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EPIGRAFE

Os sonhos n&o determinam o lugar onde vocés vao chegar, mas produzem a
forga necessaria para tira-los do lugar em que vocés estao.

Sonhem com as estrelas para que vocés possam pisar pelo menos na Lua.
Sonhem com a Lua para que vocés possam pisar pelo menos nos altos
montes.

Sonhem com os altos montes para que vocés possam ter dignidade quando
atravessarem os vales das perdas e das frustracdes.

Bons alunos aprendem a matematica numérica, alunos fascinantes vao além,
aprendem a matematica da emocao, que nao tem conta exata e que rompe a
regra da logica.

Nessa matematica vocé s6 aprende a multiplicar quando aprende a dividir, sé
consegue ganhar quando aprende a perder, s6 consegue receber, quando

aprende a se doar.

Augusto Cury
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RESUMO

O virus Zika (ZIKV) pertence a familia Flaviridae e ao género Flavivirus sendo,
portanto, similar do ponto de vista evolutivo com outros arbovirus transmitidos
por mosquitos. O ciclo natural de transmissdo do ZIKV na Africa envolve
majoritariamente vetores silvestres do género Aedes e macacos. No fim de 2013,
uma epidemia fora da Africa foi reportada na Polinésia Francesa com mais de 35
mil casos, alertando autoridades de saude para o potencial de espalhamento
pandémico desta virose que também foi identificada na Nova Caledbdnia, llhas
Cook e llha de Pascoa. Em 2015 foi confirmada a circulagao do virus no Nordeste
do Brasil, a partir de isolamento viral em casos suspeitos de dengue.
Recentemente, o Ministério da Saude do Brasil publicou uma nota afirmando que
casos da doenga ja haviam sido confirmados em mais de oito estados do pais,
nas regides Norte, Nordeste e Sudeste. Foi demonstrado a presenga do virus
zika (ZIKV) no sangue, sémen, urina e saliva, sugerindo que a detecgao poderia
ocorrer por estes fluidos corporais. A saliva € um biofluido ndo-invasivo, indolor,
com custo de coleta reduzido em relagdo ao sangue e pode apresentar alta
acuracia utilizando plataformas analiticas adequadas para cada doenca. No
entanto, as evidéncias com a infeccdo de ZIKV nas glandulas salivares e seu
potencial efeito no diagndstico salivar ainda apresentam literatura incipiente.
Diante deste contexto o objetivo da tese foi dividido em 3 capitulos: 1)
apresentacdo de um mecanismo patofisioldgico da entrada do ZIKV em células
de glandulas salivares e seu potencial impacto no diagndstico salivar; 2)
avaliagdo da composicao molecular de glandulas submandibulares em um
modelo animal de ZIKV; e 3) avaliagdo da capacidade de discriminagao do ZIKV
diluido em diferentes concentragcdes de saliva utilizando uma plataforma
biofotbnica sustentavel, livre de reagentes, rapida e nao invasiva. No primeiro
capitulo foi revisitada a expressdao de mRNA e proteinas em glandulas salivares
relacionadas ao mecanismo molecular da infeccéo pela entrada do ZIKV em
glandulas salivares. Entre eles estao os receptores de lectina tipo C e receptores
de fosfatidilserina (PS do tipo TIM1, TIM3, TIM4, TYRO3 e AXL). Em uma

perspectiva fisiopatoldgica relacionada com o diagnéstico, as glandulas salivares



