras de carcagas e cadaveres para a detecgdo de
anticorpos (LAI et al. 2022; TRYLAND et al., 2006; ZARNKE et al., 2001). No contexto da
utilizacdo de amostra de tecido de carcagas para realizagdo de testes sorologicos, Tryland e
colaboradores demonstraram que € possivel a utilizagdo de fluidos corporais de carcacas até
11 dias apds a morte para testes sorologicos (TRYLAND et al., 2006).

Alguns estudos ja utilizaram amostras de tecido e fluidos para realizagao de testes
sorolégicos. Gamble e colaboradores, por meio de ensaios imunoenzimaticos, detectaram
anticorpos contra o agente causador da triquinelose suina em fluidos obtidos pela trituragao
de tecido muscular de porcos. Quando comparados, os testes feitos com o fluido do tecido

foram equivalentes aos testes feitos com o soro dos animais (GAMBLE E PATRASCU,
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1996). Em consonincia, outro trabalho utilizou o liquido do descongelamento de musculo de
porcos para a detec¢do de anticorpos anti-7. spiralis por ELISA. Nos testes foi possivel
observar que a utilizagdio da amostra pouco diluida (1:10) obteve-se sensibilidade e
especificidade maiores que 90%, e na dilui¢ao 1:100 valores maiores de 80% (BECK et al.,
2005). Resultados obtidos com testes adaptados com homogenato de animais
experimentalmente infectados com YFV e MAYV corroboram com esses estudos, sendo
possivel a diferenciacdo de animais infectados e ndo infectados no teste de neutralizagdo
adaptado. Além da neutralizagdo observada no teste adaptado de YFV realizada com
amostras de homogenato de PNH, foi realizado teste imunocromatografico para detecg¢ao de
IgM anti-YFV e obteve-se amostras positivas, indicando a detec¢do de anticorpos contra o
virus no homogenato de figado (dados ndo publicados).

Considerando o valor adequado de cut off proposto com base nos testes de
neutralizacdo adaptados utilizando homogenato de animais experimentalmente infectados, o
resultado dos testes com homogenato de figado de PNH indicam uma possivel infeccao
prévia de PNH por CHIKV. A detec¢ao de anticorpos anti-CHIKV em PNH pode ser uma
evidéncia da circulagdo viral nesses hospedeiros, e ¢ um alerta sobre a possibilidade do
estabelecimento do ciclo silvestre viral, que dificulta a erradicagdo e controle da doenga em
humanos. Dessa forma, ¢ importante a continua vigilancia epidemioldgica do CHIKYV, tanto
com abordagens moleculares e soroldgicas.

Os resultados em conjunto indicam que o teste de neutralizacdo viral adaptado
utilizando figado de carcaca de PNH pode contribuir com a vigilancia epidemiologica tanto
do CHIKV quanto de outros virus no Brasil, se tornando uma opg¢ao viavel de teste quando
amostras de soro ndo sdo possiveis de serem coletadas. E recomendavel que os testes de
neutralizagdo sejam preferencialmente realizados com soro, porém em sua auséncia a amostra
de figado pode ser utilizada desde de que os resultados sejam analisados com o valor de cut
off proposto (65%) e que a clarificagdo do homogenato seja satisfatoria, a fim de minimizar o
efeito dos debris celulares na reducdo de placas e evitar resultados falsos positivos. Com a
investigacdo de infecgdes prévias em PNH, pode-se entender melhor a dindmica de
circulacao viral nos PNH, o que pode guiar agdes publicas para manejo de areas de risco para
a circulagdo viral, evitando que a populacdo humana seja infectada.

Os dados deste trabalho estdo em fase final de escrita para manuscrito.
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6. CONCLUSOES
Nenhuma das amostras de figado de carcaca de PNH foi positiva para a detecgdo
molecular do CHIKV.

Foi observada diferenca estatistica entre os valores de neutralizagdo dos animais
infectados e dos animais mock, indicando atividade neutralizante em homogenato de figado
de camundongos experimentalmente infectados.

Um PNH foi positivo para o teste de neutralizagdo adaptado para CHIKYV, indicando

uma infecgdo prévia pelo virus.
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7. PERSPECTIVAS

Realizar teste de neutralizacdo adaptada com homogenato de PNH positivo,
adicionando a etapa de filtragem da amostra. Além disso, a realizacdo de teste
imunocromatografico IgM anti-CHIKV e de ELISA com homogenato de figado do PNH
positivo.

Realizar teste de neutralizagdo adaptado contra MAYV com o homogenato de PNH

positivo no teste anti-CHIKYV, para verificar a reagdo cruzada entre os Alfavirus.
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XXXIIII Congresso Brasileiro de Virologia. 2023.
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ANEXO A - Documentos CEUA

UNIVERSIDADE FEDERAL DE MINAS GERAIS

CEUA

COMISSAD DE ETICA NO USO DE ANIMAIS
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Certificamos que o projeto intitulado "Avaliagdo de um teste sorolégico, ensaio de neufralizago viral (PRNT),
utilizando orgaocs sdlidos de animais e comparagio com teste padrio usando sore”, protocole do CEUA: 176/2021
sob a responsabilidade de Betania Paiva Drumend gue envolve a produgdo, manutengdo elou utilizagdo de animais
pertencentes ao filo Chordata, subfilo Vertebrata (exceto o homem) para fins de pesguisa cientifica (ou ensino) -
encontra-se de acordo com o3 preceitos da Lei n® 11.794, de 8 de cutubro de 2008, do Decreto n® 6.899 de 15 de
julho de 2009, & com as normas editadas pelo Conselho Macional de Controle da Experimentagdo Animal (CONCEA),
e foi aprovado pela COMISSAO DE ETICA WO USO DE AMIMAIS (CEUA) DA UNIVERSIDADE FEDERAL DE

MIMAS GERAIS, em reunifo de 23/08/2021.

igéncia da Autorizago

23082021 a 22/08/2026

Finalidade

Pezquisa

*Espéciellinhagem

Camundongo Knockout ! IFMAR-- (a129)

MN® de animais

G

Pesolldade 25g ! 3{semanas)
Sexo indiferente
Qrigem Bictério de Imunologia das Doengas Infeccicsas

*Espéciellinhagem

Camundongo Knockout ! IFMAR-- (a129)

MN® de animais

G

Pesolldade 25g ! 3{semanas)
Sexo indiferente
Qrigem Bictério de Imunologia das Doengas Infeccicsas

*Ezpécie/linhagem

Camundongo Knockout [ IFNAR-/- (a129)

MN® de animais

G

Pesolldade 25g ! 3{semanas)
Sexo indiferente
Qrigem Bictério de Imunologia das Doengas Infeccicsas

*Espécie/linhagem

Camundongo Knockout / IFMAR-/- (a129)

MN® de animais

G

Pesalldade 259 / 3(semanas)

Sexo indiferente

Qrigem Bictério de Imunologia das Doengas Infeccicsas
*Espéciellinhagem Camundongo Knockout / CSTBLG

MN® de animais G

Pesolldade 259 / 3(semanas)

Sexo indiferente

Qrigem Bicterio Central UFMG

*Espéciellinhagem

Camundongo Knockout / CSTBLG

MN® de animais

G

173



75

Pesolldade 25g / 3{zemanas)
Sexo indiferente
Crigem Bioterio Central UFMG

*Espécie/linhagem

Camundongo Knockout / CSTBLG

MN® de animais

G

Pesolldade 25g ! 3{semanas)
Sexo indiferente
Qrigem Bicterio Central UFMG

*Espécie/linhagem

Camundongo Knockout / CSTBLG

N® de animais

G

Pesolldade 25g ! 3{semanas)
Sexo indiferente
Qrigem Bicterio Central UFMG

*Espécie/linhagem

Camundongo Knockout ! IFNAR-- (CSTBIG)

MN® de animais

G

Pesolldade 25g ! 3{semanas)
Sexo indiferente
Qrigem Biotério de Imunologia das Doengas Infeccicsas

*Espécie/linhagem

Camundongo Knockout / IFMAR-/- (CSTBIS)

MN® de animais

G

Pesalldade 259 { 3(semanas)
Sexo indiferente
Qrigem Biotério de Imunologia das Doengas Infeccicsas

Dados dos animais agrupados (uso do biotério)

*Espécie/linhagem

Camundongo Knockout / CSTBLG

MN® de animais 24

Idade J{=emanas)

Sexo indiferente

Crigem Bicterio Central UFMG

*Espéciel/linhagem

Camundongo Knockout ! IFNAR-- (a129)

MN® de animais

24

Idade I{=emanas)
Sexo indiferente
Crigem Bictério de Imunologia das Doengas Infecciosas

*Espéciel/linhagem

Camundongo Knockout f IFNAR-- (CSTBIG)

MN® de animais

12

Idade Jizemanas)
Sexo indiferente
Crigem Bictério de Imunologia das Doengas Infeccicsas

Consideragdes posteriores:

2300872021

Aprovado na reunido ordindia ondine do
23/0812021. Validade: 23/08/2021 & 22/08/2026.

dia

Belo Horzonte, 11/04/2023.

Atenciozamente,




76

Sistema Solicite CEUA UFMG
hitps:/faplicativos ufmg. brisolicite_ceual

Universidade Federal de Minas Gerais
Avenida Antdnio Carlos, 6627 — Campus Pampulha
Unidade Administrativa [l — 2° Andar, Sala 2005
31270-901 — Belo Horizonte, MG — Brasil
Telefone: (31) 3409-4516
www. ufmg bribioeticalceua - cetea@prpg.ufmg.br




CERTIFICADO

UNIVERSIDADE FEDERAL DE MINAS GERAIS

CEUA

COMISSAO DE ETICA NO USO DE ANIMAIS

77

Certificaros que o projeto infitulado "Avaliagdo de um teste serclogico, ensaio de neufralizago viral (PRNT),
utilizando drgdos solidos de animais", protocolo do CEUA: 33/2021 sob a responsabilidade de Betania Paiva
Drumond que envolve a produgdo, manutencio efou utiizagdo de animais pertencentes ao filo Chordata, subfilo
Vertebrata (exceto o homem) para fins de pesquisa cientifica (ou ensing) - encontra-se de acordo com o3 preceitos
da Lei n® 11.794, de & de outubro de 2008, do Decreto n® 6.899 de 15 de julho de 2009, & com as nomas editadas
pele Conselho Macional de Controle da Experimentacio Animal (COMCEA), e foi aprovado pela COMISSAD DE
ETICA NO USO DE ANIMAIS (CEUA) DA UNIVERSIDADE FEDERAL DE MINAS GERAIS, em reunifc de

03/03£2021.

Vigéneia da Autorizagio

03/03/2021 a 07/03/2026

Finalidade

Pesquiza

*Espécie/linhagem

Banco de amostras / A129

N® de animais

B

Pesaolldade 20g ! 3{semanas)
Sexo indiferente
Crigem Bicterio Microbiologia ICB

*Espécie/linhagem

Banco de amostras / A129

N® de animais

G

Pesaolldade 20g ! 3{semanas)
Sexo indiferente
Crigem Bioterio Microbiologia ICB

*Espécie/linhagem

Banco de amostras / A129

N® de animais

G

Pesaolldade 20g ! 3{semanas)
Sexo indiferente
Crigem Bioterio Microbiologia ICB

*Espécie/linhagem

Banco de amostras / A129

N® de animais

G

Pesalldade 20g / 3{semanas)
Sexo indiferente
Crigem Bioterio Microbiologia ICB

*Espécie/linhagem

Banco de amostras / C57TBL/G

N® de animais

G

Pesalldade 20g / 3{semanas)
Sexo indiferente
Origem Bioterio Central

*Espécie/linhagem

Banco de amostras [ CS7TBLS

N® de animais

G
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Pesolldade 20g ! 3{semanas)
Sexo indiferente
Crigem Bicterio Central

*Espécie/linhagem

Banco de amostras / CS7TBL/G

MN® de animais

G

Pesolldade 20g ! 3{semanas)
Sexo indiferente
Origem Bicterio Central

*Espécie/linhagem

Banco de amostras / CS7TBL/G

MN® de animais

G

Pesalldade 20g f 3{semanas)
Sexo indiferente
Crigem Bicterio Central

Dados dos animais agrupados (uso do biotério)

*Espécie/llinhagem

Banco de amostras / A129

N® de animais 12

Idade J(=emanas)

Sexo indiferente

Crigem Bicterio Microbiologia ICB
*Espécie/llinhagem Banco de amostras / A129
N® de animais 12

Idade J(=emanas)

Sexo indiferente

Origem Bicterio Microbiologia ICB

*Espécie/llinhagem

Banco de amostras / CS7TBL/G

MN® de animais

24

Idade J(=emanas)
Sexo indiferente
Crigem Bicterio Central

Consideracdes posteriores:

08032021

Aprovado na reunido ondine do dia 08/032021.

Validade: 08/03/2021 & 07/03/2026

Belo Horizonte, 11/04/2023.
Atenciozamente,

Sistema Solicite CEUA UFMG
hitpe:faplicativos. ufmg.brisolicite_ceual

Universidade Federal de Minas Gerais
Avenida Antdnio Carlos, 6627 — Campus Pampulha
Unidade Administrativa |l — 2° Andar, Sala 2005
31270-901 — Belo Horizonte, MG — Brasil
Telefone: (31) 34094516
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UNIVERSIDADE FEDERAL DE MINAS GERAIS

) . CEUA
COMISSAO DE ETICA NO USO DE ANIMAIS

CERTIFICADD

Certificamos gue o projeto intitulado 'IN‘JESTIGAC.&D DE VIRUS EM ANIMAIS SILVESTRES E DOMESTICOS EM
MINAS GERAIS", protocolo do CEUA: 98/2017 sob a responsabilidade de Betania Paiva Drumond que envolve a
producdo, manutengdo efou utilizagdo de animais pertencentes ao filo Chordata, subfilo Vertebrata (exceto o homem)
para fins de pesquisa cientifica (ou ensino) - encontra-se de acordo com oS preceitos da Lei n® 11.794, de & de
outubro de 2008, do Decreto n® 6.899 de 15 de julho de 2009, & com as nomas editadas pelo Conselho Macicnal de
Controle da Experimentacdo Animal (CONCEA), e foi aprovado pela COMISSAD DE ETICA NO USO DE ANIMAIS
(CEUL) DA UNIVERSIDADE FEDERAL DE MINAS GERAIS, em reunido de 26/09/2022.

Vigéncia da Autorizagdo

261062022 a 25062024

Finalidade

Pesquisa

*Espécie/linhagem

E=zpécie silvestre brasileira [ —-

MN® de animais

340

Pesolldade 234mg f 2(anos)
Sexo indiferente
Origem Animais recebidos no CETAS-IBAMA

Mdmero da Solicitagéio ou Autorizagdo SISBIO

1

Atividade(s)

Recebimento de aliguota de peca (amostra bicldgica)
coletadas na rotina (sangue, swab oral, swab anal) por
veterinarios do CETASIBAMA

Espécie/Grupos Taxondmicos

Primatas nao humanos, gambas e outros mamiferos e
rosdores

Local{is)

Belo Horizonte e cidades do entomo

*Espécie/linhagem

E=zpécie silvestre brasileira [ —-

MN® de animais

200

Pesolldade 2kg ! 2{anos)
Sexo indiferente
Crigem Animaig recebidos no CETAS-IBAMA

Mimero da Solicitagéio ou Autorizagdo SISBIO

1

Atividade(s)

Recebimento de aliguota de amostras (sangue, swab
oral e anal) coletados na rotina do CETAS-IBAMA

Espécie/Grupos Taxondmicos

Aves

Local{is)

Belo Horizonte e cidades do entomo

*Espécie/linhagem

Primata ndo-humano / —

MN® de animaiz

430

Pesolldade Skg ! 2{anos)
Sexo indiferente
Crigem Carcagas recebidas no Laboratorio de Zoonoses da da

Prefeitura de Belo Horizonte (LZO0ON-BH)

Mdmero da Solicitago ou Autorizagdo SISBIO

1
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Atividade(s)

Recebimento de carcaga ou pega (amostra bicldgica de
tecidos coletada de carcagas- fragmentes de visceras e
argaos, swab oral e anal) coletados na rotina do CCZ-BH

Espécie/Grupos Taxondmicos

Primatas nao hurmanos

Local{is)

Belo Horzonte e cidades do interior de Minas Gerais

*Espécie/linhagem

Camundongo heterogénico / Swiss

W® de animais 100

Pesolldade 33mg [ 4{meses)

Senn indiferente

Crigem Carcagas de animais usados no Laboratdrio de

Zoonoses da da Prefeitura de Belo Honzonte (LZ00OMN-
BH)

*Espécie/linhagem

Morcego / Nao definida

MN® de animais

300

Pesolldade 100g ! 12({meses)
Sexo indiferente
Crigem Carcagas de animais recebidas do CCZ-BH

Mimero da Solicitagio ou Autorizagdo SISBIO

1

Atividade(s)

Coleta de carcagas recebidas no CCZ

Espécie/Grupos Taxondmicos

Mamifero/morcego

Local{is)

Grande Belo Horizonte

Dados dos animais agrupados (uso do biotério)

*Espécie/linhagem

Morcego / Nao definida

MN® de animais 300

Idade 12{meses)

Senn indiferente

Crigem Carcagas de animais recebidas do CCZ-BH

Mimero da Solicitagio ou Autorizagdo SISBIO

1

Atividade(s)

Coleta de carcagas recebidas no CCZ

Espécie/Grupos Taxondmicos

Mamifera/morcego

Local{is)

Grande Belo Horizonte

*Ezpécie/linhagem

Camundongo heterogénico / Swiss

M® de animais 100

Idade 4{meses)

Senn indiferente

Crigem Carcagas de animais usados no Laboratdrio de

Zoonoses da da Prefeitura de Belo Horizonte (LZ00N-
BH)

*Espécie/linhagem

Espécie silvestre brasileira / —-

N® de animais 200

Idade 2{anos)

Sexo indiferente

Crigem Animais recebidos no CETAS-IBAMA

Mimero da Solicitagdo ou Autorizagdo SISBIO

1

Atividade(s)

Recebimento de aliguota de amostras (sangue, swab
oral e anal) coletades na rotina do CETAS-IBAMA

Espécie/Grupos Taxondmicos

Aves
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Wild-type Yellow fever virus in
cerebrospinal fluid from fatal
cases in Brazil, 2018
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Yelow fever wirus (YFV] is the causative agent of yellow fever [YF), a
hemarrhagic and viscerotropic acute disease. Severe YF has been described
in approximately 15-25% of YF patients, with 20-50% of severe YF cases being
fatal. Here we analyzed cerebrospinal fluid (CSF) sarmples collected during the
YF outbreak in Brazil in 2018, aiming to investigate CNS neuroinvasion in fatal
YRV cases. YPV ANA was screened by RT-gPCR tamgeting the 3'UTR region of
the YFV genorme in CSF. C5F samples were tested for the presence of anti-YRY
IgM and neutralizing antibodies, coupled with routine labaratory examinations,
Among the 13 patients studied, we detected anti-YFY IgM in CSF from eight
patients and YFV RMNA in C5F from five patients. YFY RNA genomic koad in CSF
samples ranged from L75x107 to 5.42x10° RNA copies/mL We genatyped YRV
fram three CSF samples that grouped with other YFV samples from the 2018
outbreak in Brazil within the South- American | genotype. Even though
descriptions of neurologic manifestations due to wild type YRV (WT-YFV)
infection are rare, since the last YF outbreak in Brazil in 2017 -2018, a few
studies have demonstrated WT-YFV RNA in CSF sarmples from YF fatal cases.
Serological tests indicated the presence of IgM and neutralizing antibodies
against YRV in CSF samples from two patients. Although the presence of viral
RMA, IgM and neutralizing antibodies in C5F samples could indicate
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neurainvasiveness, further studies are needed to better elucidate the role of
YRV neuminvasion and possible impacts in disease pathogenesis.

BETRORDE

Yellow fever virus, yellow fever, cerebrosping fluld, wild-type Yellow fever wirus,
neurotrop lc, central nervous system

Introduction

Yellow fever virus (YFV) causes approximately 3040
deaths out of 200,00 infections annually in tropical Africa
and South America (1, 2). Severe YF has been described in
approcimately 15-25% of vellow fever (YF) patients, with 20-
50% of severe YF cases being fatal (1, 3). YF i a viscerotropic
hemorrhagic disease in humans, cansing a variety of signs and
symiptoms including fever, headache, vomiting, jaundice, chills,
nanses, abdominal pain, myalgia, arthralgia, rash, diarrhea, and
bleeding, among others (1, 4). In patients with severe dinical
manifestations, high levels of aspartate (AST) and alanine
aminotransferases (ALT), thrombocytopenia, and a
multifactorial bleeding disorder caused by reduced synthesis of
clotting factors are usually observed. Acute liver disorders are
considered one of the main factors causing brain pathology.
Indeed, cytokine storm developed during the YF viscerotropic
disease could contribute to cent ral nervous system inflammation
and YFV neuroinvasion (5).

Thecurrenthy atienuated vaccine strains derived from thelineage
17D were originated from wild-type virus strain Asibi (£). This
vaccine can canse adverse events such as YF wacdne-asociated
viscerotrople disease (YEL-AVD), which resembles the disease
caused by WT-YFV, and YF vaccine-assoclated neurotropic
disease (YEL-AMND) with infection of the central nervous systemn
(NS YEL-AND includes at least ane of the llowing signs and
symptoms: fever higher than 38° C, headache, focal neurological
symptom (induding atoda, aphasia, and paress), meningea signs,
altered mental status, seizure and cerebrospinal fluid (CSF)
pleocytosis (7). Both YEL-AVD and YEL-AND are rare but often
fatal (5. It is beliewed that these severe adverse events are influenced
mainly by host factors, induding the immune response. In contrast,
wild-type YF (WT-YYF) infection in brain tisase, causing viral
encephalitis, is rarely described (£).

Despite the viscerstropleaspectof YFV infection, sincethe kst YF
outhreak in Bl in 2016-2019, few sndies have detected WT-YFV
genormic RMA in C5F from fatal cases (3,9, 10). ONS involverment has
heen associated with other flavivins infections such as Japanese
encephalitis virs, West Nile virus, Fka viras (ZIEV), and dengpe
wvirus (DENV) (9 11-16). The dinicopathological presentations of
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flavivirus (45 infection range from mild meningitis to fil minant
meningoencephalomvelitis {16). These vinses wsually reach the
CHS through Blood and brain-blood barrer (BBE) disruption [ 16,
17) due to increasede ndothelial cell permeab lity induced by vieal
replication or neuroinflammation (18). More recently, a new
extension of the CHNS was found, described as a network of
lymiphatic vessels within the dura mater that runs alongside
blood vessels. This network provides an altermate cond uit for the
drainage ofimmune cellsand CSF from the brain (19), and could
also be involved during CHS invasion. This data suggests that
B BB permeability and CH5 lymph drainage in the setting of an
exaggerated proinflammatory cytokine response may lead to the
shock phase of yellow fever (1) The goal of this study was to
further investigate CNS neuroinvasion in fatal ¥ FV cases during
the YF outbreak in Brazil in 2018,

Methodology
Biological samples and ethics

All patients were admitted at Eduardo de Menezes Hospital
(HEM), Belo Horizonte, Brazil, a reference hospital for
infectious diseases in Minas Gerais state, during the 2018 YF
outbreak. Diagnosis of YF was confirmed through positive YEV
RT-gP(R, YFV ksolation from serum sample, or detection of
anti-YFV Igh in serum, followed by negative anti-DENY and
anti-ZIKY Igh tests Diagnostic tests were run at Reference
Laboratory in Minas Gerais (Ezequiel Dias Foundation),
following routine tests at this institution. Test results wene
referred to us Of the 53 fatal cases admitted at HEM during
the 2018 YF outbreak, 13 underwent postmortem CSF
collection. CS5F was collected at the Eduardo de Menezes
Hespital and kept in liquid nitrogen untll adequate transport
tothe Laboratory of Viewses/UFMG/ Brazil and soredat -70°C
Ethics Committee on Human Research approved the
research at René Rachou Institute/FIOCRUZ on CAAE
6581441700000, 5001 and CAAE: 430008157 000605001 and
at Stanford University School of Medicine, under the
ePmtocol number 53676,
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YFV investigation

Taotal RMNA extraction was done using 140 pL of CSF sample
and QLAmp Viel RNA Mini kit (Qiagen, Gemnany), following
the manufacturer’s instrctions. Total RNA (5 pl) was used in
RT-gPCR targeting the 3'UTR megion of the YFV genome (20).
Positive samples wene then used for quantitative PCR, using Bio
Gene Research Yellow Fever PCR kit, following manufacturer’s
ingructions (Bioclin, Brazil).

YFV genotyping

YFV RMNA isolated from CSF samples were subjected to
genotyping, a5 previoudy described (21). Briefly, part of NS5
gene was amplified (260 bp) (22) and sequenced (23). The
sequences generated here were then aligned with a sequence
panel previously used (21}, using Clustal W, implemented on
MegaT (24). The Maximum-likelihood tree was generated using
Kimura-2-parameters nudeotide substitution model with
gamma distribution, and 1,000 bootstraps replicates, using
MEGAT [24).

Serological analysis

An ant-YFV IgM immunochromsatographic test was run
(ECO Diagndstica, Brazil) on C5F samples. YFY BNA positive
CSF samples that were also Igh anti-YFV reactive were used in
plaque reduction neutralization test (PRNT), as previously
described (25). Briefly, CSF samples were two-fold diluted
from 1:20 to 1:1280. Dilutions of CSF were incubated with 150
plaque-forming units (PFUs) of YFV vaccine strain YFV-17DD.
The mix of C5F and vaccine YEV-17DD were then used for Ve
cells’ infection. After five days post-infection, cells were fixed,
stained wsing crystal violet, and viral plagques were counted
Samples were considered positive when presented with a
reduction of 50% of total counted plagques compared to virus
control. Samples were tested in duplicate in PRNT.

TABLE 1 |Labsowratory results of patients with detection of YPY RNAn C5F.
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Laboratory exams

As part of the Intensive Care Unit (ICU) routine of HEM, a
complete hemogram was run, including counting of
hemoglobin, hematocrit, platelets, neutrophils, leukocytes,
lymphocytes, eosinophils Routine tests also included blood
urea, albumin, AST, ALT, gamma-ghitamyl transferase (GGT),
alkaline phosphatase (ALF), lactate, total (Thil) and direct
bilimibin (Dbil), creatinine (Cr), and International normalized
ratio (INRL Values for each exam were following the Laboratory
Test Ranges (26]

Statistical analysis

Considering the small number of patients in this study, we
performed the nonparmmetric Mann-Whitney U test comparing
laboratory variables regarding patients with and without YFW
RNA detection in CSF. Analyzed variables were selected
acconding to previous studies that have been shown predictive
factors for severe YF disease (3), and hepatic injury markers,
induding neutrophil count, ALT, AST, INE, indirect bilirubin,
and creatinine on day of admission. Significative difference was
considered when p < 0L05

Results

During the YF outhbreak in Brazil in 2008, CSF samples wene
collected postrortem from 13 patients at HEM. Our results
showed that, among those, five patients were RT-gPCR postive
for YFV RMA in CSF. We estimated the YFV ENA genomic load
in CSF samples from four patients, and values ranged from 1.75
x W0 to 542 x 107 BNA coplesfm (Table 1) Positive CSF
samples were collected on the day of death, corresponding to 4 to
25 days post-symptoms (DPS) (Table 1).

The five YEV positive CSF samples were from male patients,
ranging from 24 to 62 years of age (Table ). At hospital
admission, the most common dinical findings included fever,

i1 P #l P&l P P4 P #5
AGE 4 =4 &2 45 41

[¥PE - CHF sample L] I5 4 -] L]

YEW HI-gPCH (C5F) positive praitive petive positive: poitive
Genomnic wiral boad 3 ESENE nf 17SErB 44TE4 D3 SAZEWD3
IgM (CSF) Rsictiee MR MR Reactive MR
PRM T 05} 140 ki nf L5400 e

P Paient, TVPS, dupa o spmplar; C5F, condbapiarml faid YFV, YVelow lever v NR son- s, afa, sl avalable PRNT, plages rodecion seatralion ed.
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Cgd 2z | YRR { jaundice [5/5 patients), followed by headache, vomiting (45
C - N patients); confusion, oliguria, myalgia (3/5 patients); asthenia,
. E bleeding {2/5 patients}; selzure, abdominal pain, diarrhea,
- E'g ge | 25 I8R5 dehydration, and palpable liver {1/5 patients) (Table 2). One

g patient died on the day of hospitalization (P #3) and four
=5i§;|3$¥b‘!3 e rmﬂndhﬁpmdm4|1meDP5{TahkJ]..untiJ
m Z| = = |= the day of death. Patients P #1, P 2, and P #5 had CN5 signs at

& presentation (altered mental status). Patients #3 and #4 arrived
gzi#; | § 28 o= } at HEM already intubated, with a repart of sebure and altered
aMEEE = mental status

- Among the 13 C3F samples, 12 were tested using an Ighl
: Ei EE s2592 E ant-YFY immunochromatographic test, and eight were Igh

g E positive (Table 2). We could not run this test using CSF sample

<z from P #13, due to insufficient quantity. Samples that had YFV

w:ﬂii;' 2553 & g RMA detected in CSF and were Ighl reactive (P 21, P22, P #4),

A g Z==dd= 1% were usedin a PRNT assay. CSF samples from patients P21 and

% P #4 presented neutralizing antibodies against YF 170D strain

- ":'E 1 (P #1: up to sera dilution 140 and P #4: up to sera dilution
nﬂHEE LN SU 1:640) (Table 1).

i Regardless the fact that nene of the patients had been

[ 3 vaccimated against YF up to 30 days before symptoms onset,

I AEEEREEREE we performed YFV genotyping using CSF from three patients

2 z 'E that presented YEV RMA (P 21, P 23, and P 25). The other two

4 - patients were negative after the genotyping RT-gPCE. All YFV
:;ig; EE]EE% b4 RMNA sequences detected in CSF were assigned to the South-

i American I genotype duster, together with other YFV samples

B 7 from the 2018 outbreak in Brazll (Figure 1)
z :;I'g 5% EEFHT Severe yellow fever cases could be assoclated with
b4 | encephalopathy and altered liver injury markers, which can

4_5 lead to an increase in the BEB permeability, facilitating the
:ﬁi%%| $E22HE- |E virus from crossing this barrier and being found in the central

g = nervous system (16, 17). Considering previously described risk
”"'ﬁi? B EB 5 factors for severe YF (2) (older age, male sex, higher neutrophil
awzdZ[ = =2 22 i counts higher levels of AST, indirect bilirubin, creatinine,

= 1 prolonged prothrombin time, and YFV BNA viral load in
- .i‘,! plasma) and hepatic injury markers, we pedformed statistical
;zigg 22 g 88 |gy analysis comparing data from the five patients with positive CSF

a -g and the other eight patients with no detection of YFV RMA in

=1 CSF. Mone of the analyzed variables presented a statistically

1 i significant difference. However, all 13 patients presented with at

o i least twao risk factors for severe disease (Table 1),

=
- -

~ B L Discussion

=] g 4 g

j i ; = } This study demanstrates the presence of wild type YEV BNA
e = 1 3 in CSF from five naturally infected YF patients during the 2018

3 ﬁ 3 g YF outhreak in Brazil We were also able to detect antibodies

E E against YFV in CSF in three of those five patients. These results

g 5 5 g g suggest that YFV can be peurcinvasive in severe disease, but

- é -E g -E g -E ,E-'! more studies are needed to confirm the role of YFV in

E g g g e neurginvasion given our small sample size. Although YFV

[ E 4 i 4 i A |32 genomic RMA has also been detected in CSF of naturally
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Maimum Livefivood tee of Yellow fever ving. The mamum dade oredibiiity tree nfered using Yellow fever vinus [YFV) sequences {187 nt) is
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infected patients by other studies (3, 9 10), encephalitis caused
by YFV neuminvasion is rarely described (1, # and more studies
are needed to better understand this phenomenon in humans
While neurclogical disease can also occur as an adverse event
following YF vacdnation, neurclogic manifestations due to WT-
YFV infection are rare, and eady studies described delirium,
seizures (1, & 27), and coma as one of the events preceding death
due to YF infection (1), It is known that these manifestations are
more assoclated with cerebral edema and metabolic factors
assofated with severe disease than with the action of the virus
itself in the CME (B

According to protocols of patient management
recomnmended by the Ministry of Health in Brazil all 13
patients amalyzed in this study were dassified as YF severe
cases (group C) and hospitalized in an imtensive care unit
{ICU) (7). This dasification indudes the presence of signs
and symptoms as oliguria, somnolence, lethargy, mental
confusion, coma, seizure, bleeding, d.lﬁculq.r to breathing,
hypotension, poor perfusion or AST ar ALT = 2,000 ULL, (R
=2, INR = 1,5, and platelets < 50,000 cells/mL (7). In additicon,
Kallas and colleagues (2019) described older age (> 45 years old),
male sex, higher peutrophil counts (> 4,000 cells'ml), higher
levels of AST (= 3,500 UI'L), indirect bilirubin (= 064 mg/dL),
creatinine (=236 ULL), prolonged prothrombin time (=1.46),
and YFV BNA viral load in plasma (= 5.1 log copies'ml.) as risk
factors for fatal cases (3).

Analyzing our patients on the day of their death, they
presented with indirect bilirubin, INR, and creatinine above

Frenvtissre in Wirsleon

the cut-off found by Eallas etal (2], and all were considered
comatose on the day of death. Four patients showed AST and
neutrophil counts higher than cut-of values described as nsk
factors for fatal disease (3). Inaddition, two patients studied here
presented with serum YFY genomic BENA load higher than the
established threshold for fatal YF (3). All patients presented with
three or maore signs and symptoms described by the Ministry of
Health (7] as an important factor for severe YF dinical dlness
(Table 2}, and at least two several markes for poor prognosis,
described by Kallas etal. (3) (3 7) that could be lad to
neurologic manifestations (£). However, we did not find any
risk factor that could be associated with detection of YFV RNA
in CSF.

Together, our findings suggest severe cellular damage by
YFV in the five patients with YFV RMA in CSF. The
combination of liver, kidney, and bone marrow damage
indicates the imvolwement of multiple organs, resulting in a
systemic damage. In most cases, this damage might be
irreversible due to systemic impairment and the
interdependence of organ systems in thelr functioning. Liver
failure probably contributes to encephalitis (28], and the already
fragile BEB allowed virus crossing to CNS likely mediated by
cytokine storm produced during viscerotropic YF infection. It
Thas been described for other flaviviruses, that this cytokine stom
can alter the permeability of the endothelium through the
disturbance of the tight junctions of BBB (reviewed by 10).
Bearing in mind that WT- YFV must have a relative
neuwrovirdence in humans, the virus probably reached the

froundiorsn mirn
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CHMS due to the severe dinical llness of the studied patients
during YF infection. The virus could have reached the CHS asa
free particle or inside an infected cell (Trojan-horse entry
mechanism) (30). Possibly as a comsequence of immune
response against YFV, infected celk could have crossed the
BBE carrying viruses' partides and immunoglobins to the CHS
(reviewed by 30). Ancther pathway that might have allowed
neursinvasion by YFV could be the recently described netwaork
of lymphatic vessels within the dura mater that runs alongside
blood vessels and is responsible for fluid flow and hrmphatic
drainage from the central mervous system (19].

While the presence of Igh in CSF without direct detection of
virus could indicate neurcinvasiveness, it is important to note
that this phenomenon might be a consequence of a passive
crvssing through the BEB and does not necessarily implicate the
presnce of YFV partide or active vires meplication in CNS
Howewer, the recent YF outbreak in Brazil was cansed by a new
viral lineage with unigue mutations and amino acid
substitutions (2, 4) and the possible impacts of these
alterations in viral biclogy and pathegenesis still need to be
addressed Mevertheless, it is plausible to consider that the
presence of YFW RMNA, and possibly wiral partides in CNS
could have harmed the outcome of these patients.

Conclusion

In this study YFV genomic BNA, IgM, and neutralizing
antibodies were detected in CSF in fatal YF cases at HEM with
presenting signs and symptoms of severe viscerotropic YF
disease. Severe dinical illness may facilitate the virus invasion
in CME. Further studies are needed to better elucidate the role of
CMS involverment in YF disease.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
accession number(s) ¢an be found in the article/
Supplementary Material.

Ethics statement

The studies imvolving human participants were reviewed and
approved by This study was approved by the institutional review
boards at René Rachou Institute/FIOCRUZ on CAAE
GERL441 700000, 5091 and CAAE: 430008157 0000 5001 and
at Stanford Univesity School of Medicine, under the number
eProtocol 53676, The patients/participants provided their
written informed consent to participate in this study.

87

10 ZTE0 Mwire 2022 936191

Author contributions

IR performn ed scien tifi c experine nts, resultsanalysis, firstdmft
tablesandfigures conceptual ation. IR and BD wio e thefistdraft
IR, TC, GO, MA and APG performed the scientific experiments.
AC IR, LM, IF and [P assisted with medical record anabysis and
medical discussion. LP and DR provided resources. IR, LP, and BD
designed the study. DR and BD conceptualized the study. PA
provided the sequencing facility, PA, EE, CC-5 OM-F, AT-C, AL
and BD provided funding, and coordinated the project. All authors
contributed to manuscript editing, and revision, and approved the
submitted version. All authors contributed to the articde and
approved the submitted version

Funding

This work was supported by different agencies. BD was
supported by Fundagho de Amparo i Pesquisa do Estado de
Minas Germis (FAPEMIG), under Grant APCQ-01574-17 PA,
BD, AT-C, OM-F wene supported by Secretaria de Estado de
Saiide de Minas Germis (SES-MG)/Secretaria de Estado de
Planejamento de Minas Gerals (SEPLAG-MG )/ Instituto René
Riac how/Fundagio Oswaldo Cruz (TRE/FIOCRUZ) under grant
vellow fever. IR, PA, BD, AT-C, OM-F, AL were supported by
CHPg/NIH, under Grant 404192-2019-0R01L All49614. CC-S
was supported by Fundagdo Oswaldo Cre (Fiocruz), under
grant VPPIS-(4- FIO-18-32. PA was supported by FAPEMIG
under grant APCH01989- 18, IR were sup ported by Coordenagio
de Aperfelppamento de Pessoal de Nivel Superior (CAPESY
Brazil graduate scholaship grant (0001) TC, and GO were
supported by CHNPq FAPEMIG, and CAPES undergraduate
scholarship grants. BD, AT-C, OM-F are CNPg Research
Fellows., The funders had no role in study design, data
collection and analyss, decision to publish, or prepamtion of
the manuscript.

Conflict of interests

The authors declare that the research was condocted in the
absence of any commencial or financial relationships that could
be construed a5 a potential conflict of interest.

Publisher’'s note

All daims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
chim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.



Rezende ot al.