podem permitir a entrada do ZIKV pelos transportadores supracitados, permitir a
replicacao do ZIKV e sua secre¢ao para o lUmen acinar e ductal até atingir a
cavidade oral com a saliva, o que é fundamental para desenvolver estratégias
adequadas para realizar plataformas diagndsticas para detecgdo precoce do
ZIKV na saliva. No segundo capitulo foi desenvolvido um modelo animal de
infeccdo por ZIKV utilizando camundongos machos C57/BL6 knockout para o
gene interferon-gama. A infeccdo por ZIKV foi realizada por administracao
intradérmica com ZIKV (50 pL, 1 x 10° PFU), e os camundongos controle
receberam apenas veiculo (50 uL). Para confirmar a infecgao pelo ZIKV neste
modelo animal, a replicagdo do RNA do ZIKV foi confirmada no bago de
camundongos. Baseado em uma analise por ATR-FTIR, foi observado que a
presenga de colageno reduziu (p < 0,05) e os acidos nucleicos aumentaram (p <
0,05) nas glandulas submandibulares de camundongos infectados por ZIKV. No
terceiro capitulo, identificamos que um algoritmo de aprendizado de maquinas
baseado em LDA classificou com 80,5% de acuracia (sensibilidade: 77,7% e
especificidade: 83,3%) amostras de saliva infectadas com 10* PFU/mL, o que é
similar a concentragao encontrada clinicamente na infeccao pelo ZIKV. Desta
forma, os resultados demonstram uma aplicacdo potencial desta plataforma
biofotbnica sustentavel sem o uso de reagentes, acoplada com algoritmos de
aprendizado de maquina para detectar ZIKV na saliva. Em conjunto, a revisdo
sobre a expressio dos transportadores para a entrada do ZIKV nas células de
glandulas salivares permitiu a compreensdo da patofisiologia do ZIKV nas
glandulas salivares maiores e menores, e seus efeitos na saude oral. A detecgao
de alteragcbes na expressado de colageno e acidos nucleicos em um modelo
animal de ZIKV reforga a importancia da compreensao da patofisiologia do ZIKV
em tecidos da cavidade oral, e também que mais estudos devem ser
direcionados aos efeitos do ZIKV em glandulas salivares. Além disso,
demonstrou-se que uma plataforma biofotdnica sustentavel utilizando espectros
infravermelho da saliva, acoplado com algoritmos de inteligéncia artificial, pode

detectar o ZIKV em concentragdes similares as encontradas clinicamente.

Palavras-chave: Zika Virus, saliva, diagnéstico, ATR-FTIR.



ABSTRACT

The Zika virus (ZIKV) belongs to the Flaviviridae family, therefore, it is related
from the evolutionary point of view to other arboviruses transmitted by
mosquitoes. The natural cycle of ZIKV transmission in Africa mainly involves wild
vectors of the genus Aedes and monkeys. In late 2013, an epidemic outside
Africa was reported in French Polynesia with more than 35,000 cases. This event
alerted health officials to the potential for a pandemic spread of this virus which
has also been identified in New Caledonia, the Cook Islands, and Easter Island.
In 2015, the circulation of the ZIKV in Northeast Brazil was confirmed. Recently,
the Ministry of Health of Brazil published a letter to confirm the presence of ZIKV
in eight states, in the Northeast and Southeast regions of Brazil. Recent findings
show the presence of ZIKV in blood, semen, urine, and saliva, suggesting that
the transmission could also be through these additional fluids. Saliva is a non-
invasive, painless biofluid, with a reduced collection cost compared to blood and
can be highly accurate using analytical platforms appropriate for each disease.
However, evidence of ZIKV infection in salivary glands and its potential effect on
salivary diagnosis is still incipient literature. In this context, the objective of the
thesis was divided into 3 chapters: 1) present a physiological mechanism of ZIKV
entry into salivary gland cells and its potential impact on salivary diagnosis; 2)
evaluate the molecular composition of the submandibular glands in an animal
model of ZIKV; and 3) assess the discriminatory discrimination ability of ZKV in
different saliva products using a sustainable, reagent-free, rapid, and non-
invasive biophonic platform. In the first chapter, it was revisited the expression of
MRNA and proteins in salivary glands related to the molecular mechanism of
ZIKV infection in salivary glands. Among them are type C lectin receptors and
phosphatidylserine receptors (PS type TIM1, TIM3, TIM4, TYRO3, and AXL).
From a pathophysiological perspective related to diagnosis, the salivary glands
can allow the entry of ZIKV through the aforementioned transporters, allow the
replication of ZIKV and its secretion to the acinar and duct lumen until it reaches
the oral cavity with saliva, which is essential to develop appropriate strategies to
perform diagnostic platforms for early detection of ZIKV in saliva. In the second

chapter, it was developed an animal model of ZIKV infection using two-month-old
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male C57/BL6 knockout mice for the interferon-gamma gene. ZIKV infection was
performed by intradermal administration with ZIKV (50 uL, 1 x 105 PFU) and the
control received vehicle (50 uL). To confirm ZIKV infection in this animal model,
ZIKV RNA replication was evaluated in the spleen of mice. It was observed that
the presence of collagen reduced (p < 0.05) and nucleic acids increased (p <
0.05) in the submandibular glands of ZIKV-infected mice. In the third chapter, it
was identified that a machine learning algorithm based on LDA discriminated
infected saliva with 10* PFU/mL, which is similar to that found clinically in ZIKV
infection, with 80.5% accuracy (sensitivity: 77.7% and specificity: 83.3%) from
non-infected saliva. In this way, the results demonstrate a potential application of
this sustainable biophotonic platform without the use of reagents coupled with
machine learning algorithms to detect ZIKV in saliva. Together, the review on the
expression of transporters for ZIKV entry into salivary gland cells allowed an
understanding of the pathophysiology of ZIKV in the major and minor salivary
glands and its effects on oral health. The detection of alterations in the expression
of collagen and nucleic acids in an animal model of ZIKV reinforces the
importance of the pathophysiology of ZIKV in tissues of the oral cavity, and also
that further studies should be directed to the effects of ZIKV in salivary glands.
Furthermore, we demonstrate that a sustainable biophotonic platform using
infrared spectra of saliva coupled with an artificial intelligence algorithm can

detect ZIKV at concentrations similar to those found clinically.

Keywords: Zika Virus, saliva, diagnosis, ATR-FTIR.
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1- INTRODUGAO E REFERENCIAL TEORICO

O virus Zika (ZIKV) pertence a familia Flaviridae e ao género
Flavivirus, é formado por estruturas nanométricas formadas por proteinas, RNA
e membrana lipidica (Figura 1). Cada particula viral consiste de uma cadeia
simples de RNA viral dobrada dentro de uma capsula proteica formada por
proteinas C, envolta por uma membrana lipidica e por uma estrutura proteica
formada por proteinas M e dimeros da proteina E conhecida como envelope.
Sendo assim, ele é considerado similar sob o ponto de vista evolutivo a outros
arbovirus transmitidos por mosquitos, e seu ciclo natural de transmisséo envolve
majoritariamente vetores silvestres do género Aedes (entre eles, Ae. aegypti, Ae.

Albopictus, Ae. furcifer, Ae. taylori, Ae. luteocephalus, Ae. vittatus, Ae. opock e

RN ‘ﬁﬁ row

& & N
5 SN

Ae. africanus) .

Dimero da proteina E

Proteina M

Membrana Lipidica

RNA Gendmico

Proteina C

Figura 1- Estrutura do virus zika. Modificado de: Abbink, Stephenson, Barouch,
2018.

O ZIKV foi isolado pela primeira vez em 1947 na floresta de Zika
(Figura 2), em Uganda, a partir de uma amostra de soro de um macaco Rhesus
que servia de sentinela para estudo de vigilancia da febre amarela?. Desde
entdo, inquéritos sorologicos e entomologicos tém reportado o ZIKV no
continente africano e no sudeste asiatico. Apds analise filogenética do genoma

viral, percebeu-se que provavelmente o virus surgiu nesta localidade em torno
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de 1920, e ap6s duas fases de migragcao para o Oeste Africano deu inicio as
duas linhagens africanas. O virus teria migrado na década de 1940 de Uganda
para a Asia, onde originou a linhagem asiatica, com surtos registados na
Indonésia e epidemia na Micronésia®. Porém, o virus contaminou os primeiros
humanos sete anos depois, em 1954, na Nigéria, também localizada na Africa.
O primeiro grande surto da doenga em humanos causado pela infecgéao por Zika
foi notificada na ilha de Yap (Estados Federados da Micronésia), em 2007+.