References

1. Monath TP. Yellow fewer: an opdate Lowcer jfier [ (2000} 121-200
dak 10 1006514733090 1 DO01&0

Z faccheo |, [rramond BP, Han BA, Nogosia ML Vasihki N, He-
emegance of wlow faver in the nectmpics — goo wmdi? Esery Tap Life S
{2020 4411-22 dok 10004NETLS0001 5

3. Kallas HG, DFEMa Zandla L G. F. A B, Mordra CHY, Boccherd R, Diniz
GBE Castifisiras ACE, sal Predictors of manality in patents with pllow fewe an
obwermtional cohont stady Lesces fagfer Dis (2009) 197508 dok 10101678473
I095(19)30 152

4 Sva NI, Sacchenn |, de Hemends M, Trindade GIE, Labeand ALL De
Thaoisy B, o al Recent syphatc pellow fever vinos ransm s on in Brazl The news
from an old disase Vired [ (2@00) 17:1- 2 dok 10118551 78501213777

5. Hadjihambi A, Arias N, Sheildh M, |alan B Hepatic encephalopath e a aritial
coarrent review. Hepatol faf (3002} 1223547 dok 1001007/ 207201 7-5812-3

& Heck A%, Harrett AL Corrent stabos and fotore prospads of pellow fewer
vaccines. Expert Rev Vaccmes (2015) 141479-9L dok 10_158&(
1476054 100 5 1063430

7. MEBH Manual de sianejo clinies da febre amarels. bt ad (2000), Brasilia

& McEntire (RS Song K-W, Mclnnis RP, Bhee | Y, Young M, Williams E stal
Nearokogic manifesatons of the warkd health organization’s list of pandemic and
epidemic dissaes Frowt Newral {3021} 12662827 dak 103385 near 102 1 84237

5. Marinhs PES, Alvarsng PPM, Crispim APC, Candiant TMS, Aharanga A M,
Hechler v, of al 'Wild-type yellow fewer winos ma. in cendbrospinal floid of child
Emerg Imfeer [N (2019) 254567-70 dok 103200 = id25e 121479

10 Ribeine AF, Cavmlin RE. Sobsiman | MAH, Da Costa | A, De Y asonn aflos ML
Mulague CMEA, o al Yellow fever: Fadtors amociated with deash in a hespital of
rederence in infactions disesses, sbn panln, Buzd 2005 Am [ Trap Mad Hyy (D15)
1000805 dok W42 ajtmih. 13- (BET

11 {arod-Arml F|, Widmann O, Farmar |, Gasoin | Neanobogical
complicatons of dengoe wine infecton Lascer Rewrsl (20013) 12506-1%.
dok 110§ 51474442 13F0150.9

12 Sothar M2, Diamond M2, Gale West Nile Vinos indection and im o ity
Kat Rev iicrobiol (1013 11:115- 28 dok 101035 irm ioads50

13. Oliveira DB, Marhado G, d= Almsida GME, Ferrsira FCF, Bon jardim O,
deTrindade (5, ot al Infection of ghe central nerwos spstem with dengoe vnos 3
@enotype | camsingg nearological manidesatons in Brazml Rev Sac Bres Med Trop
{2018 #:125-3 dok 1005500037 8682 . MOE- 015

14. Petersen LR, Jamisson [ Powers AM, Honein MA. Pika virs N Esg [
Med (2006) 3744552-63 dob 100056NE Mral@z113

15, LidH, Ning 2-], Lin ¥-M, L X-H. Neurobogical man festations of dengoe
infection. Frowr Call fafer Micrabisl (2007} 7-448. doi: 1033250 imb 2017 00445

16 Maximova OA, Pleney AG Flawivinoses and the central newons system:
Revisiting nearopathological concepts. Assu Rev Vieal (20015} 525571
dak 101146 a rmare v virology- 09291 7- 03439

17. Papa MP, Magren LM, Codho S¥A, de Olneira Locas O, Muostafd YM,
Matissoli FL, o al Zika wires infeds, acmmies, and orossss Brain micromsoalar
endothelial cells, withoot barrier disroption. Fresf Micrebisl {30017 22557
dak 1033289 fmid 20 70255

Frantiers in Virclogy

88

10 3389/ feiro 202 2 936191

15 Daniels B, Klein B Viral sensing at ghe blood brain barrier: New rols far
innate immanity @ the CNS vascokare. (lin Paormass] Ther (2015) 97-372-5.
dok 10000t TS

19 Absinta M, Ha £- K, Mair & Sari P, Lockans N Palisac M, 2 gl Haman and
nonbmman primate meningss hatbor pmphatic vessds that can be visoalized
naninwshely by MEL Elif (D17) 6229738, doi- 107554/ e il2 79738

0. Dhornin g O, Paged P, Yillah | Weldmann M, Mendez | A, Makouane ER, e al
Advancedpellowfeer P detectionin Care facllitkes and e derence
labsovminries [ Clin Mioradiol (0D} S04 doi 100 1287 )CML00 79912

21. Rezende |M, Alves PA, Arnoda M, Gongabves AP, Oliveina GRG, Pensina L5,
etal Yellow fever vines genotyping ool and investigaton of adwme
ewents following palow fewr modnation. Vaceines (2019 7:1-100 dak 1033900
wacoin e TOE0s

22 Pare P, Landt O, Kabeer M, Faye O, Koppe T, Lass U, of al Dewelopment of
one-SEp quant@fe rewrse marscription PCR for the napid detaction of
flavivinoess Vied [{2003) 10528 dok 1001 BB6 743420 1058

23, fanger F, Nidden 5 DNA Sequencing with chain-ferminating inh ibiors.
Proc Narl Acad Sei USA {1577) 7454637 dok 10.0073p nas T4 12 548

24 Kamar %, Stecher G, Tamarna K. MEGAT: Molscolar svolationary genetics
analysis version 70 for bigger dimsets Mol Blsl Evel (20016) 334 5704
duok: 100053 im oy fmamlis4

5. Wieten RW, |onker EFF, Pieren K], H odiamont & | van Thid FFAM, van
Gorp BCM, etal Compartson of the FRNT and an imman e fho o soence: aseay in
yellow fever vaooiness receiving immunoeap presine mediaton. Vaeine (D15}
3124751, dok 10.1006/ morine 201 6 0L03T

36 ABIM. [aboratory e referesice ranger (200} Avallable a hrpe (e
albvim_ongf~/med iaf A BUW3 20 Pablic F ilesf pdf S evam laboratory - reference-ran ges.
pdf {Accessed anmary 13, 20200

27. Steverson LD, Pathologic changs: in the nervoms spdem in pellow fever.
Arch Pathol (195) 17-H5-66.

25 Monath TP, Barrett ADT. Pathogenesis and pathophysiclogy of yellow
fever_ (1B} &0:35I7. dol= 10101650065 352003 60005 &

15 Pocdoni-Sohler M, Rosades . Adwvances and new imsights in the
nesropathogenests of dengue infection. Asg Mewrogriguiarr {2015) 732558-T03.
dak 1005500004 282 {30 150074

30 Meal [W. Flavivineses ar neanotropi c, Bat how do ghey invade the CNEF [
Toffeet (014) $2203-15 dok 1000164 jinf 201 405010

COFTISOHT

& 200 2 Rerendes Cenpchi, Costa, OFeera, Rabedo, Mane s, Pamd
Pemresion, Arrucla, Goneabees, Alves, Kroon, Calbrorvam - Sia, Ramalho,
Martrs -Fillho, Temesra-Canvatho, LaBesud and Dromand, This: s an open-
acioex arbide detriuted under the nms of the Cmatvs Commans
Attribution License {00 BY). The use, distriibution or reproduction in
other forums & penmitted, provided the onginal authons) and the
copyright ownesds) are credited and that the oniginal pulbicatson in this
Journal s cied, n accordance with acoepted academic practce Mo
use, distribution or mpeoduction s penmitied which does not comply
with these terms.

frontiersin.ong



AN e Journal of
I Smeeaer Clinical Microbiology®

89

VIROLOGY

L)

G for
| o

Yellow Fever Molecular Diagnosis Using Urine Specimens
during Acute and Convalescent Phases of the Disease
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ABSTRACT Prior studies have demonstrated prolonged presence of yellow fever virus
(YFV} RNA in sadiva and urine as an altemative to serum. To investigate the presance
of YFV RNA in urine, we used RT-PCR for YPY screening in 60 urine samples collected
from a large cohort of naturally infected yellow fever (YF) patients during acute and
convalescent phases of YF infection from recent YF outbreaks in Brazil (2017 to 2018).
Fifteen urine samples from acute phase infection (up to 15 days postsymptom onset)
and four urine samples from comalescent phase infection jup to 69 days post-symptom
onset), were YFV PCR-positive. We genotyped YFV detected in seven urine samples (five
aollected during the acute phase and two collected during the YF cmmvalescent phase).
Genotyping indicated the presnce of YFV South American | genotype in these samples.
To our knowledge, this is the firgt report of wild-type YFW RNA detection in the urine this
far out from symptom onset jup to 69 DPS) including YFY RMA detection during the con-
vaexent phase of YF infection. The detection of YFY RNA in urine is an indicative of YFV
infection; however, the results of RT-PCR using urine as sample should be interpreted
with care, since a negative result does not exclude the possibility of YFV infection. With
a possible prolonged period of detection beyond the viremic phass, the us of urine sam-
ples coupled with srological tests, epidemiologic inguiny, and dinical asessment could pro-
vide a longer diagnostic window for laboratory YF diagnaosis.

KEYWORDS vyellow fevervirus, vellow fever, virus surveillance, diagnosis, urine

fter decades of causing small outbreaks in remote areas of the globe, vellow fever virus

[PV} caused large outbraaks of yellow fever (YF) in African and South American countries
from 2016 to 2019, In 2016, YFV spread through Angola and the Democoatic Republic of
Congo, resulting in 884 confirmed cases and 381 deaths (1). These cases were also im ported
to other countries, such as China (2). Later in 2016, the virus reemerged in Southem Brazil
and @used 2,166 corfirmed cases and 752 deaths from 2016 to 2019 (3-5).

The clinical course of YF is classically divided into three stages: (i} infection, char-
acterized by viremia and occumrence of flulike symptoms; (i} remission, when sero-
conversion is observed while fever and symptoms disappear; and (i} intoxication,
which is considered the severe form of ¥F, when symptoms reappear and patients
exparience hemomhagic fever, multiorgan dysfunction, jaundice, oliguria, and anu-
ria, among other symptoms (4, 6, 7). After these three stages, there is a convalescent
phase of disease, which is characterized by prolonged weakness and fatigue lasting
several weeks (7-11)L
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Detection of Yelbw Fever Vins A KA in Liine Samples

According to the World Health Organization (WHOL a YF suspected case is defined as any
individual who presents with an acute febrile illnes and jaundice development within 14 days
after symptom onset. A YF probable cseis defined by a suspected individual testing positive
for ¥F lgM antibodies in the absence of YF waccination or an epidemiclogical link with a YF
confirmed cse or outbreak (12, In both cses, laboratory testing must be performed to con-
firm YF diagnosis. YF laboratory testing is paformed through molecular, virdlogic or serologi-
@l methods using mainly serum collected in different phases of the infection, with preference
for serum from the acite phase of infection (13). Serological tests targeting detection of anti-
¥FV lgM antibodies are recommended after serocorversion, often utilizing samples collected
from the sixth day after the onset of symptoms omward. However, the detection of antibodies
against YRV poses multiple challenges as ssrologic tests do not necessarily indicate an active
¥V infection, aos-readivity with other flavivinuses can ocour, and routine srological tests for
detection of lgM or lgG do not discriminate between immunalogic responses ceated by natu-
ral infection or by the ¥F vacdne. The gold standard for laboratory diagnosis is reatime
reverse transcriptase PCR [RT-qPCR) wsing whole blood or serum collected from days one to
10 post-symptom onset (DPS) (13}, However, according to the WHO, there is a limited window
of 10 DPS of YFV RNA detection in serum, and the use of akemative biological mmples like
urine may provide a useful approach for molecular diagnosis

Prior studies have demonstrated prolonged presence of RMA in urine or saliva from other
flavivinuses such & Fka vines [ZIKV] and dengue virus (DENV) (14, 15). Regarding the YR/,
previous studies had demonstrated the presence of YPY RNA in urine samples when viral
RMA is no longer detected in sera (16-18) One study demonstrated the presence of YFV
RMA in urine up to 32 DPS in patients who recovered after YF disease and urine samples in
some cases contained higher viral loads compared to blood samples collected on the same
day (16} In another study, YRS RMA was detected in urine and semen smples from a natu-
rally irfected YF patient up to 21 DPS, when the serum was already RT-qPCR negative (18]

We evaluated the applicability of urine as a sample for ¥YFV labomtory malecular
detection by testing a range of samples collected from a large cohort of YF infected
patients at acute and convalescent phases of YF infection during recent YF outbreaks
in Brazil, from 2017 to 2018.

MATERIALS AND METHODS

Biclegical samples and ethics A total of 430 paBent were stended a1 Dduards de Menezs Hosplal
{HEM), Bedo Hewimnte, Bearil & refenends hospital for infedious disesses in Mings Gesis stae, dufng the 2017
to 2018 YF outhresk. Routine YF laborsiory disgnodis tests (POR or ELISA) were pedonmed st Redesnce
Latmeatesy in Minas Gersis [Ereguisl Diss Foundaton—FUMED. The ¥F laboratory disgnois was confirmad
through podthe YFY POR or detetion of antiyFV kg, folvweed by negabve anti-DENG and ans-ZIKV M
tests Of the 302 patients with confirmied YF, 50 patients provided condent and ufine samples for the ourm it
stucky. Udine sampies. from the 60 pabents enralled in this study wem obtsined in difersnt DPS (Tabbe 1) and
analyzed One uine sample per patient was anabzed, snd whenever svalable, serum samples were sho ana-
tyzed (Tabie 1). Toventy-seven wrine samples wes callscid during the YF scute phase fup to 15 DPS), and 33
wrine samples were oltaned during e mnakecent phase fram 19 & 04 DPS) Tatde 11 Usine and serm sam-
i e alected 81 the hoaphsl and ke i fguid nbmepen onEl alegusts trnspon 1o Vins Labeenong iR
ILIFMAG, wihess the sampes weess maintsined in an utefmerer st — NFC untl we Out of 60 patients enmlisd in
Bre sk 58 pabent had no record of YT vacdnalion, while Tee pabent had been wcdnatd againt YT
10 dixys before symptom onset This shudy weas appeowed by e Efhics Comimiites for stucies with human sub-
jects on Human Researdh & Rend Rachou hatlueFOCRUIZ-MG on CAAE G5814417.00000509 and CAAE
A3000815 700005091,

YFVRMNA screening. A total of 140 gl of esch wrine sam ple was wsed for total BNA extraction, wsing
the QlAmp Viral RNA minikdt {Qisgen], following the manufsctuners instructiond. Total BNA (5 ul) was
used in an RT-gPOR targeting part of the YFY SUTR region of the YV genome {19), for YV RNA screen
ing. Positive ssmples were fan used for YFV genotyping, &5 desaibed balow, Whaenevar possible, YRV
RMA was abo somened in senm from patients who had YPV RNA detected in udine

YEV genot yping. Urine samples presenting YFV RNA were genotyped (20). For this, § ul of totsl
A obtined from & positie ufine samphe was submited o a8 dffensnt RT-gPOR, wing primens Laspeting the
MES region (211 and amploons were used ko nudsotide sequencing (22 The sequences genaried were
then aligned with & sequence paned peviswsly wsed (0], wsing Chstsl W, implemented on MagaT (221 The
Madmurdikeditead tee was genersted using Kinursl-paametes oot substiution model with
gam ma diwibution and 1,000 booteraps rapliestes, wsing MEGAT (23).

Data availability. Sequence data genersted in this study were deposited in GenBank under scces-
sSan numbers OMG92343 1o OMGI2349.
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TABLE 1 Urine and serum samples collected during the acute and corvalescent phases of yellow fever infection tested for the presence of
yellow fever virus RMA, wsing RT-qPCRY

YFV diagnosis (performed RT-gPCR result
Ly the reference (performed in research

Symptom labaratory FUNED)* lab—Virus Lab/fOB UFMG) Vacdnation eV

18] onset DPs PCR ar ELISA DPs SERA URINE date genotype
1 33Na 10 PR # 3 P P L1 MA
2 114N8 2 PCR # 4 P F N HA
3 12218 3 PR & 5 NA P L1 SAH
4 1288 3 PCR # 5 A F N HA
5 2N2NE 4 PCR & ] NA P L0 MA
] 211Na 8 PCR + ] A F I AA-
F) 2I6NE 3 PCR & ] NA P L0 SAH
8 2NINE 3 PR # 9 WA P L1 MA
- /818 ] PCR + 10 N F I 5A
10 2918 [i] PR # 13 L] P L1 SA-
11 11818 ] PCR + 15 NA F N MA
12 111618 10 PR & 2 N 13 L1 MA
13 3M15N& 3 PCR + 28 N F I MA
14 12207 5 PR & a7 N 13 11&7 SAH
15 11507 3 PCR + a9 N P 11417 A
18 12018 5 PR 1 MA N M HA
17 248 NA® PLK & i HA N W NA
18 122NE 2 PR 4 5 MA N K MA
% 21518 NA® PCR + 5 HA N NV NA
20 12818 i3 P # il HA N N HA
rl 223N8 1 PCR + ¥ HA N NV NA
2 INana NA® P # il HA N N HA
3 2518 3 PCR + ] HA N NV NA
24 35148 NA® P # ] HA N N HA
25 1M2NE MAT PR @ MA N M HA
26 12218 5 PCR + k] MA N N NA
7 1M2NE 0 PR il MA N 11618 MHA
18 12218 3 PCR + 11 MA N 1/22118 NA
% 17288 9 PR 1 MA N K MHA
30 12118 1] PCR + 12 HA N 1/24/18 NA
N 2N5N8 A PR 15 MA N K MHA
32 12218 NA® PCR + 19 HA N NV NA
33 1118NE 3 PCR + ) MA N 220 DAYS NA
34 258 & PR 4 Ell MA N K MA
35 11&1E L PCR + 36 MA N N NA
35 W25N7T 2 PR 4 45 MA N K MA
37 211618 NA PCR + 45 HA N NV NA
38 W22N7T A PR 4 48 MA N 11217 MA
39 11318 4 PCR + 48 HA N NV NA
40 128107 L PLK & 50 HA N 1167 NA
41 111517 MAT PR 55 MA N M HA
42 12207 3 PLK & a2 HA N 1107 NA
43 111517 & PR &4 MA N 11817 HA
44 mnmwnT 5 PCR + &7 HA N 1167 NA
45 1W23N7T 3 PR 4 &8 MA N 12317 MA
45 12207 5 PCR + a9 HA N 1227 NA
47 1817 5 P # a9 HA N 321 HA
48 1817 . BLISA + a9 HA N NV NA
43 118107 NA® P # 73 HA N N HA
50 iy B PCR + 73 HA N NV NA
51 126018 MA PCR + T MA N N NA
52 177 & BLISA + L MA N M HA
53 TnT 1 PCR + T MA N N NA
54 1T 5 PR 78 MA N 1Mz MHA
55 1517 B BLISA + T HA N 11417 NA
56 1T 4 PR 1 MA N K MHA
57 1517 8 PCR + ’1 HA N NV NA
58 1147 5 PLK & B4 HA N W NA

[Continued on next page)
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TABLE 1 [Continued)

PV diagnosis (performed RT-gPCH result
by the reference [performed inresearch
. laboratory FUNED)* lab—Wirus Lab/CB/UFMG) Vaccnation YEV
18] onsel DFS PCH or BLISA DPs SERA LIRINE date ety pe
59 1/25M18 5 PCR + 85 HA N K HA
60 1417 14 PCR + o4 MA N M HA

“The pas itve usne samiples from yellow fever aoute phase juntil 15 DPS) were highlighted in gray. Pasitive winesamples from yellow fever comnvales aent phase jafter 16
[P S waere fhig hilig hbed in bl I0- patient identification. DP5 days post-symptom onset. P pasities for the presenae of yellow fever vins RNA by RT-qPCR { 14]. B negative
fior the presendae of yellow fever ANA {141 HAcnot available. MV:not vacinated {patents did notreporta history of vaconaton against yellow fever.