No fim de 2013, outra epidemia fora da Africa foi reportada na
polinésia francesa com mais de 35 mil casos, alertando autoridades de saude
para o potencial de espalhamento pandémico desta virose que também foi
identificada na Nova Caledénia, llhas Cook e Illha de Pascoa®. Em 2015 foi
confirmada a circulagédo do virus no Nordeste do Brasil apés um isolamento viral
em casos suspeitos de dengue®. O Ministério da Saude do Brasil publicou
recentemente uma nota afirmando que a deteccédo do ZIKV foi confirmada em
mais oito estados do pais, compreendendo as regides Norte, Nordeste e

Sudeste’.

a

o
B ANTES2007 #2007-2014 @2015-2016 A 2017-2018

Figura 2- Distribuicdo global da infec¢ado pelo virus Zika em humanos, incluindo
grandes surtos até 2018. Modificado de: Sharma et al., 2019.

Transmissao

Assim como outros flavivirus, o ZIKV é transmitido majoritariamente

através da picada de mosquitos, que agem como vetores da doenga, sendo os
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primatas ndo-humanos e humanos provavelmente os principais reservatorios do
virus. A saliva infectada com o virus do vetor é injetada durante a picada na
corrente sanguinea do hospedeiro, constituindo assim, a forma biolégica mais
comum de transmiss&o do ZIKV8. Os principais vetores sdo do género Aedes,
em particular Ae. aegypti originario da Africa e o Ae. albopictus, da regido
asiatica®.

Dentre as arboviroses, somente o ZIKV demostrou a transmissao
através da via sexual e vertical, da mae para o feto'® (Figura 3). A transmissao
vertical foi verificada através da barreira placentaria, durante o parto com o
contato do bebé e os fluidos maternos, e durante a amamentacéo, visto que o
virus foi encontrado no leite materno’'. Apds a descoberta transmisséo viral pela
via sexual, o CDC (Centre of Disease Control and Prevention — Agéncia de
Saude dos EUA) recomendou adiamento de gravidez por pelo menos 180 dias
apos infecgao, considerando que o material genético do ZIKV foi detectado em
sémen depois de 188 dias de infecgdo e em secregcdo vaginal apos oito

semanas’?.

LB

™~

\
Mosquito Transmissor

@\

i T /2
I !'

Transmiss3o via sexual  Transmissdo Vertical para o feto

L

ros ZIKV
Assintomatico
Sintomatico

Gléndula‘ ¢

J
: Sindrome Guillain-Barré
salivar

Microcefalia

Figura 3- Transmissao, infeccao celular e manifestagées clinicas do ZIKV.
Modificado de: Pierson & Diamond, 2018.
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Estudos epidemiologicos baseados em amostras de sangue
coletadas de residentes de Uganda revelaram uma prevaléncia de anticorpos
anti- ZIKV de 6%'® da populagdo. Adicionalmente, este virus veio a ser
repetidamente isolado de mosquitos colhidos na Africa e Asia, permitindo sugerir
que espécies como Ae. africanus, Ae. aegypti e Ae. hensilli participem na sua
manutengdo enzodtica'#. A competéncia vetorial para transmissao do ZIKV pelo
Ae. aegypti e pelo Ae. albopictus impde grande preocupagao para a saude
publica. Estes artropodes encontram-se amplamente distribuidos em zonas
tropicais, subtropicais (Ae. aegypti) e temperadas (Ae. albopictus), abrangendo
um enorme contingente de individuos suscetiveis'. Menos frequentemente, a
transmissdo do ZIKV ja foi descrita por via sexual, perinatal e por
hemotransfusdo. Apesar de possiveis, ainda ndo se tem a dimensdo da
importancia epidemioldgica destes mecanismos’®.

Achados recentes demonstram a presengca do ZIKV no sangue,
sémen, urina e saliva, sugerindo que a transmissdo poderia ser também por
esses fluidos corporais’” '8, No entanto, até agora, ndo ha evidéncias cientificas
de que a infeccao de ZIKV possa acontecer através da saliva humana.

Foi detectado também a presenga de ZIKV em RT-PCR no tecido
cerebral. De acordo com o Ministério da Saude do Brasil, em 2015, mais de 1,2
milhdes de casos de dengue e 9.000 casos de febre Zika foram oficialmente
identificados no pais. Além disso, o numero total de casos de ZIKV relacionados
a microcefalia em recém-nascidos € cerca de 3.000'°. Acredita-se que, num
futuro préximo, o numero crescente de microcefalia associados ao ZIKV podera
aumentar a necessidade de investimento nas areas médicas e para a realizagao
de uma odontologia personalizada voltada para o cuidado odontologico da saude

oral destes pacientes.

Quadro clinico

O periodo de incubacao do ZIKV é de 3 a 12 dias. Frequentemente,
os sinais e sintomas da infecgao pelo ZIKV frequentemente podem ser dor de
cabeca, erupcdo maculopapular na planta dos pés e maos, febre, mialgia,

conjuntivite, artralgia, e sintomas abdominais?°. Especialmente em paises de
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economias subdesenvolvidas ou emergentes, o inicio de um surto de ZIKV pode
apresentar desafios para um diagnostico de larga-escala devido a sintomatologia
semelhante com outras infec¢des advindas de arbovirus, especialmente Dengue
e Chikungunya?'. Contudo,o surto de Zika Virus tem recebido maior atengao das
autoridades sanitarias devido a sua associagao entre a infecgao pelo ZIKV, casos
de microcefalia em neonatos (Sindrome Congénita da Zika) e desordens
neurologicas (Sindrome de Guillain-Barré)??. Assim, o relato de sintomas
clinicos é uma ferramenta de triagem ineficaz para a avaliagao do risco relativo
de infecgao por ZIKV.

Em alguns casos, foram descritas infecgdes assintomaticas baseadas
em inquéritos soroldgicos??. Descricbes de casos da doenca na Africa
caracterizaram a febre Zika como um episodio febril de inicio agudo,
acompanhado de cefaleia discreta, surgimento de exantema maculopapular
pruriginoso, no segundo dia, acometendo face, tronco, membros, palmas das
maos e plantas dos pés. A febre desaparece um dia ou dois apds o aparecimento
do exantema, que pode persistir por mais dois a 14 dias (duragdo média de seis
dias)?3.

A infeccao por ZIKV também tem sido associada ao desenvolvimento
de anormalidades fetais graves, que incluem aborto espontdneo, morte no
momento do parto, hidroencefalia, microcefalia e insuficiéncia placentaria que
podem causar restricdo de crescimento?*2526, As informagbes acerca das
alteragdes hematoldgicas e bioquimicas na febre relacionada ao ZIKV séao

escassas embora conflitantes?’.

Diagnéstico

O diagnéstico da infecao por ZIKV pode ser realizado por meio de RT-
PCR (amplificacdo por reagdo em cadeia da polimerase, antecedida de
transcrigdo reversa), a partir de RNA diretamente extraido do soro do doente,
preferencialmente colhido até o sexto dia de doenca. No entanto, em um caso
da epidemia da ilha Yap, o virus foi identificado (através da amplificacao de
genoma viral) no 11° dia apos o inicio dos sintomas?®. O virus também pode ser

detectado por meio de técnicas moleculares aplicadas em outros fluidos
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corporais como a saliva e a urina®®.