WPV diagnosis confinmed by Central Reference Labomtosy (FUMNED) Inked to Minkstry of Health and Heatth Secretury of Mina Geras state.

Date of exam' resultis not available; however, the postve YF case was confirmed

RESULTS

Of &0 analyzed urine samples, 15 (25%) were positive for the presence of YPV RNA
(Ct range: 28-33) (Table 1). Eleven urine samples were taken from the acute phase (11/
27 = 40.7%) (collected from 2 to 15 DPS; Table 1) and four urine samples were taken from
the convalescent phase (433 = 12.1%) (collected at 22-, 28-, 66-, and 59-DPS; Table 1), From
eight patients we were able to analyze serum collected on the same day of the analyzed
urine sample. In two patierts 10 1 and I 2; Table 1) YFY RMA was detected in serum and
urine smples collected on the same day (3 and 4 DPS, respectively; Table 1). Sx patients (IDs
9,10, 12, 13, 14, and 15; Table 1) tested podtive in urine while YFV RNA was no longer
detected in serum samples collected on the same day as urine (Table 1)

The predse mechanisms goveming the YF pathogenesis and disease outcome are still
unknown. It has been proposed that older age, male sex, higher leukocyte and neutrophil
counts, higher alanine aminotransferase, aspartate transaminase (AST), bilirubin, and creati-
nine, prolonged prothrombin time and higher yellow fever virus RNA plasma viral load
were associated with severe YF disease (24). Although the majority of patients with urine
detection of YFV RNA presented with altered values for important liver and kidney injuries
biomarkers Fig. 1, Table 51} in accordance with the YF Management book guidelines (25}
they all were dassified 2 mild YF disease, with the exception of one patient 1D 12}, who
was hospitalized in an imtenswe care unit and died 1 month after hospitalization (Fig. 1, Table
51} The 45 patients without YFY RNA datected in urine were aso dassfied as having mild to
severe disease and they presented s milar ranges of biomarkers as observed for patients with
YFV RMA in urine (biomarkers presented in Table 52}

Two urine samples, from the convalesent phase of YF infection (67 and 69 DPS), wera
aallected from patients whao received YF waccine 10 days before symptom onset (ID 14 and
I 15; Table 1) and were genotyped as previously described (20), to investigate possble per-
sistence of the Y PV vacdne strain. We were also able to genotype YFV from other three urine
samples collected during acute YF infection GenBank accession number OMG92343 to
OME9Z349) [Table 1 and Fig. 2). Other urine samples were included in this genotype experi-
ment, but sequendng was not sucoessful, likely because of the lower YFV viral load in the
used sample. The phylogenetic analyses indicated that all six YFY genotyped samples
belonged to the wild-type South American | genotype (Fig. 2}, which was assodated with
the recent outbreaks in Brazil (26-28).

DISCUSSION

The detection of YFY RMA and South American | genotype in convalescent phase YF
samples up to 69 DPS indicates the presence and persistence of YFV RMA in the urine for an
extended pericd of time than previously described To our knowledge this is the first report
of wild-type YFV RNA presence in the urine of YF patients up to 69 days post-symptom
onset. Previous studies had demonstrated the presence of wild-type YFV RNA in the urine
up to 32 DPS (1618},

As recommended by WHO, YF diagnosis must be confirmed by a positive RT-qPCR or
with a 4-fold increase in IgG anti-Y P antibody titers between aoute and comvalescent paired
serum samples (1Z). When retrospective YF outbreaks are under investigation, especially in
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lower-respurced communities or remote areass, it is often difficult to collect paired serum
samples for serologic diagnosis or a s2rum sample during the short viremic period of YFV.
Although intemational guidelines advocate using YFV molecular tests in sera until 10 days
postsymptom onset, the detection of YF RMA in urine during the acite phase of YF indicates
the suitability of urine for molecular diagnaosis, even when sera are RT-gPCR negative, a5 dam-
ongrated in this study. Additionally, the limited diagnostic window of YFV RMA datection in
sera may be extended with the eva uation of urine samples a5 damonstrated here and in pre-
vious studies (16-18L A few studies had already demonstrated the detection of YPW-170 RNA
inurine (29, 30}, and with the data presented here we could suggest that urine can be used
as an aternative sample in cses when YFV genotyping is necesary.
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Urine collection is a noninvasive, smple and inexpensive process that could effectively
contribute to the investigation of suspected YF cses. The use of urine spedmens cn extend
the window for YFV RMA detection and genotyping with differentiation of wild-type YFV from
vacrine vines strains (20). This strategy could be especially useful (i} for retrospective investiga-
tion of outbreaks when viremia can no longer be detectable in patients (i} for investigation of
suspected cses of adverse events rdated to YFV waccination, (i) when there is difficulty with
phlebotomy as some cases with younger children, or v} in conditions lacking proper facilities
to process and store biological sampls after harvesting. Urine does not need processing after
collection fas opposad to the processing of whole blood for obtaining seral and the inclusion
of an RNA stabilizer after collection, if necessary due to collection conditions, can contribute to
preservation of urine smples and further enhancement of RNA detection We understand
that one of the limitations of this study is that it was done using samples already collected dur-
ing the ¥F outbreak in Brazil. We could not plan an ideal scenario forurine samples collection.
Monethdess, the detection of YFV RNA in urine in 25% of 60 patients tested hae supports
future prospedtive cohort studies, providing prdiminary data regarding the detection of YR/
RMA in urine samples even after 59 days after symptom onset.

Although larger studies are needed, our results from naturally infected YF patients suggest
that investigation of YFW RMA in urine can be an effective and supportive additional diagnostic
approach, particularly corsidering the larger detection window compared to ssrum smples
and genotyping suitability. The results of molecular tests using urine as smple for laboratory
diagnosis should be crefully interpreted. While a positive result can cont i bute to YR diagno-
sig a negative (nondetectable) result does not exdude YFV infection.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, POF file, 0.1 MB.

Auguet 205 Volume 80 ke 8

TN 28 jom 25 422

Downloaded from hips:/jownal s smorgjounaljem on 18 March 2024 by 2804:14¢:5bh2 W0 5:1562: 4295 Mded Jen.



Detection of Yelbw Fever Vins RNA n Line Samples

ACKNOWLEDGMENTS

95

L | of el Micmimalogy

We thank Eduardo de Menezes Hospital's staff for collecting the samples. We thank
Secretary State of Healthy of Minas Gerais and Fundacio Ezequiel Dias, Instituto Octavio
Magalhaes, Labomtdrio Central de Saide Piblica de Minas Gerais-Lacen/MG, for support
during the yellow fever cutbreak. Special thanks to the Yellow Fever Study Team for
discussions and to Caroline lchura for helping with figures and discussions. Olindo
Assis Martins-Filho and Andréa TeieiraCarvalho are members of PRO-ESTADO program

(FAPEAM, Program number 005,201 9).

This work was supported by different agencies. B.P.D. was supported by Fundagao
de Amparo 4 Pesquisa do Estado de Minas Gerais (FAPEMIG), under grants APQ-01574-
17 and APQO3360-17. PAA, BPD, AT-C, and OAM-F. were supported by Secretaria
de Estado de Saude de Minas Gemis (SE5-MG)/Secetaria de Estado de Planejamento de
Minas Gerais (SEPLAG-MG}Irstito René RachowTFundacio Oswaldo Cne (IRRFROCRUZ
under grants yellow fever. IMR, PAA, BPD, AT.C, OAM-F, and ADL. were supported by
the NIH, unde grant ROV All49614. CEC-5 was supported by Fundacio Oswado Cruz
([Ficnuz) under grant WPPISO04-FIO-1832. PA A was supported by FAPEMIG under grant
APQ-01989-18. | MR. was supported by Coordenagio de Apedfeigoamento de Pessoal de
Mivel Superior (CAPESYBrazil (grants BEBE2 348380,2010-1 and 0001}, GFG.O. and TAC,
were supported by CNPg (http/fwww.npg.br), FAPEMIG (httpsy fapemig.br/pt, and
CAPES (https:ffenarw.capes.gov.br/) undergraduate scholarship grants, BPD, AT-C, and
O.AM-F. are CMPq Research Fellows. The funders had no role in study design, data collection

and analysis, dedsionto publish, or preparation of the manuscipt.
We have no conflicts of interest to declare.

REFEREMNCES

1. Maguire HOF, Heymann DL 2016 Yelbw fever in Aldoa. Brjidned. hyps!da
£y 101136/ bmj B 764,

2. Song K Guan5, Lee 55, Chen Z, Chen C, Han L Xu Y, i A, Zeng H, Ye H, Zhang
F. 2018 Lot or lack of wecdinaBion lnked 1o impoaton of yellow fever fom
Angala 1 China. Ereng Infect Dis 2413831386, hitpefdoiong' 103201 i 407
A7 1858

3. PAHO. 2019, Yellow fever epidemiclogical report. The Pan American
Health Associstion.

4. Silva NI Sacchetio L, de Rerande 1M, Trindsde GID'5, La be sud AD, De Thoisy
B, Drauracnd BP. 2020 Recesnt sybvatic yebow fewver vinus tmnmison in Brazit
the: nevwa o an old disesse Vird 1 17:9-12_ it doiong/ 10011 86041 2085
D127

5. Saochetto L, Dasmond BP. Han BA, Moguesien ML, Vasilsbis W XX Re-amer-
gence o yelbw fever in the neotmgics—oguo vafi? Emesy Top Life S0 &
3994 10 htpsy'dodong 10,104 2ETLS202 00187

6. Jertes E5, Pournerod G Gershrman MD, Hill DR, Lemarchand J, Lewis RF,
Staples JE, Toman O, Wikder-Smith A, Monath TP. 201 1. The mvised glabal yei-
lows fever fisk map and remmmendations for veodnation, 2010 condendss of
the Indormal WHO Werking Grap on Geographic Risk for Yellow Fever_ Lanat
et D 11262263 2 it ko ongy 1010165147 330991117 0147-5.

7. Manath TP 200 1. Yeliow fever: an updste Landet Infea D 12 1-20 hitpsddal
om0 1S5 14733099 01000 160

8. Rexends I, Pernsira LS, Barbota Fradico JR, Pacoal Xavier MA, Alves PA,
Campi-Azevedn AC, Spezal £ Mosim does Sanies LZ, Albuguengue NS,
Penidn |, Sanios TA, Dinis Ano Bom AP, Vieira da Silva AM, Fernandes (R
Calravara CE, Kmon EG MarfineFiho OA, Tekein-Carvaho A, Drurond BP.
2020, Late-relapsing hepattis afer yelow lever. Vinses 12:222-230. tpedda
o 103390v1 2020222

9. Casadio L, Mastri AC, Malta FM, Amujo ), Silva JB Salomao J, Yamashiro 1
Salles AP, Gouvea MG Kanamura C, Lima FR, Tanigawa RY, Melo E5, Lima
R, Tesabuio D, Cangado E, Ho Y-L, Sabing EC, Pinho JR, Cardlho F A VA,
Levin AS. 2020 Lak-onset slapsing hepabts asociskd with yelow fever, N
Engl J Med 382- 2059 2061, it doi ol I 0SGNEIMCT 913036

10. Denis B Chirio D, Ponscarme O Brichier 5, Colin de Vierdidre M, Simon F,
Molina WL 2019, Hepatitis rebound after infection with yellow fever vi-
rus. Emeng Infect Dis 25:1248-1249. hitpssdoiong’ 03201 feid2 506
190069,

11. Francis TL Moore DL, Edington GM, Smith 1A 1972, A dlinicopathological
study of human yellow fever. Bull World Health Organ 86:659-667.

AuguEt2022 Volume 80 lsued

12 WHO. 2020, Yellow fever. Wod d He alth OwganizmEon.

13 PAHO/WHO. 2018 Laboratory Disgnoss of Yellow Fever Virus infection.
The Pan American Heaalth Asociation and Wodd Health Osgani zton.

14. Jorge FA, Thomazella MV, Castro Moreira D, Lopes LDG, Teixera UV,
Bertolini DA 2020. Evelutions and upcoming on Zika virus diagnosis
through an cutbreak: a systematic review. Rev Med Virel 30022105,
hittps/ fdoi.ong/10.1002/mmyv.2 105

15 Mizuno Y, Kotaki A, Harada F, Tajima 5, Kurane |, Takssaki T. 2007. Confir-
mation of dengue ving infection by dewction of dengue vins type 1 ge
nedme in urine and saliva but netin plasma. Trans | Soc Trop Med Hyg
101:7 387 39 hitpas dolong/ 10,1 01 & trstmb 2007 022007 .

16 Barbosa (M, D Pacla N, Cunha MP, Rodrigues-Jeses M, Araujo DB,
Silveira VB, Laal FB, Mesquita FS, Botassa VF, Zanotto PMA, Durigon EL
Sitva MV, Diivein DEL 2018 Yellow fever virus DMA in Urine and semen
of convalescent patient, BasL Emes Infect Dis 24:176-1 78 hitpadoi
o103 20 /eid24D1 171310

17. Reusken CBEM, Knoester M, GeurtsvanKessl O Koopmand M, Fnapen
DG, Berman WFW, Pas 5. 2017. Urine a5 sample type for moleaular diag-
nosis of natural yelbw fever virus infediona )| Oiin Micobiol 553204-3206
sy fdaiong 10,11 280001 113-17.

18 Chen C, Rang D, Ni M, Li 1, Chen Z, Liu J, Ye H, Wong G, Li W, Zhang Y,
‘Wang B, Bi ¥, Chen D), Zhang P. Zhao X, Kong Y, 5hi W, Du P, Xiso G, Ma ), Gao
&F. Cui ), Zhang F, Liu W, Bo X, Li A, Zeng H, Liu [. 2018 Phylogenanmic mahsk
uneveds evolution of yellow fever vins within hosts Plos Negl Trap D 12
0006 730, ity i oag /10,137 1 fournal pris 0006738,

19, Dominge C, Patel P, Yillah )| Weidmann M, Mender 1A, Nakoune ER,
Miedirig M. 201 2 Advanced yellow fever vins genome detection in point-
of-cam facilies and reference bboratoded | Olin Microbia 500549060
hitpss/doiong/10.1 128/ JCM01799-12

20 Rerende M, Alves PA, Aruda M5, Gongalves AP, Dliveira GFG, Persira LS,
Dwra MRT, Campi-Arevedo AC, Valim V, Tourinho R, de Ofiveira JG,
Calravara CF, Said RFDC, Keoon BG, MartinsFilho O A, Teixesira-Carvalho A,
Drumend BP. 2019, Yedlow fever vinus genotyping tool and investigation
of sugpected sdverse events following yellow fever vaccination. Vaccine
T-206-2 10 httpss/doiorg 103390 vaccines A040206

21. Pated P, Landt O, Kaiser M, Faye O, Koppe T, Lass U, Sall AA, Niadrig M.
2013, Develapment of one-step quantitative reverse transcription POR for
the rapid detedion of flavivinses. Virel J 1058, hitpdo!doiong/10.1186/
1743-42 5(-10-58.

11128 on 00422 7

Downloaded from hapa:/jounsla simorgjounal jom on 18 March 2024 by 2804:14c:5bh2 905 :1 5624295 30404 9ee.



Detection of Yelibw Fever Vins RMA n Unine Samples

n.

R

Sanger F, Nicklen 5, Coubion AL 1977 DA sequencing with chain-tenmi-
nating inhibitors_ Proc Matl Acsd 56 U 5 A T45863- 5467 hitpe//dolang/
10107 3pras 74.12 5463,

. Kumar 5 Stecher G, Tamura K 2016, MEGAT: Maecular Evalutionary

Genetics Analysis Vesion 7.0 for bigger datasets. Mal Biol Evel 33:1870-1874
hiltpa/ dodong 101093 Amole mssd5d.

. Kallas EG, DEEs Zanells LGFAB, Morsira OHV, Buccheri R, Diniz GBF,

C astifisi s ACP, Costa PR, Diss [FC, Marmorato MP, Song ATW, Masstri A,
Borges IC, Jeslsons I, Cargueina NB, Santiago & Souza NC, Morales Clam |
5abing EC, Levi JE, Avelino-Silva VI, Ho Y-L 2019 Predictors of mortality in
patients with yellow fever: an observationsal cohort study. Lancet Infect
Dis 19-750-7 58. hitps= ol orge 100 1016/57 47 3-3099{1 9130 125-2.

MSBR. 2020 Manual de manejo clinico da febre amarals, 15t od Brasilia.

26. Giovanetti M, de Mendonga MOL, Fondeca W, Mares-Guis MA, Fabri A,

Xavier ), de Jesus 3G, Grf T, dios Senios Rodiigues (D, dos Sanios CF, Sampain
5A, Chaheouls FLL, de Bruycker Noguesion F, There | Romano APM, Ramos DG
de Ay Al Divein WK, do Canmo Said RF, de Abwrque OFC, de Ollveira T,
Fennandis CA, Aguiar SF, Chisppe A, Sequera PC, Faria N, Cunha IV, Alcartas
LT, che Filipypis AMIE 2019 Yelow fever virus resmespence and spresd insouth-
ot Beard, 2016-2019. ) Viral 9420162319, hitpsy/dodoegy 1011 28VINE T3
-19

. Faria MR, Kraemer MUG Hill 5C Goes de Jesis ), Aguiar RS, lani FOM,

Hawier |, Quick ), Du Plessis L, Dellicows 5, Thézé ), Carvalho RDO, Base G

Auguet 2022 Volume $0 ke 8

28

29

30

96

dof Cl IMicmialogy

Wu CH, Slveira PP, Aruds MEB Persira MA, Persira GC, Lowenge 1
Oiboliki U, Abade L Vaiylweva T, Govanetti M, i D, Weiss D), Wint GRW,
Shearer FM, Funk 5, Nikolay B, Fardeca V, Adeding TER, Oliveira MAA, Silva
MVF, Sacchette L Figusineds PO, Rezende 1M, Mells EM, 5 sid AFC, Santk
D, Fermz ML, Brito MG, Santana LF, Menaz MT, Bfndeino BV, Tanus A,
dios Sant FOP, Cuniha WG, Mogueiss 15, Roxeo M, da Conta AC Karmninaiés 5U,
Azeveds V. Chieppe AD, Amuo ESM, Mendonga ML dod Santes OC, des
Santod O, et al 2018 Genomic and epiden blogical monitaring of yellow
fever vins trandmisson potentisl Science 361:894-899. Mim= oiag/10
N 2fasence a5 115

Sacchetts L, Sila NIO, Rezends M, Arruds MG Codta TA, de Malla E
Cifiverirs GFG, Alves PA, de Mandonga VE, Stumpp RGAY, Prads AL, Paglia
AP Perini FA, Lacerds MM, Kroon EG, de Thoisy B, Téndade G5, Drumand
BP. 2020, Meighbor danger yellow lever viru epimotics in urban and
wrbanural transition areas of Minas Gerais state, during 201 7-2018 ye-
I fesver ouliane ks in Brazil PLoS Negl Trop Dis 1 £20008658. hitpe//dei
oy 101 37 1 fjournal prtd 0008658,

Martinez MU, Vilells A Pumarols T, Rokdan M, Sequers VG, Vers | Hayes
EB. 201 1. Persitence of yellow fever vaccing MHA in urine. Vaccine 20-
FATA-337E hitpeidaiony'] 01016/ vacdne 23011 02075

Dominge C, Yadaye 5, Agbenu E, Demanou M, Schulz AR, Daskslow K,
Mg ML 2011 Detection of yeliv fever 1 7D gensme in urine. ) Ciin Micsoticl
A%TE0-T6 L i e gy 1011 20 MO 77 5110

TN28jomudi2s422 8

Downloadsd from haps:/ joumala ssm orgjoumnaljem on 18 Manch 2024 by 2804:14c:5bh2: W0 5:1 5624295 64 ed e



97

https//doi.org 10,1007 /51203 1-023-02109-y

m

Chack for
upsdstes

Neuro-COVID-19 With or Without the Multisystem Inflammatory
Syndrome (MIS-C): A Single-Center Study
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Abstract

This study evaluates the range of neurological manifestation in children with COVID-19 (neuro-COVID-19) both with
and without the multisystem inflammatory syndrome (MIS-C) and the persistence of symptoms after hospital discharge.
The study was conducied as a prospective study of children and adolescents under 13 years of age who were admitted to a
children’s hospital for infectious diseases from January 2021 to January 2022, The children had no previous neurclogical or
psychiatric disorders. Out of the 3021 patients evaluated, 232 were confirmed to have COVID-19 and 21 of these patients
(9% showed neurological manifestations associated with the virus. Of these 21 patients, 14 developed MIS-C, and 7 had
neurological manifestations unrelated to MI15-C. There was no statistical difference e garding the peurological manifesta-
tions during hospitalization and outcomes batween patients with neuro-COVID-19 who had or did not have MIS-C, except
for seizures that occurred more frequently in patients with neuro-COVID-19 without MIS-C (p-value =0.0263). One patient
died, and 5 patients still had neurological or psychiatric manifestations at discharge, which persisted for up to 7 months. The
study highlights that SARS-CoV-2 infection can affect the central and peripheral nervous system, particularly in children
and adolescents with MIS-C, and that it is crucial to be vigilant for long-term adverse outcomes, as the neurological and
psychiatric effects of COVID-19 in children are emerging during an important stage of brain development.