Anticorpos IgM podem ser encontrados a partir do terceiro dia de
doenca e anticorpos IgG devem ser pesquisados no soro agudo e
convalescente®®. Um problema em relagdo aos testes sorologicos € a
possibilidade de reagao cruzada como resultado de infecdes prévias por outros
flavivirus®'. A ocorréncia de epidemias de ZIKV em territérios onde previamente
ocorre circulagéo do virus da dengue pode representar um desafio diagnostico.
Mesmo com a realizacdo de um teste de neutralizacdo por reducédo de placa
(PRNT), também utilizado na epidemia na ilha Yap, foi encontrada dificuldade
em diferenciar casos provaveis de infecao por ZIKV em doentes com anticorpos
contra dengue adquiridos previamente, apesar de os titulos anti-ZIKV
apresentados sempre serem maiores que os heterologos (ndo-ZIKV)?,

Ainda assim, tem sido reportada a deteccédo de anticorpos anti-ZIKV
em amostras biologicas, sendo que algumas das técnicas empregadas n&o sao
técnicas padronizadas, utilizadas em contextos laboratoriais especificos
(técnicas in-house). Apesar do desenvolvimento de testes diagndsticos para o
ZIKV, seu uso ainda € bastante restrito por ndo haver kits comerciais disponiveis
para o autoteste aprovados no mercado brasileiro. Portanto, o diagndstico é
limitado as instituicdes publicas e privadas, ligadas a vigilancia em saude. A
detecgdo de genomas virais por RT-PCR é o método mais sensivel e especifico
para permitir um diagndstico de infe¢des por ZIKV, mas esses métodos ndo séo,
por enquanto, fail-safe. Ao contrario do que acontece com outros virus, a
circulagcao restrita deste virus tem limitado o conhecimento sobre a sua real
diversidade genética, pelo fato de que ha uma probabilidade razoavel de que os
primers utilizados nas amplificagbes de genoma de ZIKV possam nao permitir as
amplificagbes pretendidas (falsos negativos de amplificagao)32.

A positividade do RT-PCR para ZIKV é dependente do tipo de amostra
e do tempo a partir da infecgdo. No soro foi detectada positividade até o 5° dia
de doencga. Na urina pode-se detectar o ZIKV em até 15 dias apds o inicio da
sintomatologia®®. No entanto, a grande limitagédo reside na sorologia. Devido a
extensa reatividade cruzada com outros Flavivirus, principalmente o virus da

dengue, a sorologia ndo define o diagndstico em areas endémicas para dengue
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ou em populagdes extensamente vacinadas para a febre Amarela. Alguns testes
sorologicos, com elevada sensibilidade e especificidade documentada,
apresentam resultados baseados em numero amostral excessivamente baixo, o
que ainda impede maior generalizagao dos resultados até o momento3.

A saliva possui propriedades importantes que permitem a sua
utilizacao como ferramenta diagnéstica para doengas virais. Além da presenca
do virus na saliva, alguns virus apresentam uma correlagao direta entre a carga
viral a presenca de virus na saliva34, apesar de muitos virus nao infectarem o
hospedeiro, destacando o possivel papel da saliva na modulagao da infecgao
viral®,

A presencga de ZIKV na saliva real¢a a relevancia do uso da saliva
como uma ferramenta diagndstica. Desta forma, a saliva tem sido cada vez mais
reconhecida como fluido de diagndstico especialmente pela auto-coleta nao-
invasiva, indolor e de baixo custo®, além disso, devido a utilizagdo de novas
plataformas nanobiotecnologicas de alta sensibilidade como a espectrometria de
massas, uma série de estudos tem sido divulgados usando saliva para
identificacdo de biomarcadores para doengas como cancer de mama, cancer de
ovario, cancer hepatocelular e canceres orais, bem como leucoplasia e
Sindrome de Sjogren®’. Espera-se que os novos estudos focados em detecgao
do ZIKV utilizem métodos seguros e ndo invasivos, permitindo que medidas
terapéuticas possam ser utilizadas de forma precoce para melhor efetividade do
tratamento.