Keywords COVID-19 - Children - Neuro-COVID- 19 . COVID-19-associated multisystem inflammatory syndrome -
SARSCoV-2 - MIS-C

Introduction adults and elders (Ray et al. 2021; Feldstein et al. 2020;

WHO 2020). Nevertheless, a nationwide database reported

Brazil has been severely affectzd by the COVID-19 pan-
demic, caused by severe acule respiratory syndrome corona-
virus 2 (SARS-CoV-2) (Oliveira et al. 2021). Studies in dif-
ferent countries reported lower severity and mortality from
SARS-CoV-2 infection in children and adolescents than in
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a case fatality rate of 7.6% among 11,613 hospitalized chil-
dren and adolescents with confirmed COVID-19. These sub-
jects” death variables were age, indigenous ethnicity, poor
geopolitical region, and pre-existing medical conditions
(Oliveiraet al. 2021).

There is also growing evidence that SARS-CoV-2 infec-
tion is associated with direct and indirect neurclogical
sympiloms and central nervous system (CNS) complica-
tions, called neurc-COVID-19 {Stafstrom 2022; Shoraka
et al. 2021). Clinical manifestations of neuro-COVID- 19
include headaches, seizures, meningitis, encephalitis,
encephalopathy, and peripheral nervous system (PNS)
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manifestations, such as Guillain-Barré syndrome, myeli-
tis. and neuralgia (Stafstrom 2022; Shoraka et al. 2021;
Abdel-Mannan et al. 2020; Moriguchi et al. 2020; Huang
et al. 2020; Abu-Rumeileh et al. 2021; Toscanoet al. 2020).
Although neuro-COVID-19 has been associated with long-
term sequelae in adults, little information is known re gard-
ing long-term adverse developmental in pediatric patients
(Stafstrom 2022; Panda et al. 202 1; Lindan et al. 2021;
LaRovere et al. 2021). In addition, reports of neurological
complications in children and adolescents have also been
associated with multisystem inflammatory syndrome in
children (MIS-C) (LaRovere et al. 202 1),

Children and adolescents infected with SARS-CoV-2
are at increased risk for COVID-19-associated multisystem
inflammatory syndrome in children (MI15-C), also known as
a pediatric inflammatory multisysiem syndrome, temporally
associated with SARS-CoV-2 (PIMS-TS) (Ray et al. 2021).
MIS-C occurs due to a dysregulation of the innate and adap-
tive immune responses in the face of an intense inflamma-
tory response (Feldstzin et al. 2020). MIS-C is characterized
by at least 3 days of fever; altered inflammatory tests; dam-
age of at keast two organs and tissues: evidence of COVID-
19; and no other apparent causes of inflammation, according
to the criteria of the World Health Organization (2020).

This study aimed to evaluate the spactrum and prevalence
of neurological manifestations associated or not with MIS-C
in hospitalized children infectzd by SARS-CoV-2 and the
persisience of symptoms after hospital discharge.

Methods

This study was approved by the Research Ethics Com-
mittze of Hospital Infantil Jodo Paulo IT (HUPIL (Belo
Horizonte — MG, Brazil) under number 132/2009 and by
the Universidade Federal de Minas Gerais: CAE number:
0927 301 2.9.0006.5149. For all study subjects, legal guard-
ians signed the consent form for reszarch.

We carried out a prospective study in Hospital Infantil Jodo
Paulo I, a reference children's hospital, to care for infectious
diseases in Minas Gerais stae, Southeast Brazil, throughout
A021. Children and adolescents aged 18 or under were included
in the study if they had (i) laboratory-confirmed SARS-CoV-2
infection and new-onset neurological, o (i) complication of
previous neurslogical disase, or (iii) psychiatric disorders dur
ing or afier COVID-19. Patients were excluded if diagnosed
with another viral or bacterial co-infection or if the legal guard-
ians did not sign the consent form for research. None of the
children and adolescents in this study had received the COVID-
19 vaccine,

All children and adolescents admitied to the hospital with
fiu-like symptoms, or severe acute respiratory syndrome, were
investigated for SARS-CoV-2 infection by real-time polymerise

chain reaction (CD}C Protocol respiratory vinus or NCOV 500 T
SINTESE BIO 100067 13 IDT—Iniegrate) or nasopharyngeal
swab antigen test (gualitative immunoassay, ACRO BIOTECH,
IMC). Patients with signs of MIS-C, or peurological manifes-
tations, but without flu-like symptoms, were investigated by
serological examination using the chemiluminescence immu-
noassay method with sensibility of B4.7 (C1 953% 79.2-96) and
specificity of 97% (C1 95% 95-99.5) (kit SARS-CoV-2 1gG and
IgM Abbott). Only patients with neurclogical symptoms and
laboratory-confirmed SARS-CoV-2 infection were included in
the analysis. We used the World Health Organization criteria
adopted by the Brazilian Ministry of Health to define clinical
cases of MIS-C associated with COVID-19 (WHO 2020).

All neurological sy mptoms or manifstations were evalu-
ated by pediatric neurclogists and classified as headache,
meningitis, encephalitis'encephalopathy, simple febrile sei-
Zures, complex seizures, cerzbrovascular event, or peripheral
neurcopathies (Guillain-Bamé syndrome, paresis, myelitis).

Patients, who presented neurological manifestations second-
ary to acute infection or post-infection by SARS-CoV-2 and did
not meet the criieria for MIS-C, were gathered in the neuro-
COVID-19 without MIS-C group. Patients with neurological
sympoms associated with the multisystem inflammatory syn-
drome were defined as the neuro-COVID- 19/MIS-C group.

Cerebrospinal fluid (CSF) was collectad from patients sus-
pected of having a central nervous system acute infection or
Guillain-B arré syndrome by lumbar punciure. Real-time poly-
merase chain reaction (RT-PCR) was used to investigate viral
RMA or DNA of SARS-CoV-2, dengue virus (DENV ), Zika
virus (ZIK V), chikungunya virus (CHIKV), herpes 1, 2, and 3
virus, Epstein-Barr virus (EBV), and West Nile virus (WNV),
according to research protocol. To rule out other infections,
patients with meningitis weme also investigated by RT-PCR,
routine izolation, and culture for Hasmophilus influenzae,
Neizseria meningitidis, and Streptococcus preumoniae.

Children who had severe acute respiratory syndrome wers
evaluated by RT-PCR for other respiratory viruses such as res-
piratory syncytial virus, adenovirs, influenza A and B, parain-
fluenza, metapneumovirus, and bocavirus, sccording to hospital
laboratory routine. Children and adolescents were also evalu-
ated for D-dimer, troponin, C-reactive protein, and blood count
according to medical assistance evaluation (Table 1).

All patients followed up with neurologists and child psy-
chiatrists until clinical improvement. Some patients continue
in clinical follow-up until the publication of this study.

The statistical analysis was made using notification data
and test results for SARS-CoV-2 to estimate the preva-
lence of cases admitted to the hospital betwean January
2021 and January 2022, Descriptive analyses were per-
formed using Student’s r-tests or Mann—Whitney L' tests
to compare quantitative variables and the chi-square test
for categorical variables. The tests investigated any signifi-
cant differences between groups in the COVID- 19-related
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Table 1 Clinical feature s, investigations, treatment, and ouicomes of patients with OOWID- 19 and neorological manifestations

Beewro- COVID-19 wit howt Mewro-COVID- 1% MIS-C (n=14) p-value
MIS-C imn=T)
Number of patients (%) Mumber of patients (%)
Age 4.4 (1 mo-10.5 yr) 5.9 (4 mo-12.2 yr) 0.3887
Sex
Malke 6 (B3.T%) 10 (T1.4%)
Female 1(14.3%) 4 (ZE.6%) 06244
Clinical features
Rash 0 (0% B(5T.1%) 0.0Te*
Mywcarditis or coronary dilatation 0 (0% 6 (42.8%) 0.0609
Shock ar hypotension 1{14.3%) B(57.1%) 0.1588
Kespiratory symptoms 5(7T1.4%) 6 (42.5%) 0.3615
Headache 3(TL4A%) D(6d.3%) 0.3972
Meningitis J(42.8%) 2(14.3%) 0.2800
Encephalitis J{42.3%) 5(35.7%) 1
Sefmures J(42.3%) 0 {D%) .za3*
Ataxia 2(ZBT%D 1{T.1%) 02474
Peripheral mervwus system J{42.3%) 2(14.3%) 0.2800
imvol vemse it
Hehavioral changes 1{14.3%) 0 (0%) 0.3333
Investigations
SARS-CoV-2 PCR positive 6 {B5.T%) 6 (42.8%) 01588
SARS-Co%-2 IgG positive 2 (2E.6%) D(64.3%) 01827
Elevated acute-phase reactants® 0 (0%) 13 (92E%) 0.0003°
C-reactive protein, mg/dl 22.70.9-261) 233 (T2-595) 0.0118"
Elood white cell count (cells/mm™) B2E0 (4470 10 ZHD) 15,895 {S0R0—47 000) 0.0149"
CSF white cell count (cells/mm™) 51 (1-250) 3B2{1-175) 0.HD33
Treatment
Intensive care unit admission 4 (5T.1%) T (505 1
Inotropic support 1(14.3%) 420 65%) 0.6244
Trmermy v ooy aechun Bt m # 1{14.3%) 11 (TE6%) 0.01 38*
Ot e
Dvisability*** 2 (ZR.6%) 2(14.3%) 0.5743
Dreath 1{14.3%) 0(0%) 0.3333

*Combined acute- phase reactants were defined as lactate debydrogenase, ferritin, and D-dimers

**mmunoglobulin andfor corticosteroid

** 4+ Disability: defined &= an altered neurclogical examination performed by 2 neurologist at hospital discharge

1Sudent’s Hests
"Mann-Whitney U ests

symptoms. laboratory exams, and neurological sympioms.
Statistical analyses were done with R software, and p-values
less than 0.05 were considered significant.

Results
Between January 2021 and January 2022, 3021 children and

adolescents with clinical suspicion of COVID-19 were admit-
ted to the hospital and eligible to participate in the study.

Samples from the 3021 patients were collected and
screened for SARS-CoV-2 infection. A total of 232
patients had laboratory confirmation of SARS-CoV-2
infection. COVID-19 diagnosis was performed by RT-PCR
from nasopharyngeal swabs in 114232 patients (49.1%),
by antigen test in 97/232 (41.8%), and by serological test
in 21/232 (9.1%) patients.

Regarding the 232 patients with confirmed SARS-
CoV-2 infection, the mean age of the patients was 4 years
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and & months (ranging from | month to 18 years), but 163
(70.2%) were younger than 6 years. A total of 128 patiants
(35%) weme male, and 131 (65.1%) had no known comorbid-
ity (Centers for Disease Control and Prevention 2022). The
clinical presentations of COVID-19 observed were severe
acule respiratory syndrome in 171 {73.7%), a fu-like syn-
drome in 33 (14.3%), and COVID-19-associated MIS-C
in 28 patiznts (12%). Meurological manifestations were
identified in 21 patients (9%), of which 14 presented neuro-
COVID- 19MIS-C and 7 presented neuro-COVID- 19 with-
out MIS-C (Table 1). The pediatric neurologists diagnosed
and evaluated all children during the hospital stay. There
was | death, and at hospital discharge, 4 (19%) still had
some neurclogical manifestations such as paresis, ataxia,
or diplopia (Table 1). Only ona 7-year-old child presented
psychiatric manifestations with auditory hallucinations and
behavioral changes, such as aggression, during acute SARS-
CoV-2 infection. In this cohort, the patients who developed
neurclogical and psychiatric manifestations associated with
SARS-CoV-2 infection had no previous neurological or psy-
chiatric disorders.

Cerebrospinal fluid was harvested from 12 patients. Ten
patients were male between | month and 10 years (mean:
3.9 years; median: 2.6 years). SARS-CoV-2 infection was
diagnosed ineight patients detecting the presence of SARS-
CoV-2 antigen or RMA indicating acule infection. Four
patients had laboratory tests showing the previous infection
by detecting SARS-CoV-2 IpG (Table 2).

A total of 14 patients diagnosed with MIS-C weme clas-
sified as neuro-COVID-19MIS-C. The neurclogical symp-
toms or manifestations presented by 9 patients were head-
aches, 5 had encephalitisfencephalopathy, 2 had meningitis,
2 had peripheral neuropathy. and | patient presented with
ataxia, diplopia. and muscle weakness (Table 1). Four of the
& CSF samples collecied from these patients showed altera-
tions in cellularity, ranging from 8 to 175 cells/mmr’, with a
predominance of lymphomononuclear cells (80-100%). Two
patients in this group also showed a significant increase in
CS5F protzin (210-270 mg/dL) (Table 2).

Regarding the 7 patients with neuro-COVID-19 with-
out MIS-C symptoms, 3 patients presenied headache, 3
encephalitis’'encephalopathy. 3 meningitis, 3 seizures, 2
ataxia, | Guillain-Barré syndrome, | meningitis, sezures,
and cerebrovascular event, and | patient presented a psy-
chiatric disorder. Six patients had neurclogical symptoms
during the acute phase of SARS-CoV-2 infection. Two of
the 6 CSF collected from these patients showed cellularity
alterations (55-250 cells/fmm”), and 3 had increased pro-
tein levels (117-580 mg/dL). Viral investigations in CSF
performed by RT-PCR of PCR for SARS-CoV-2, DENV,
ZIKV. CHIKV, herpes 1, 2, and 3 viruses, EBV, and WNV
were negative (Table 2).

Four patients {19%) at hospital discharge still had some
neurnlogical manifestations such as muscle weakness,
ataxia, and diplopia. Only one child presented with muscle
weakness and diplopia for 7 months; the other 3 patients
improved between 1 and 2 months. The child who presented
changes in behavior continues to use risperidone and is
being followed up with a psychiatrist.

When we compared patients with neuro-COVID- 19
without MIS-C {n="7} and neurc-COVID-19 with MIS-C
(m= 14, we found no statistical difference betwezn the neu-
rological manifestations presented during hospitalization
and outcomes at hospital discharge between the 2 groups,
except for seizures that occurred more frequently in the
group without M15-C (p=0.0263). However, as expected in
the neuro-COVID-19with MIS-C group, there was a signifi-
cant statistical difference regarding inflammatory response
miarkers such as D-dimer, ferritin, and lactate dehydrogenase
(p< 00003 ), C- reactive protein (p=10.0118), and treatment
with immunoglobulin and corticosteroid (p=0.0158).

Discussion

This study evaluated the neurological manifestations of
SARS-CoV-2 infection in pediatric patients with neuro-
COVID-19 without or with MIS-C. We observed 9% of
neurclogical manifestations among all pediatric patients
confirmed for COVID-19. The main neurological manifesta-
tions observed were headache, meningitis, and encephalitis/
encephalopathy.

Previous studies in the UK and the USA observed 3.8% and
22% of the prevalence of neurological manifestations in pedi-
atric patients with COVID- 19 (Feldstein et al. 2020; LaRovere
etal 2021} A sysiematic review with meta-analysis that evalu-
ated 3707 children and adolescents with SARS-CoV-2 infee-
tion in 25 studies reponted 15.6% of nonspecific neurological
munifestations such as headsche, myalgia, and fatigue and 1%
of neurological complications such as encephalopathy, sezums,
and meningeal signs (Panda ef al. 2021). However, a study con-
ducied in Poland, and limited to children with MISC-C using data
from national registers found 2 higher prevalence of neursogical
symptoms, including lethargy (59.4%). headache (46.1%), imita-
bility (41.7%), photophobia ( 11%), and meningeal signs (10.4%)
(Ludwikowska at al. 2021).

The differences between the prevalence of neurological
manifestations of COVID-19 detected in children and ado-
lescents may be due to the different neurological manifes-
tations considersd in the studies and whether there is an
association with MIS-C. There may be significant differ-
ences in neurovirulence SARS-CoW-2 variants circulating
during the periods.

Six patients of each group neurc-COVID-19 without
MIS-C or neurc-COVID- 19/M18-C had CSF collected
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Table 2 {continued )
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by lumbar puncture, but we did not detect SARS-CoV-2
genomic BENA by RT-PCR in any CSF; however, 38%
showed changes in cellularity or CSF protein (Table 2).
Failure to detect the SARS-CoV-2 in the CSF patient sam-
ples supports an immune mechanism rather than direct
CNS viral invasion in patients with neuro-COVID-19
(Stafstrom 2022; Shoraka et al. 2021; Abdel-Mannan
et al. 2020; Moriguchi et al. 2020; Huang et al. 2020;
Abu-Rumeileh et al. 2021; Toscano et al. 2020; Panda
et al. 2021; Lindan et al. 2021; LaRovere et al. 2021;
Centers for Disease Control and Prevention 2022).

A review study of the neurclogical manifestations in chil-
dren with SARS-CoV-2 infection also reporied a low rate of
viral detection in CSF, which may be due toeither low viral
invasion or poor sensitivity of the test (Valderas et al. 2022}

The intense inflammatory response and immune dys-
regulation triggered by SARS-CoV-2 infection are patho-
physiological mechanisms that can cause the neurological
manifestations seen in patients with COVID- 19 { Stafstrom
2022; Shoraka et al. 2021; Valderas et al. 2022). Metabolic
hypoxemia and acidosis triggered by severe acule respira-
tory syndrome can cause symptoms of mental confusion,
delirium, encephalopathy. hypotonia, and ataxia (Fotuhi
et al. 2020; Valderas et al. 2022). The immune dysregula-
tion described in children with MIS-C leads o a cytokine
storm, with a significant increase in the interleukins (IL-1,
IL-6, IL- 10} and tumor necrosis factor (TNF-a), increasing
the permeability of the blood-brain barrier. attracting leuko-
cytes, and cansing inflammation in the CNS with symptoms
of encephalitis and meningitis {Stafstrom 2022; Moriguchi
et al. 2020; Boldrini et al. 2021; Valderas et al. 2022},

Within the neuro-COVID-19 without MIS-C group, a
l-year and | I-month-old child was diagnosed with Guillain-
Barré syndrome associated with acute COVID-19, with the
presentation of muscle weakness, hyporeflexia, and menin-
geal signs (Table 2). It has been shown that SARS-CoV-2
can dysregulate the immune response and trigger acute dis-
seminated encephalomyelitis, autoimmune encephalitis,
Guillain-Barré syndrome, and other neurological complica-
tions (Stafstrom 2022; Shoraka et al. 2021; Abdel-Mannan
et al. 2000; Moriguchi et al. 2020; Huang et al. 2020; Abu-
Rumeilehet al. 2021; Toscano et al. 2020; Pandaet al. 2021;
Lindan et al. 2021; LaRovere et al. 2021). Molacular mimicry
betwezn SARS-CoV-2 and neural antigens is another possi-
ble mechanism of post-infection neurological complications,
commonly described with other microorganisms triggering
Guillain-Barm: syndrome (Shoraka et al. 2021). However,
there is a lack of siudies evaluating the presence of antigan-
alioside antibodies in patients with COVID-19 (Shoraka et al.
2021; Abu-Rumeileh et al. 2021; Toscano et al. 2020),

One fatal case described here was represented by one
patient also classified within the neuro-COVID-19 without
MIS-C group. This patient presented flu-like symptoms and
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seizures, and brain tomography indicated a cerebrovascular
event (Table 2). It has been demonstrated that endothelial
cells of brain vessels also have receptors for SARS-CoV-2.
Once infected, these cells release neutrophils and mac-
rophages and increase thromboembolic factors causing
microthrombosis, minor ischemia, and tissue damage related
to COVID-19 pathogenesis (Fotuhi et al. 2020; Boldrini
etal. 2021; Valderas et al. 2022).

Our study observed no significant differences between
patients with neuro-COVID-19 with or without MIS-
C, except for seizures that occurred more frequently
in the group with neuro-COVID-19 without MIS-C
(p-value =0.0263). A similar study that evaluated 52 chil-
dren found a statistical difference between patients who
presented recognized para-infectious or post-infectious neu-
rologic disease (p-value=0.0003), hallucinations (0.032),
headache, or meningism (0.041) (Feldstein et al. 2020).

Although the inflammatory response in children in the
group of neurc-COVID- | 9MI15-C was more significant than
in children with neuro-COV 1D-19 without the MIS-C group,
the neurclogical manifestations, complications, and death
were not statistically different. This corroborates multicenter
study results in the UK (Feldstein et al. 2020).

However, the small number of patients evaluated here is
a limitation of the study. A larger number of patients should
be further evaluaied to understand newrological manifesta-
tions of COVID-19, assessing the immune and inflammatory
response and the presence of autoantibodies with molecular
mimicry betwezn SARS-CoV-2 and neuronal antigens.

Adults who have recovered from a severe illness or
after being hospitalization for COVID-19 have reported
prolonged neurologic symptoms such as headache, cogni-
tive dysfunction, anosmia/dysgeusia, and insomnia; these
symptoms are referred to as “long COVID-197 (Taquet
et al. 2021; Balcom et al. 2021, If these symploms persist
betwean 4 and 12 weeks after the initial symptoms. they are
considered to be long COVID. In children, although data is
still limited, the main neurological manifestations associ-
ated with long-term COVID include changes in cognition,
such as decreased atiention and recent memory, headaches,
numbness, dysgeusia, anosmia, dizziness, blurred vision,
and tinnitus {Valderas et al. 2022).

A case—control study that evaluated the neorodevelop-
ment at babies exposed to COVID during pregnancy at
& months of age found no difference compared 1o the new-
rodevelopment of unexposed babies. However, there was a
significant delay observed between children born during the
pandemic and historical cohorts (Shuffrey et al. 2022). Thus,
it is essential to conduct prospective studies evaluating the
neurodevelopment of infants and children afier SARS-CoV-2
infection or exposure to the siressors of the pandemic.

From January 2021 and January 22nd, 9% of children
and adolescents admittzd to the hospital with confirmed

SARS-CoV-2 infection presented with neurclogical or
psychiatric manifestations. One child died due to a cer-
ebrovascular event, 4 were discharged with neurological
symptoms, and 1 patient remained with psychiatric disor
ders. The results of the study emphasize the importance
of investigating the viral cause in children with acute nen-
rological manifestations and conducting clinical follow-
up after hospital discharge of pediatric patients to assess
persistent nearclogical and psychiatric complications.
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Abstract

Beginning December 2016, sylvatic yellow fever (YF) outbreaks spread into southeastern
Brazil, and Minas Gerais state experienced two sylvatic Y F waves (2017 and 2018). Follow-
ing these massive YF waves, we screened 187 free-living non-human primate (NHPs) car-
casses collected throughout the state between January 2019 and June 2021 for YF virus
(¥FV) using RTqPCR. One sample belonging to a Caltfirix, collected in June 2020, was
positive for YFV. The viral strain belonged to the same lineage associated with 2017-2018
outbreaks, showing the continued enzootic circulation of Y FV in the state. Next, usingdata
from 781 NHPs carcasses collected in 2017-18, we used generalized additive mixed mod-
els (GAMMS) to identify the spatiotemporal and host-level drivers of YFV infection and inten-
sity (an estimation of genomic viral load inthe liver of infected NHP). Our GAMMSs explained
65% and 68% of varation in virus infection and intensity, respectively, and uncovered strong
temporal and spatial patterns for YFV infection and intensity. NHP infection was higher in
the eastern part of Minas Gerais state, where 2017-2018 outbreaks affecting humans and
NHPs were concentrated. The odds of YFV infection were significanthy lower in NHP's from
urban areas than from urban-rural or rural areas, while infection intensity was significantly
lower in NHPs from urban areas or the urban-rural interface relative to rural areas. Both YFV
infection and intensity were higher during the wam/rainy season compared to the cold'dry
season. The higher YFV intensity in MHPs in warm/riny periods could be a result of higher
exposure to vectors and/or higher virus titers in vectors during this time resulting in the deliv-
ery of a higher virus dose and higher viral replication levels within MHPs. Further studies are
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needed to better testthis hypothesis and further compare the dynamics of YFV enzootic
cycles between different seasons.

Author summary

In 2017 and 2018 massive sylvatic yellow fever (YF) outhreaks took place in Minas Gerais
Brazil. Toinvestigate yellow fever virus (YFV) circulation following these massive out-
breaks, we investigated samples from 187 free-living non-human primate (WNHPs) col-
lected between January 2019 and June 2021, One sample belonging to a Callithrix,
collected in June 2020 was positive for YFV. This virus was closely related to YFV from
previous outhreaks (2017-2018) showing the continued enzootic circulation of YFV in
the state. Next, we investigated the drivers of YFV infection and intensity (an estimation
of viral load in each infected NHP) during the 2017-18 outbreaks. The odds of YFV infec-
tion in NHPs were lower in urban areas compared to rural ones as expected in sylvatic
cycles. There were strong temporal and spatial patterns were observed for YFV infection
and intensity, especially in the eastern part of Minas Gerais state, The higher YFV infec-
tion and intensity observed during the warm/rainy season (as opposed to the cold/dry
one) could be related to higher exposure to vectors and/or higher virus titers in vectors
during this ime. The possible delivery of a higher virus dose in NHPs could lead to higher
viral replication kevels within NHPs explaining the higher intensity of infection during
warm/rainy season. Further studies are needed to better test this hypothesis and further
compare the dynamics of YFV enzootic cycles between different seasons,

Introduction

Mosquito-borne yellow fever virus (YFV; family Flaviviridae, genus Flavivirus) originated in
tropical and subtropical areas of Africa and was introduced to South America after European
colonization [1]. YFV was almost certainly transported to the Americas via infected humans
or Aedes aegypli mosquitoes, and while the urban cycle of yellow fever (YF) in South America
continued to be maintained by Ae. aegypli [2-4], the virus also spilled back into non-human
primates (NHPs) and arboreal, hematophagous, primatophilic mosquitoes of the genera Hae-
magogus and Sabethes [3]. In Brazil, the urban cycle of YF has not been documented since
1942 [3, 4]. However, sylvatic YF cycles have persisted within the Brazilian Amazon Basin
[2-4] with periodic expansions towards the Central and Southern regions of the country dur-
ing the warm and rainy seasons (December to May in Southeast Brazil) [3-5]. The YF surveil-
lance program in Brazil focuses on the investigation of suspected human cases, WHP
epizootics, and entomological surveillance [6], with annual reports spanning the typical trans-
mission seasons of the disease (Tuly to June of the following year).

In recent decades, many experts have warned that new urban outbreaks could arise from
sylvatic YFV cycles in South Americaand deplete the limited supply of YFV vaceine [1, 7-10].
Although these fears have not yet been realized in their entirety, between 2016 and 2018 Brazil
faced the largest sylvatic YF outbreak sincethe eradication of urban YF. The virus spread rap-
idly in the Southeast region of the country, reaching densely populated areas, causing thou-
sands of cases and deaths in both WHPs and humans, and raising the specter of full-blown
urban transmission mediated by Ae. aegypti [3, 4 11-15]. Between 2016-2019, 2,251 YF
human cases were confirmed in the Southeast region of Brazil, with 772 deaths reported [3, 4,
16]. Additionally, during this perod, approxdmately 15,000 NHPs deaths were reported in the

PLOS Neglected Tropical Diseases | htns idoiom/10.1371 foumal pntd 001 1407 June 5, 2023

2718




108

PLOS NEGLECTED TROPICAL DISEASES Ecological drivers of enzootic yellow fever in Brazil

country, with the confirmation of at least 1,500 cases linked to YFV [3]. Although YF waned in
Minas Gerais state during 2018, YF cases were confirmed in humans or WHPs in S30 Paulo,
Paraniand Santa Catarina states in 2019 [3, 16-18]. YF epizootics have been confirmed out-
side the Brazilian Amazon Basin during the YF monitoring periods of Jul 2020/ un 2021 (Mid-
west: Goids state and Federal District; Southeast: S3o Paulo state, and South region: Parand,
Santa Catarina, and Rio Grande do Sul states) [16], and Jul 2021/ Tun 2022 (South: Santa Cata-
rina, and Rio Grande do Sul states, and Southeast region: Minas Gerais state) [19].

YF epizootics in WHPs often precede and overlap the occurrence of human cases [3, 20], as
was observed in the recent outbreaks in Bradl [21, 22]. Although neotropical NHPs are highly
susceptible to YFV infection and sentinels for viral circulation, the susceptibility of different
WHP genera and species to YFV infection is still poorly characterized [3]. Some insights have
been provided by investigations of NHPs during the recent epizootics in Brazil. Callithrix spp.
(marmoset) specimens showed lower genomic viral loads (estimated by the threshold for cycle
quantification value (Cq) in RTqPCR assays) compared to Alouafta spp. (howler monkey),
Callicebus spp. (1 monkey) [LL 23-25], and Sapajus spp. (capuchin monkey) specimens [23-
25]. Histopathological and immunohistochemical analyses also suggested differences among
WHP genera in susceptibility to YFV infection [23, 25] and mortality rates to the virus [25].
Alouatta was the most affected group of NHP, with the highest proportional YF-related mor-
tality rate. Callicebus, Alouatfa, and Sapajus had similar genomic YFV loads, but the highest
proportional mortality rate was observed in Alouafta infections. Callithrix had the lowest
genomic viral loads and proportionally lowest mortality rates [25].

WHP population dynamics and susceptibility to viral infection play key rolesin viral trans-
misston and spillover [26], as do the ecological dynamics and interactions between YFV and
its vectors, hosts, and abiotic factors [4, 27]. Mot surprisingly, previous studies have demon-
strated that NHP immunity to YFV and infection prevalence are key missing variables in pre-
dictive models, representing a significant gap in our understanding of YFV transmission that
impairs our ability to forecast spillover [27]. The recent reemergence of sylvatic YF in Brazil
into highly densely populated regions with low vaccination coverage in Southern Brazil clearly
exposes the inadequate monitorng of YFV circulation in mosquitoes and WHPs and the
underestimation of the risk of YF beyond the endemic areas. Although the seasonality of Y is
well defined, little is known about the environmental, climatic, vector, and host drivers
involved [28]. Some studies have already shown that some abiotic variables such as vegetation,
rainfall, temperature, and human population size are important deivers in the transmission of
YFV [28]. Coupled field surveillance and modeling approaches could provide crucial advances
in containing, and possibly averting, future YFV outbreaks [2, 4].

Here, we investigated the occurrence of YFV in NHPs from Minas Gerais state between
2019-2021, following the outbreaks in 2017 and 2018. We used generalized additive mixed
maodels (GAMMs) to identify the spatiote mporal drivers of YF infection and intensity in
WHPs, specifically testing the hypotheses that: (i) NHP and human YFV infection prevalence
would be synchronized, with peaks in NHP infecions preceding those in humans, astransmis-
sion from NHP to humans is thought to occur but the reverse is not; and (ii) that YFV infec-
tions of NHP would show spatial structure across the state of Minas Gerais and among
different land cover types,

Materials and methods

Ethics statement

This study was ap proved by the Institutional Animal Care and Use Committee of Universi-
dade Federal de Minas Gerais under protocol CEUA: 98/2017.
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Study area and samples

The samples and data analyzed in this study were collected from Minas Gerais, the epicenter
of the YF outbreak in 2017 and 2018 in Brazil, with records of 1,002 cases and 340 deaths of
humans, between July 2006 —June 2018 [22]. Minas Gerais borders the states of S0 Paulo, Rio
de Janeiro, and Espirito Santo in Southeast Brazil (Fig 1A). It has a total population of
21,168,791 inhabitants, with approximately 85% living in wrban areas and the remaining popu-
lation living in rural areas [30]. The state is mainly coversd by three biomes: Atlantic Forest,
Cerrado (Brazilian Savana), and Caatinga, where different genera of WHPs can be found,
including Alowatta, Callithrix, Sapajus, Callicebus, and Brachyteles (woolly spider monkeys)
[31-33].

From January 20019 to July 2021, a total of 543 carcasses of free-living NHPs were collected
in Minas Gerais by health surveillance agents as part of the YF surveillance program (mean of
30 carcasses/month ). The number of NHP carcasses sampled was 3.8 tmes lower compared to
December 2016 up to December 2018 (mean of 86 carcasses/month), when YF outbreaks were
reported in the region. The NHP carcasses were frozen (-20°C) and forwarded to the Labora-
tory of Zoonosis of Belo Horizonte/Minas Gerals (LZOON-MG). At LZOON-MG, it was only
possible to harvest biological specimens (liver and lungs) from 187 individuals (2019 n = 123
2021k n = 40; 2021: n = 24) (51 Table), due to the carcasses’ preservation status. In 2019, only
liver samples were harvested from carcasses. Starting in 2020 lung samples were also harvested
from some carcasses, with the parallel purpose of investigating infection by SARS-CoV-2 [34];
lung samples were also tested for YFV whenever available, Liver and lung samples were sent o
the Virus Laboratory at Universidade Federal de Minas Gerais and fragments of each tissue
were preserved in the presence (at -20°C) or absence (-80°C) of RNAlater solution ( Ambion/
USA) until further use,

WHP carcasses were identified to the genus level by the veterinary team at LZOON-MG
using morphological criteria. Each carcass was georeferenced by the location of sampling and
geographically classified by land use (urban, rural, urban-rural interface). Land use was

WERT AFRTCA
SOUTH AMEEICA TT

SOUTH AMERICA 1

Fig 1. Circubation of yellow fevervirusin Minas Gerais, 2006 wo 2021, 4 Map aof Minas Gerais mmﬁﬂw Jocatiom
of Curvelo, where yellow Ever vires was detected ina Callithrix sp specimen, in 2020 {purple), municipalities that had
cases of yellow fever affecting human and or non-human primate, 2016-2018 (green), and o micipalities that had
yellow fever epinontics confirmed from ful 2020 to Jun 2022 (grey ). The insetmap displays the bocation of Minas
Greraisin Southern Braril B: Phyloge netic tree reconstructed with using partial envelope sequence of yelow Bver virus
{ 1000mt). The sequence of yellow fever virus detected in a Callithrix sp specimen (NHP1041), in 2020, from Curvelo is
shown in purple. Some branches were collipsed fxr carity. The phylogenetic tree was reconstructed wsing the
maximum likelihood method, nudectide substitstion model TRO3 +1, with 1000 bootstrap replicates, using FhyML.
The final tree was edited and visualized waing TOL. The map wes gene rated wsing sha pefles "MG_Municipios_2020.
shp™ and "BR_UE_2020shp™ (httpa-/iwww ibge oy be/geocienciag organ irscan- dir territorio/malha s-terotoriais/
1577 4ol b b ] #= B = acesn-ao-produie) and QGLS, 2 free open source (GNU General Public License) system
develped by (O pen Source Geospatial Foundation (hitpe’ wwwgiis oot BRsite/foresers’ dos alosd hitml ).
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classified using satellite i magery [35] as i) urban areas (built-up areas, cities, towns, villages, or
isolated areas with intense human occupation and urban development); i ) urban-rural inter-
face (transition between urban and rural areas delimited by 20 kilometers on the outskirts of
urban areas towards the rural/sylvatic environment); and i) rural area (sylvatic areas that cov-
ered areas located outside the urban and urban-rural transition areas) [11, 36].

Molecular screening for YFV in NHP samples

Total RNA was extracted in batehes of 2 maximum of 15 samples at atime (liver for all NHPs
and lung samples as described above), plus one negative extraction control (nuclease-free
water ), using the RiNeasy Minikit (Qiagen, USA). To determine the suitability of the RNA,
samples were submitted to a one-step real-time polymerase chain reaction (RTqPCR), using
the GoTaq 1-Step RTgPCR System (Promega, USA) and primers targeting the gene coding for
the endogenous control fractin. All BNA samples were positive for the endogenous control
[11,37]. BNA samples and the negative extraction controls were screened in duplicate to
investigate the presence of YFV BNA by RTqPCR ( GoTaq Probe 1-Step RTqPCR System -FPro-
mega, USA), with primers and probes targeting the 5'-noncoding regions of the YFV genome
[38]. Won-template, negative extraction, and positive controls (RNA from the YFV 17DD vac-
cine, provided by Bio-Manguinhos FIDCRUZ) were used in every assay. Samples were consid-
ered positive for YFV when they presented a threshold for cycle amplification (Cq) < 37 in
duplicate [11]. Samples with Cgs =37 and <40 were considered ind eter minate and retested,
and samples with Cgs > 40 were considered negative. When YFV RNA was detected, the sam-
plewas retested without the presence of reverse ranseriptase to exclude amplicon carryover.
In the case of an YFV positive sample, the clarified supernatant from the macerated sample
preserved at -80°C (without ENALater solution) was used to infect C6/36 and Vero cells, fol-
lowed by consecutive blind passages attempting viral isolation [37]. The supernatant of
infected cells was used for RNA extraction (Qiamp Viral RNA Mini Kit, Qiagen) and tested by
RTgPCR as described above. In addition, RNA from the positive sample was used as a template
to generate amplicons covering part of the envelope gene of YFV using different primer com-
binations (YFV_500_3_left/right, YFV_500_4_leftright, YFV_500_5_left/right, and
YFV_500_6_leftiright) as previously described [21] wsing the GoTaq Probe Master Mix (Pro-
mega, USA). The amplicons were purified and sequenced with the ABI3130 platform (Applied
Biosystems, USA ). The consensus sequences were generated (Chromas software version 2.6.6),
aligned with MAFFT (mafft.chrejpfalignment/server/ ) and used for phylogenetic reconstruc-
tion, using the maximum likelihood method, using the nucleotide substitution model that best
fitted the data (TN93 +1), with 1000 bootstrap replicates, using Phy ML [39]. The final tree was
edited and visualized using fTOL [40].