Considerando que a presenga do ZIKV na saliva foi detectada em
niveis mais elevados durante um periodo mais prolongado, torna-se necessario
analises neste biofluido para ser aplicado em novas plataformas de diagndstico.
A saliva é fundamental para a manutencdo da saude oral. Ela € um fluido
biolégico que expressa uma seérie de componentes como proteinas, lipidios,
horménios, derivados glicidicos, enzimas, anticorpos, &cidos nucléicos e
centenas de tipos de microrganismos, como os virus. A composi¢gao da saliva
pode refletir variagcbes da composigdo do sangue derivada de doengas ou de
diversos estados fisioldgicos. Desta forma, tem sido considerado um fluido

clinicamente informativo e potencialmente eficaz para abordagens de
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diagndstico, monitoramento e prognéstico de diversas patologias. Este biofluido
pode facilitar a deteccdo precoce de doencas, através da descoberta de
biomarcadores e desenvolvimento de tecnologias para o diagnostico salivar, o
que pode ser decisivo na detecgdo de doencas orais e sistémicas®. Estes
biomarcadores s&o indicadores de processos biolégicos normais, processos
patolégicos ou respostas farmacoldgicas de intervencgdes terapéuticas. Os
biomarcadores salivares podem ter origem do sangue e atingir a saliva por vias
transcelular ou paracelular em células acinosas ou ductais de glandulas
salivares. Adicionalmente, os biomarcadores salivares podem ter origem de sua
secrecgao especifica principalmente em células acinosas de glandulas salivares,
o que pode ser clinicamente relevante na pratica médica e odontoldgicas®.

Sendo assim, a saliva surge como uma ferramenta de diagnostico,
que possui a vantagem de ser coletada faciimente e de forma nao invasiva, o
que diminui o desconforto quando associada a coleta de sangue, além da
melhora em termos de privacidade quando comparada a coleta de urina. E
fundamental destacar que o diagndstico pelo sangue € uma realidade e
apresenta em geral grande eficacia com uma utilizagdo ampla em sistemas de
saude por todo o mundo. O diagnéstico salivar ndo deve ser evidenciado como
um substituto do sangue, mas como um método alternativo quando os exames
de sangue em cada doenga apresentam limitagdes. O diagndstico salivar tem
uma variedade de vantagens quando comparado com 0 sangue, mas ainda
existem barreiras translacionais para sua aplicagao clinica. Entre as vantagens
do diagndstico salivar, destacam-se a sua facilidade de coleta, armazenamento
e transporte, capacidade de coleta com custo reduzido em quantidades menores
e satisfatorias, permite obtencado simplificada de amostras sequenciais para a
monitoramento de longo prazo e oferece segurancga para os profissionais de
saude no momento da coleta e do manuseio de amostras®.

A deteccao precoce da doenca desempenha um papel crucial no
sucesso da terapia. Na maioria dos casos, o diagndstico precoce da doenga
aumenta as probabilidades de efetividade no tratamento, reduzindo a severidade
do seu impacto na vida dos doentes e permitindo também adiar possiveis

complicagoes??. Desta forma, a saliva tem despertado interesse entre os
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pesquisadores por ser um exame alternativo na promogédo e na pesquisa de
cuidados em saude. Além disso, os recentes avangos cientificos e tecnologicos
produziram melhorias significativas no limiar de detecc¢éo e na especificidade da
detecgdo dos componentes salivares, possibilitando incremento na acuracia dos
testes diagnosticos por meio da saliva. Esses progressos apontam para uma
nova era, em que o diagnostico salivar tera grande importancia como forma

alternativa de detecgao.

Espectroscopia de infravermelho com transformada de Fourier acoplada a
sistema de reflectancia total atenuada

A espectroscopia de infravermelho (IR) estd emergindo como uma
poderosa técnica quantitativa e qualitativa para monitorar a composicao
molecular de biofluidos. A espectroscopia de infravermelho com transformada de
Fourier acoplada a sistema de reflectancia total atenuada (ATR-FTIR) é uma
plataforma global, sensivel e considerada uma técnica analitica fisico-quimica
de alta reprodutibilidade para identificagdo de grupos funcionais com base em
sua absorcédo de IR*?. Considerando que uma biomolécula é determinada por
sua unica estrutura, cada uma exibira um espectro infravermelho especifico,
representando o espectro em modos vibracionais de acordo com as ligagcdes
estruturais presentes*'.