Generalized additive mixed models

Generalized additive mixed models (GAMMs) were used to identify the drivers of YFV infec-
tion and intensity because these models allow for non-linear trends with time, space, and abi-
otic drivers. All models were fitted in R version 4.1.1 [41], using the ‘mgov' package [42].
Response variables included binary qualitative liver RTqPCR resulis, denoting the presence or
absence of infection (“infection”), and RTqPCR Cq threshold values (inversely proportonal to
genomic YFV load in the liver of WHPs) that represent the intensity of YFV in infected indi-
viduals (“intensity”).

To conduct the analysis, we initally combined our data from 2019-2020 with previously
published data from molecular YFV screening in 769 WHP carcasses from 2017 to 2018 in
Minas Gerais [11, 37]. However, given the extreme low positive rate for YFV in 20019-2021
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(see Results), our models only used data from 2017 and 2018 [11, 37] (52 Table). Intensity
maodels (Le, RTqPCR Cq values) only included samples that were positive for YFV. RTgPCR
Cqs threshold values were inverted so that larger values denoted greater intensity, with values
then scaled to have a mean of 0 and a standard deviation of L Infection and intensity GAMMs
used a binomial and Gaussian specification for the response, respectively.

GAMMSs were used to investigate several key hypotheses about the drivers of YFV infection
and intensity in NHPs outlined above. First, the epizootics were divided into two perdods pre-
and post-day 220 (corresponding to Aug 8 2017, which was the nadir of prevalence through
the cold/dry season), and an interaction between the spatial effect and the epizootics (first or
second) was fitted to examine whether they differed in their geographic distributions. Finally,
temporal patterns and changes in infection and intensity in our sample of NHPs were com-
pared with total confirmed YF cases in human and NHPs in Minas Gerais state, using data
from Information System for Notifiable Diseases (SINAN) the Brazilian Ministry of Health's
official yellow fever surveillance program. Data regarding confirmed YF cases in human and
NHPs were received from SINAN (July 8% 2021) and date of epizootic occurrence for NHPs,
or date of symptom onset for humans were used.

Explanatory variables in our models included: a smoothed effect of Julian date with an
adaptive smooth to examine temporal patterns; a latitude-by-longitude smoothing term to
examine spatial patterns; a three-level factor to denote sample land use (urban, urban-rural
interface, and rural); a three-level factor to denote carcass preservation quality (good, interme-
diate, and bad, as previously deseribed [11] based on the visual inspection of carcasses taking
into account the brightness, color, and consistency of the tissues, the smell, and presence or
absence of parasites in the carcasses) and a three-level factor to denote the genus of WHP sam-
pled (Alouatta, Callicebus, and Callithrix). We also attempted to fit the effects of local popula-
tion density and gross domestic product (data from Brazilian Institute for Geography and
Statistics-Instituto Brasileiro de Geografia ¢ Estatistica TBGE), but neither improved the
maodel fit or showed significant effects, and both required a substantial reduction in sample
stze due to missing data, so we opted not to include them in our final models.

For each effect in the GAMMS, contribution to model fit was caleulated by examining their
effect on the Spearman rank correlation between the models’ observed and predicted values
[ which we call R). This caleulation involved removing a variable from the model's predictions
and calculating the correlation of the new predictions with the observed data. Removing more
important variables has a greater effect on the model’s fit than other, less important ones,
These are then expressed as a proportion of the model's overall fit to give a representation of
each variable’s importance in the model. All code associated with this analysis is available at

https:/fgithub. com/viralemergence/mina s-gerais -yiv"

Results and discussion
YFV enzootic circulation in NHP from Minas Gerais between 2019-2021
From January 2019 to July 2021, we screened 187 free-living WHP carcasses collected during
the warm/rainy (December to May) and cool/dry periods (June to November) of 2019-2021.
Both lungs and liver were screened for YFV where available; liver was available for all carcasses,
and for 44 carcasses lung specimens were also avaibble, Carcasses were collected from 70
municipalities throughout the state but mostly originated from three regions, the Metropolitan
(n =101, 540%), ZonadaMata (n = 21, 11.2%), and Tridngulo/Alto Paranaiba (n = 20, 10,7%).
The great majority of these carcasses (93.6%) were Callithrix from urban areas (Table 1).
Between 2019 and 2020, one out of 44 lung samples tested positive for YFV. This positive
sample was from a Callithrix specimen collected during the cold/dry season in June 2020, in
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Table 1. MNon-human primate carcasses collected from 2009 00 2021 in Minas Gerisand screened for yelow Dever virus,

Mo -Human Primale year Total
2019 2020 21
Period* wanm/rainy 50 20 12 £2 (43.9%)
conldry 73 20 12 105 (56.1%)
Area Urhan a4 31 24 149 (79.7%)
Urhan- rural interface 5 2 i 7 (3.7%)
Fural 24 7 0 31 (16.6%)
Taxon Caliitirixspp. 114 3% 23 175 (93.6%)
Alouatta spp. 0 1 1 2 {1.1%)
Cebidie spp. 9 1 0 10 (5.3%)
Samples** liver 123 A0 24 187
Tung 0 20 24 H

* warm/ rainy period: from December to May, ool dry period: | une to November.

Samples

b Liver samples were available and anabyred for all non-human primates’ carcases. For all carcases (n= 1587) liver samples were analyzed, but in some cases (n = #),

besides liver, lung was available and also amalyzed.

S om0 1371 0011407 100

the central area of Minas Gerais (Fig 1A). Mone of 187 liver samples tested positive during this
period. Three independent RNA extraction and RTgPCR experiments were performed using
lung and liver samples from the YFV positive carcass with similar results, DNA template carry-
over during experimental procedures was ruled out by running PCR without previous reverse
transcription. Although the liver is one of the major sites for YFV replication in vertebrate
hosts, it has higher RNA decay and RNA degradation rates compared to lungs [43, 44].In
addition, a high Cq (= 38.8) value was observed in RTgPCR of the positive lung sample, indi-
cating a low genomic load in the lungs. Given the higher RNA degradation in the liver, one
could expect even lower YFV RMA levels in liver and consequently lower odds of detecion by
RTgPCR. Attempts at viral isolation from the positive lung sample (not preserved in RN ALater
solution) were not successful after five blind passages in C&/36 or Vero cells, since no YFV
RMA was detected in supernatant from infected cells. The low YFV genomic load observed in
lung samples (as indicated by high Cqin RTqPCR) would reflect a low viral load impairing
viral isolation,

A nucleotide sequence of partial envelope gene (1113 nt, Genbank accession number
OP589291) of YFV confirmed the detection of wild-type YFVRNA in the lung of the Callithrix
specimen. Phylogenetic analyses demonstrated that this YFV strain clustered within a mono-
phyletic clade of South America genotype I, together with other YFV isolates from the recent
outbreaks (2016 to 2019) in Brazil (Fig 1B).

The YFV-positive Callithrix specimen was collected in the rural area of the municipality of
Curvelo, central Minas Gerais state, an area that was heavily affected by YF in 2017 and 2018
and from which NHP epizootics have been reported since [45, 46]. The molecular and epide-
miological data point to the maintenance of YFV lineage related to 2017 and 2018 outbreaks in
the enzootic cycle in Minas Gerais state up to 2020. This lineage has been proven to have
undergone cryptic circulation prior to the outbreak by the end of 2016 [21, 37, 47], and to have
persisted in Southern Brazil at least until 2021 [§, 37, 47-49].

Despite the significant decrease in the magnitude of WHP epiaotics from the first two YF
waves (2016/2017 and 2017/2018) to subsequent warm/rainy seasons, our data and data from
official surveillance systems reinforce the conclusion that YFV circulates continuously in an
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enzootic circulation in Minas Gerais. During the last YF surveillance period (July 2021-Tune
2022), eight municipalities in the state, located in areas covered by Cerrado biome (Brazilian
Savana) confirmed epizootics caused by YFV [45, 46, 50]. The very low prevalence of YFV in
WHPs from 2019 to 2021 observed here may reflect a real reduction in YF transmission or the
use of a convenience sample provided by the YF surveillance system. After the two YF out-
breaks in 2017 and 2018 during the warm/rainy season in Minas Gerais, and an intensification
of the vaccination campaign, YF cases were no longer reported in humans from mid-2018 in
the state [29, 51, 52]. Regarding the epizootics, a significant decrease was observed since the
last outbreak in Minas Gerais in 2018, according to bulleting of the surveillance system [45].
From January 2019 to July 2021, a total of 543 carcasses of free-living WHPs were forwarded to
the Laboratory of Zoonosis-Belo Horizonte/Minas Gerais by health surveillance agents as part
of the YF surveillance program (mean of 30 carcasses/month). The number of WHP carcasses
sampled was 3.8 times lower compared to December 2016 up to December 2018 (mean of 86
carcasses/month ), when YF outbreaks were reported in the region. The decrease in the num-
ber of epizootics throughout Minas Gerais state could be related to the decline of natve NHP
populations in the state following the massive YF epizootics of 2017-2018 (due to massive
death of WHP or immunity acquired by the survivors), decrease in YFV dissemination in the
state [45, 46, 53] or even to eventual inadequacy on the passive surveillance system of epizoot-
ics. One of the arms of the YF surveillance system relies on the information provided by the
population (especially some key social or professional groups given their activities and place of
living) regarding the occurrence of sick or dead WHP in a region, followed by further epidemi-
ological investigation [54]. COVID-19 restricions on social activities in 2020 and 2021 could
have had an impact on this information system. In addition, the majority of WHP carcasses
studied here were collected in urban areas (79.7%) and were represented by Callithrix speci-
mens (93.6%), likely because marmosets more tolerant of human-impacted habitats, such as
rural areas, forest fragments, and forest pockets in urban areas compared to species of Aloualta
or Callicebus, [55, 56] and therefore their carcasses are more lkely to be spotted. Below we
demonstrate that odds of YFV infecion in WHPs from urban areas are significantly lower than
rural-urban interface or rural areas and lower in Callithrix compared to Alouatta and Callice-
buis specimens. The shift in the distribution of submitted WHP carcasses from a more even
spread across land cover types to an almost exclusive representation of urban areas may be
driven by the public concern about the recent circulation of YFV in densely populated areas in
southeastern states of Brazil [11-15, 20]. The predominance of carcasses of Callithrix sampled
(in urban or rural areas) may explain the fact that the only detection of YFV RNA, from 2019-
2021 was in arural Callithrix specimen, despite the lower estimated odds of infection for these

genera,

Drivers of YFV infection and intensity during epizootics

Although the low prevalence of YFV in NHPs observed in 2019-2021 did not allow the inclu-
sion of thisdata on modeling analysis, the GAMMSs explained 65% and 68% of variaion in
YFV infection and intensity in NHP, respectively, during 2017-2018 [1L, 37]. The GAMMs
allowed the fitting of adaptive nonlinear smooths to the spatial and temporal data to identify
continuous patterns across the study period, while accounting for sampling and taxonomic
biases as other fixed effects. Moreover, the use of qualitative and quantitative RTgPCR outputs
as response variables, allowed us to identify whether prevalence and intensity of infection were
responding similarly to ecological factors, Model coefficients and associated p values for infec-
tion and intensity models are listed in Table 2 with pseudo-R* values in Table 3 to illustrate
model fit.
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Table 2. Effect estimates and P values for each of the lerms in our generalized additive mized models

Hespomse Variahle Estimale Lowerds Upperds Sig edll Chi_or_F "
Infection Intercept 2237 0.714 BH29 (1204
Ruralares 1 1
Uthean area’ L& (1388 04973 * .03
Urhan_rural_interfce’ 06007 0.296 1.265 L.166
Bad carcas quality? 1 1
Groowd carcas quality® 1.355 071 2591 (1384
Intermediate carcas quality” 138 162 2.563 (L387
Alouatta’ 1 1
Callicebus® 0.37 0.104 1.214 1122
Callithrix’ 0.124 0.046 0339 * <0001
Drate * 6,299 39 <0001
Longitude (1.766 9 08
Latitud & * 217 9 1041
Lusygr Lat * 4189 14 10402
L rtersity Irstercept 0.782 11363 1.253 * (L0411
Furalares ' 0
Uk area’ A1LA36 1863 AL465 * <0001
Urban_rural_interfce’ 1396 077 11062 * w028
Bad carcas quality” ]
Gl e s gquaality® 0325 1043 07102 079
Intermedizle carcan quality’ 0.195 41187 01565 1307
Alountta’ (]
Callicehus’ 41285 071 0157 0198
Callithric’ 0813 -1.138 489 * <000
Diate * AB4T 21 <0001
Longitude 0.576 0.15
Latitude * 1784 1001
Lastie Lat * £.015 16 <0001

Respon se varizhles included "Infection™ given by hinary qualitative liver RTgPCR resulis, denoting the presence or absence of YEV ENA, and “Intensity™ given by
RTgPCR Cq thre shold values representing the intensity of YEV RNA load in infected individuale The estimates for the [nfection model are given asodds ratios; the
estimates lor the intensity model am given aslinear eflects For each linear effect, we include the GAMM dope coefBcient and the 95% conlfid ence intervals on estimates
{upper 95 and lower 95). Forthese and all smooth terms, we inchade p values, effective degrees of Feedom (edf), and the Chi square (for infection) or F value (for
intensity). Anasterisk inthe column “Sig” denotes whether the variable was statistically significant (P« 0.05). Categorical varables are presented as [1] areas of non-
human primate sconpling {udban, ruralor uban -ruslinterfce), [2] the preservation status of non-human primate carcasses (good, bad, imermediate), and [3] non-
Thuman primate tas.

hitpes:iidoiom 01371 fournal poid 00 1407 02

First, we tested the hypothesis that the temporal pattern of the YFV epizootic in NHPs
would mirror that of human cases, with peaks in NHPs preceding those of humans, However,
the temporal pattems of total epizootics (Fig 2A) and human cases (Fig 2D) (based on data
from the Ministry of Health) and the YFV infection in NHP studied here were roughly equiva-
lent (Fig 2B), and the temporal smooth was both highly significant { P<0.001; Table 2) and
accounted for a large proportion of the model deviance (R = 0.54 and R = 0.22; Table 3). We
observed a strong temporal pattern in which YFV infection and intensity were higher during
warm/rainy periods (Fig 2 and Table 2), consistent with well-known seasonal patterns of YF
[5]. Broadly, both infection and mean intensity in our NHP samples were high at the start of
2017, and then drop ped before increasing rapidly near the start of 2018, In NHP's, both YFV
infection and intensity peaked in early 2018, approdmately the same time the human cases
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Table 3. R values (correlations between predicied and observed values as a proportion of Uhe model’s overall fit)
For each of the fitted terms inour GAMMs,

Hesponse Variable R

Inf ection Area' 00116
NHP carcass quality * 00015
Tasin® 00514
[hate 0.5445
Spatial effect 00398

Intensity Area' 0.1853
NHP carcass quality® 00175
Tasin® 0.1511
[hate 02178
Spatial effect 0.1037

NHP: noa-human primate. Variables are presented as [1] aress of non-human primate sampling, [2] the preservation

statis ofnon-human primate carcasses, and [3] son-human primate tass.

It <o o 001 371 o nail pndd. 001 407 103

peaked, and then decreased extremely rapidly (Fig 2B and 2C). The penultimate positive NHP
carcass was identified on 18™ March 2018, followed by a final positive carcass on April 13™
2018 (Fig 2B). As noted above, one positive sample was identified on June 18™, 2020, but
excluded from GAMM analyses.

Second, we tested the hypothesis that the epizootic would be spatiotemporally structured
and associated with particular land cover classes. There were strong, highly significant spatial
patterns of YFV infection and intensity (p<0001; Table 2) that accounted for substantial devi-
ance (R = 0.04 and R = 0.1; Table 3). However, patterns for infection and intensity were less
correlated in space than they were with time (Fig 3) and our GAMM model fits were not
improved when we allowed the spatial patterns to vary between warm/rainy periods
(ADIC<2), implying that spatial patterns were relatively similar in these periods. Spatial pat-
terns of epizoot cs during the first (2017) and second wave of YFV (2018) were similar, imply-
ing that the drivers of these e pidemics did not differ notably across epidemics. Although the
intensity patterns were patchier and therefore more difficult to generalize, there was a band of
low prevalence stretching across the central-west part of the state, with a relatively higher
infection closer to the eastern part of Minas Gerais, where most human and WHPs cases had
been reported during outbreaks prioe to the 2017-2018 outbreal [11, 22, 29, 45]. However, in
thislatest epidemic, human YFV cases were more concentrated in the northeast (2017} or in
the central/southeast parts of Minas Gerais (2018), thus diverging somewhat for the foci of
NHP infection [22, 29].

With respect to land cover, our GAMMSs revealed that monkeys collected from the urban-
rural interface had lower intensity (p = 0.028), but not lower odds of infection (p = 0.17), than
those taken from rural areas (Fig 4 and Table 2); samples from fully urban areas had both
lower intensity (P<0.001) and probability of infection (p =0.03) than those taken from reral
areas. The finding of higher YFV prevalence in rural areas is consistent with the sylvatic trans-
mission cycle of the virus and likely reflects the distribution of key YFV vectors in the genera
Haemagogus and Sabethes [3, 11].

Lastly, our GAMMSs demonstrated that Callithrix had lower odds of infection and lower
intensity than samples from the genera Alouatta and Callicebus (p<<0.01). This pattern could
bedue to differential susceptibility to YFV infection [23-25], or to the higher percentage of
Callithrix collected from urban areas, given that infection was shown to vary by land cover
[ 11].
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Fig 2. The temporal progression of {From top tobottemk: (A) total epintic cases, taken from the Brazilian Ministry
of Health's official yellow fever surveillines program; { B) prediced YFV infection in sampled primates {points
inscicating pogitive and negative smples); (C) intensity of YFV in inleted primate samples and labeled in Panel B; and
{ D) total of heman cases taken from Brailion Ministry of Health's official yellow fever surveillance program. Date is
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Fig 3. The geographic distribution of non-human primate carcasses. [ A) predicted YFV infection (B); and
'Flrml.iﬂ:h:ul mean YEV inlensity (C). Panels B and C were taken Froom owr CrAM Ms; darke r colors repretent greater
prediced infection and intensity. The dark black line represents the coastline of Brawil In panels B and C peripheral
areas with very low or very high predicted intensity have been removed for plotting clarity (dark greyareas), due to a
tendency for extreme estimates when extra pelating owtside the limits of the data. Maps were created in B owsing the
package roatwrlearth (hitps-/ i www.od ocumentation o pack. froaturaleartversions 0.3.2), and the open source!
'Fluh] i domain Natural Earth (hitpewrwe natues karthd sta oo L
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Concordance of YFV Infection Prevalence and Intensity

We found a strong, positive association between the likelihood of infection (prevalence ) and
infection intensity (inverse Cq value representing concentration of viral genomes) in NHPs
across ime and space, with peak infection and intensity occurring in the warm/rainy season in
eastern Brazil. While such a relationship might be expected in an ectothermic mosquito vector,

Intercept{ ~ Response _—
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Rural 4 -+ |ntensity t
Urban-Rural Interface - —_"'.—"‘5—-
Urban 1 L
Carcass: Bad #
Carcass: Intermediate _‘—"._.—_

Carcass: Good 4 ———

Taxon: Alouatta - 2

i

Taxon: Callicebus o~
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Fig 4. Fined effect estimates taken from owr GAMMs, for Y FV infection (red) amd intensity (ue), acooun ting for
the nonlinear spatiotemporal vadation seen in Figs 2 and 3. Dots represent the mean estimated effects ernor bas
are the 95% credibility intervals. § Iﬁl’l.l.nilm ellect [p:.'ﬂ.ﬂi] are marked with an asterisk (%), "Rural”, "Cancase Bad™,
and "Tasore Allouatta™ were all the base levels for their Betor; we displey them s zeroto allow comparison between
these factor kevels and the other Betor levels in the effect.
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where susceptibility and virus replication are both coupled to temperature (discussed below),
itis not expected @ priori in endothermic hosts. We hypothesize that this relationship may be
driven by differences in the viral dose delivered to monkeys in the warm rainy season, either
because WHPs receive more infectious bites during this season, or because individual mosqui-
toes deliver more virus per bite during this season, or both. The rationale for this hypothesis
comes from the documented e fects of varying virus dose in experimental arbovirus infections.
Althouse and colleagues [57, 58] as well as Fox and Penna [59] have reported that experimen-
tally increasing the dose of arbovirus delivered to an NHP or other host species leads to a
higher peak viremia. Similarly, Hanley and colleagues [60] demonstrated that when mice were
infected with different doses of Zika virus via different numbers of infectious mosquito bites,
increasing dose resulted in higher peak viremia. Intriguingly, Hill and colleagues [61] observed
that during the 2016-2018 YFV outbreaks in Brazil, the rate of YFV evolution was higher dur-
ing the warm/rainy season compared to the cold/dry season, a difference that they atiributed
to differences in virus infection dynamics within mosquitoes but that could also stem from
variation in infecion dynamics in WHP hosts,

It is known that the warm/rainy season fvors the reproduction of the sylvatic vectors of
YFV [62, 53] which in turn would result in higher vector-biting and therefore greater potential
rates of NHP exposure to YFV. Moreover, Chouin-Carneiro and colleagues [64] have shown
that Zika virus infecion and dissemination efficiency in Brazilian Ae. qegypti and Ae. albopic-
tus is significantly greater in temperatures mimicking the Brazilian warm/wet season than
temperatures mimicking the Brazlian cold/dry season. While the effects of temperature and
humidity on vectoral capacity are quite complex [65], viral replication generally rises and
extrinsic incubation period shrinks with increasing temperature up to some ther mal limit.
However, the conclusions above about the effects of temperature on virus infecion, replication
and dissemination are drawn from studies of Aedes mosquitoes, whereas the YFV outbreak
under consideration here was sustained by Haemagogus [66] and possibly Sabethies mosqui-
toes. Unfortunately, the lack of colonized Haemagogus and the pavcity of colonized Sabethes
mike it impossible to evaluate the impacts of temperature and humidity on the within-host
dynamics of YFV replication in these genera. In lieu of such experimental studies, longitudinal
surveillance of these sylvatic mosquitoes to quantify virus carriage and titer across seasons is
needed.

Conclusion

Our results from surveillance data suggests the establishment and continued circubtion of
YFV in the enzootic cycle in Minas Gerais, despite the fade-out of human YF cases in the
region, This is an important alert for public health and policy officials regarding the support of
continuous surveillance efforts in this region of Brazil Strong temporal and spatial patterns for
YFV infection were observed during 20017-2018 yellow fever epizootics in Minas Gerais state,
fitting the seasonal and sylvatic patterns of YF in Brazil. The higher intensity of YFV infection
in WHPs during the warm/rainy season could possibly be related to higher exposure to vectors
and/for higher virus titers, what could in turn affect the dynamics of YFV enzootic cycles
between different seasons,

Supporting information

51 Table. Non-human primate carcasses obtained from 2019 to 2021 and tested for the
presence of yellow fever virus RNA, IT: identification of non-human primate carcasses,
Arex: sampling area. Urban-rural: urban-rural interface. RTQPCR-YFV: one-step real time
polymerase chain reaction for investigation of yellow fever virus BNA, performed using
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methods described by Domingo and colleagues, 2012 (DO 10, 1128/ TCM.01799-12), Neg:
negative result, pos: positive. * total RNA obtained from lung sample.
(PDF)

52 Table. Non-human primate carcasses used for analysis using generalized additive
mixed models, IT: identification of non-human primate carcasses, Epi week: epidemiological
week. Arex sampling area. Urban-rural: urban-rural interface, Lat: latitude. Long: longitude.
RTqPCR-YFV: one-step real time polymerase chain reaction for investigation of yellow fever
virus RNA, performed using methods described by Domingo and colleagues, 2012 (DOT: 10,
1128 TCMU01799-12). neg negative resull, pos: positive. * total RNA obtained from lung sam-
ple. Na: not available.,

(PDF)
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Abstract Yellow fever virus (YFV) is the agent of yellow tever (YF), which affects both humans
and nor-human primates (NHP). Neotropical NHP are highly susceptible to YFY and consid-
ered sentinels for YFV circulation. Brazil faced a significant YF outbreak in 2017-2018, with over
2000 human cases and 2000 epizootics cases, mainly in the State of Minas Gerais, Brazil. This study
aimed to investigate whether YFY circulation persisted in NHP after the human outbreak had sub-
sided. To this end, NHP carcass samples collected in Minas Gerais from 2021 to 2023 were screened
for YFY. ENA was extracted from tissue fragments and used in ET-gPCR targeting the YFY 5'UTE
Liver and lung samples from 166 animals were tested, and the detection of the B-actin mENA was
used toensure adequacy of RMA isolation. YFY ENA was detected in the liver of 18 NHF carcasses
collected mainly from urban areas in 2021 and 2022, YFY positive NHF were mostly re presented by
Callithrix, from 5 out of the 12 grouped municipalities (mesoregions) im Minas Gerais state. These
findings reveal the continued YFV circulation in WHF in urban areas of Minas Gerais during 2021
and 2022, with the attendant risk of re-establishing the urban YFV cycle.

Keywords: Brazil; yellow fever; yellow fever virus; epizootics; outbreaks; non-human primate;
surveillance; Orthoflamioirs

1. Introduction

Mosquito-borne yellow fever virus (YFV) (Orthoflavivirus flavi) (family Flaviviridae,
genus Orthoflavivirus) is the etiologic agent of yellow fever (YF), an acute viral hemorrhagic
and viscerotropic disease in both human and non-human primates (NHPs). YFV is cur-
rently endemic in tropical regions of Africa and South America. There are three known
transmission cycles of YFV; in the sylvatic (jungle ) cycle, NHFs serve as the primary meser-
voirs and amplification hosts, while humans ame incidental hosts and mosquitoes of the
genera Aedes (in Africa), Sabethes, and Hasmagogus {in the Americas) serve as vectors. In the
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urban trangmisgion cycle, humans are the primary hosts and the anthropophilic mosquito
Avdes argypti is the vector. Finally, the rural transmission cycle has been initially described
in Africa and oceurs at the interface between urban and rural or forested land covers. Aedes
moesquitoes are implicated in the rural cycle, giving rise to isolated rural epidemics, which
have the potential to trigger broader urban outbreaks [1-5).

Between the end of the urban YFV cycle in Brazil in 1942 up to 2000, the YFV sylvatic
cyche was largely confined to the Amazon basin (Figure 1), although the virus sporadically
re-emerged outside this region, espedally during rainy periods accompanied by elevated
temperatunes [5,6]. Several factors underpin the reemergence of YFV in Southern Brazil, in-
cluding inadequate vaccination coverage; the abundance of sylvatic vectors and NHF hosts;
favorable dimatic conditions; the emergence of new virus lineages; and the movement
of infected humans and NHFPs into new areas sharing these comducive conditions [6]. In
addition, during the recent YF outbreaks in Brazil, the observed temporal and geographical
patterns of YFV dispersion indicated the important role of vectors in YFV movement [7,8].
From late 2016 to 2018, Brazil experienced a dramatic shift in YF epidemiology, with a
major outbreak in the Southeast egion of the country. The state of Minas Gerais (M)
(Figure 1) was recognized as the epicenter of the epidemic From July 2016 to June 2018, the
outbreak resulted in more than 2000 human cases, with 760 deaths in the country. More
than 2000 confirmed infections in NHP were documented during this time, including NHP
carcasses sampled in urban ameas, and current evidence sugpests that all human cases werne
related to the sylvatic cvcle [5,%-13].
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Figure 1. Detection of yellow fever vinus RNA in carcasses of non-human primates in Minas Gerais state,
Brazil, 2021-2022 (A) Map of Brazil outlines the states (black lines) and highlights the Amazon basin {in
green) and Minas Gerais state (in grey ). (B) In detail, the map of Minas Gerais state displays mesoregion
boundaries (black lines), municipalities whem YFY ENA was detected in NHP in this study (yellow),
and municipalities wheme YFY was not detected in NHF in this study (white). The 12 mesoregions of
Minas Gerais state are shown as follows 1 Northwest; = North; 30 Jequitinhonha; 4 Muouri Valley;
5: Triangulo Mineiro; & Central; 7: Metropolitan; 8 Rio Doce Valley; & Western; 100 South,/ Southwest;
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11: Campo das Vertentes; 12 Zona da Mata. The map was generated using the gecbr package,
IBGE shapefile for Brazilian hydrographic basins (https://wwwibge. gov.br/ geociencias/
downloads-geociencias. html?caminho=informacoes_ambientais/ estudos_ambientais/bacias
e_divisoes_hidrograficas do_brasil /2021 /Divisao_Hidrografica Nacional DHMN250 /vetores /
accessed om 13 October 2023), and Python 3.11.5.

After the outbreak and extending into the current monitoring period (from July 2023
1o June 2024, vectors, NHPs, and human cases of YFV infechon have been continuously
reported outside the Amazon Basin in Brazil [14-21]. These reports underscore the ongoing
circulation of YFV in Southern Brazil. Thus, we undertook an investigation of YFV infechon
within NHF carcasses collected from February of 2021 to August of 2023 from different
covers, including urban settingg, in MG,

L Materials and Methods
2.1, Study Area and Sampies

MG state is located in Southeast Brazil, bordering the states of 5do Paulo, Rio de
Janeiro, and Espirito Santo {Southeast Brazil), Bahia (Northeast Brazil), and Mato Grosso
do Sul and Goids (Midwest Brazil) (Figure 1A). It has a total population of approximately
20.5 millicm imhabitants concentrated (85%) in urban areas that correspond to 0.8% of its
total ferrtory (586,513,983 km?) [22]. MG state is subdivided into 12 mesoregrions based
on the economic and social traits of the municipalities (Figure 1B). The state is covered by
three main biomes: Atlantic Forest, Cerrado (Brazilian savannah), and Caatinga. Different
genera of NHPs have been described in the state as Alouatta, Callithrix, Sapajus, Callicebus,
and Brachytees [23,24].

The molecular investigation of YFV was carried out using liver and lung samples
obtained from 166 carcasses of free-living NHPs collected in 54 municipalities across MG
state from February 2021 to August 2023 (Tabke 1). The carcasses wene collected by health
surveillance agents as part of the YF surveillance program and forwarded to the Laboratory
of Zoonosis of Belo Horzonte, MG, whene all carcasses wene tested as negative for rabies.
The collection of NHF carcasses spanned both the rainy (October to March) and dry (April
to September) seasons. This collection encompassed urban, urban-rural transition, and
rural /forested ameas in 11 mesoregions within MG state (Figure 1B, Table 1). Information
was obtained from epidemiological records regarding the address or geographic coordinates
whem carcasses wene collected and used to classify the carcasses based on land use as urban
(built-up) areas, peri-urban areas, and rural/ forested areas, as previously described [11].
Among the 166 carcasses studied, a majority (89.29%) were identified as Callithrix genus,
while a smaller portion belonged to Alouatta genus (24%) or the Cebidae family (3.6%),
while some carcasses (4.8%, 1 = 8) could not be defimtively identified (Table 1).

Table 1. Mon-human primate carcasses sampled and ested for yellow fever virus, Minas Gerais state,
2021-2023.

Year
NHFP 2021 2022 2023 Total

Total + Total + Total + Total +

Rainy 13 5 18 1 11 D 47 7

Season Dry 41 4 45 5 19 0 106 @

NA - 3 0 5 2 10 D 18 2
Urban 40 8 44 5 o D 84 13

. Peri-urban 4 0 6 0 o D 10 o

Sample collection area Rural,/ forested 9 2 10 1 0 0 19 3
NA 4 0 g 2 40 D 53 2
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Year
Totkal
NHFP 2021 2022 2023
Total + Total + Tokal + Total +
Callithrix spp. A2 1o 59 & 1 ] 148 16
Almuatta spp. 1 0 2 0 1 0 4 0
Tacom Cebidae 1 0 3 i 2 0 6 0
MNA = 3 0 5 2 0 0 8 2
Central 7 1 8 1 0 o 15 2
'['r'la.ng'u]u Mineiro 3 1 4 o 2 o 9 1
Rio Doce Valley 3 1 10 0 8 ] 21 1
Campo das Vertentes 1] 0 ] 0 1 ] 1 1]
IEl:[Lli.Iinhl::‘rd'La i} 0 1 o 2 0 3 0
. Merm]:n:-lira.n 32 ] 0 5 24 0 Eh 10
State Mesoregion North 1 0 3 0 0 0 4 0
Morthwest 1 0 1 i) 1] ] 2 1]
South/ Southwest [i] 0 1 o 1 1] 2 [i]
West 4 2 3 o 1 0 8 2
ZLona Da Mata 3 0 3 i) 1 ] 7 1]
NA® 3 0 5 2 0 0 f=11] 2
Total A7 10 &0 8 40 0 166 18

MA = not available, missing information in the e pidemiological investigation files. NHP: non-human primate,
+: positive.

21 YFV Soreening

Fragments of 20 to 30 my of tissues (lung and liver), previously obtained from the NHP
carcasses and preserved in ENAlater™ Stabilization Solution (Invitrogen—Thermo Fisher
Scientific, Waltham, MA, USA) at —80 "C, were separately used for total RNA extraction
{R_‘ﬂeas_‘,ri Mini Kit total ENA extraction kit—OQIAGEN, Venlo, Holanda). The fragments wene
placed in screw-Cap tubes containing 600 ul. of the lysis solution, provided by the kit, and
three 2 mm borosilicate beads (Sigma-Aldrich, San Luis, MO, USA). They wenr then agitated
for two minutes using a bead beater (Mini-Beadbeater-16, BioSpec Products, Bartlesvilke, OK,
USA) to ensure homogeneity for the next steps. RNA extraction was performed in batches of
up to 13 samples plus a negative extraction control (nudease-free water).

Oniz-step RT-qPCR [GuTaq'i] Probe 1-step RT-qPCR System kit, Promega Corporation,
Madison, W1, USA) for endogenous control B-actin coding gene (Table 51) [25] was per-
formed to confirm the viability of total RNA extracted. All samples weme positive, showing
suitability to be used as templates for RT-qPCE. Each RNA sample, along with the negative
extraction controls (25 pl), were screenid in duplicate for YFV RNA by ETgPCR {Cuani
Probe 1-Step KT-gPCR System kit, Promega Corporation, Madison, W1, USA) with primers
and probe (Table 51} targeting the 5 untranslated region of YFV viral genoms [26]. In
addition, a non-template control (nuclease-free water) and a pogitive control (YFV 170D
EMNA, kindly provided by Dr. Pedro Augusto Alves from FIODCRUZ Minas Gerais) were
used ineach set of RT-qPCR. Samples that presented a cycle threshold for amplification
{Cq) = 37 in duplicate or =40 wemne confidently considered positive and negative for YFV,
respectively. Samples with Cg values= 37 and <40 were initially categorized as indeter-
minate and subjected to metesting. They were only classified as positive if they yielded
consistent positive mesults in duplicate with Cq values < 40 during the second round
of testing,

To ensure accuracy, all samples that initially tested positive for YFV RNA underwent
further testing. This involved employing the same primers and probes for YFV in two
distinet conditions: RT-gPCR (with reverse transcriptase) and PCR (without reverse tran-
scriptase). This comprehensive approach was implemented to eliminate the possibility
of amplicon carryover. In addition, aiming to genotype [25] YFV, RNA from the positive
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samples were used as templates in RT-gPCR using a pan-orthoflavirus protocol targeting
the NS5 genome region [27] (Table 51).

3. Results and Discussion

Liver and lung samples from 166 WHF carcasses collected over a span of three years
(February 2021 to August 2023) were tested for the presence of YFV ENA. Liver samples
from 18 NHF carcasses wene pogitive (Table 52) while all lung samples were negative.
Positive samples showed Cgs ranging from 33.4 to 37.3 with an average Cg of 36.1. The
18 positive samples only showed amplicons when used in RT-gPCR, with no amplicons
being detected in PCR reactions (in absence of mverse transcoptase). Positive RNA sam-
ples were obtained from five different RNA extraction batches, each one with a negative
extraction control. All non-template controls and negative ENA extraction controls showed
negative results for RTI-gPCR. Unfortunately, none of the positive samples yielded ampli-
coms suitable for further genotyping. The inability to generate M55 fragment amplicons for
genotyping may be related to either ENA degradation or the low viral load of the samples
indicated by the high Cq values.

The greater detection of YFV in NHF carcasses collecked during the dry season may
be attributable to a sampling bias. This bias stems from the fact that the carcasses were
collected as part of the passive surveillance of YE In addition, the lower humidity and
cooler femperatures observed during the dry season could contribute to reduced carcass
decomposition rates and, subsequently, an increased likelihood of sampling [28]. The
majority of the 18 positive NHPs wene Callithrix penicillata (89%), which were mostly
obtained in urban areas (72%) (Takle 1), The low YFV genomic loads observed in Callithrix,
indicated by high Cq values in RTgIPCR, wene also previcusly described in other studies
during periods of intense YFV circulation during the outbreaks [11-13], or during periods
with low viral circulation after the outbreaks [18,.20]. The lower viral loads observed in
Callithrix compared to specimens of other genera could be related to their susceptbility
to YFV and their role in YFV maintenance and transmission cycles should be further
investigated [11-13]. The greater detection of YFV in Callithrix specimens may reflect
the remarkable behavioral plasticity of this genus, enabling them to thrive in densely
populated areas and wrban environments [29], where some other species cannot persist. In
fact, in a previous study, the majority of NHFP carcasses (436 out of 781) sampled during
the epizootics of YF in 2017 /2018 in MG, corresponded to Callithrix specimens, with an
infection rate for YFV of 27% in several urban areas of MG [13]. Although we only detected
YV in NHP carcasses collected in 2021 (= 10) and in 2022 (1 = 8), data from the Health
Department of MG confirmed a case of YF in a human being in 2023 [30]. The YFV-
positive NHP carcasses originated from 6 out of 12 mesoregions of MG (Figure 1B, Table 1).
Although vaccination coverage has increased within the human population since the last
cutbreaks, a concerning observation is that some of the mesoregions of Minas Gerais with
YFV circulation have municipalities with YF vaccination coverage below the recommended
threshold of 95% [17,31,32].

The regions when YFV was detected here were heavily affected during the YF out-
breaks in 2017/ 2018, with subsequent records of YFin NHPs [31,22]. The enduring presence
of YFV could be linked to the ongoing circulation of the virus associated with previous out-
breaks [18] or to a new introduction of YFV in the region, as recently described in 2021 [20].
Silva and colleagues [15] have demonstrated the maintenance of the YFV lineage related
o 2017 /2018 outbreaks in the enzootic cycke in MG state up to 2020, Previous studies
lend further support bo the continued enzootic drculation of YFV within MG since the
207 2018 outbreaks, in NHPs [15,20,31,32] and vectors [21] during rainy or dry seasons,
and in rural /forested or urban areas, minforcing the fact that YFV has suitable ecological
conditions for it maintenance n the state [23] These facts raise concerns melated to the
establishment of YFV enzootic cyces, including urban areas in Southeast Brazil, curmently
comsidered a non-endemic region for YE with rigks of viral spillover to the human popula-
tion. MNotably, during 2023, human cases confirmed by laboratory criteria, often involving
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individuals with a history of exposume towild areaz, have been reported in Minas Gerais,
Sao Paulo (Southeast region), Parand, and Rio Grande do Sul states (South region) [16,20].
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