A ATR-FTIR € uma tecnologia verde devido a processos que eliminam
0 uso de reagentes, o que permite uma abordagem abrangente que € aplicavel
para diagnostico e monitoramento de doengas. Os modos espectrais de IR de
amostras bioldgicas, como saliva, podem ser considerados como impressdes
digitais bioquimicas que se correlacionam diretamente com a presenga ou
auséncia de doencas. A reflectancia total atenuada (ATR) é uma técnica de
amostragem usada em conjunto com a espectroscopia de infravermelho que
permite que as amostras sejam examinadas de forma rapida, com alta
sensibilidade e com analise de baixo custo, pois ndo necessita 0 uso de
reagentes*?.

O diagnostico da infeccao pelo ZIKV poderia ter um papel central para

saude publica, mesmo em momentos em que ha controle de surtos e menos

20



casos de infecgcdo detectados. Isso se deve ao grande impacto social e
econdmico causado pelos casos de microcefalia em neonatos, além da
necessidade de diferenciagdo entre as demais arboviroses*’. Em muitas
circunstancias, o teste de diagndstico é fundamental para o gerenciamento
clinico tanto personalizado e como publico para implementagcao de medidas de
controle da saude. Os diagnésticos sdo importantes para as decisdes
relacionadas ao periodo gestacional. No entanto, a longo prazo, o diagnostico
preciso e precoce se torna importante para o desenvolvimento de intervencdes
direcionadas e eficazes, além de estimar a histéria natural de uma infecg¢ao para
fornecer estimativas de risco?.

Desta forma, para fomentar a utilizagdo clinica da saliva como fluido
diagnostico e de monitoramento da ZIKV, é necessario ampliar o entendimento
da composicao salivar e do fluxo de saliva em modelos animais de ZIKV. A
descoberta de biomarcadores salivares para desenvolvimento de uma
plataforma diagnostica n&o-invasiva e sem utilizagdo de reagentes para
detecgdo da doenca nos permitira a criacdo de novas estratégias para o
desenvolvimento de biosensores para triagem e/ou diagndstico da ZIK.

Sabe-se que estudos que avaliem o mecanismo de infecgcao do ZIKV
em diferentes tecidos podem auxiliar no entendimento da patofisiologia e da
terapéutica da doenca. Além disso, a compreensdo do mecanismo de entrada
do ZIKV em glandulas salivares pode ter impacto consideravel no
desenvolvimento de formas inovadoras de deteccéo, utilizando métodos seguros
e nao-invasivos, permitindo medidas terapéuticas mais céleres apos o
desenvolvimento de terapias antivirais para este virus, o que pode permitir uma
tomada de decisdo médica mais apropriada no momento da terapéutica e gerar
menos desconforto para o paciente.

Considerando todos os aspectos supracitados, este trabalho tem
como objetivos:

1) Apresentar um mecanismo patofisioldgico da entrada do ZIKV em
células de glandulas salivares e seu potencial impacto no diagndstico salivar;

2) Avaliar a composi¢cao molecular de glandulas submandibulares em

um modelo animal de ZIKV;
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3) Avaliar a capacidade de discriminagdo do ZIKV diluido em
diferentes concentragbes de saliva utilizando uma plataforma biofoténica

sustentavel, livre de reagentes, rapida e ndo invasiva.
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ABSTRACT

The Zika virus (ZIKV) is a mosquito-borne viral infection transmitted to humans
primarily by Aedes spp. The clinical symptoms are similar to dengue and
chikungunya. Considering the pitfalls to adequate diagnostics, it is strongly
required a significant improvement to obtain rapid, non-invasive, and accurate
ZIKV-diagnostic. In this context, we revisited the mRNA and proteins expression
related to the molecular mechanism of ZIKV infection in salivary glands by the
analysis of the C-type lectin receptors and Phosphatidylserine (PS) receptors
(TIM1, TIM3, TIM4, TYRO3, and AXL) in both minor and major salivary glands.
Although some specific protein analysis can be improved, these data indicate that
ZIKV entry to the salivary gland cells is mediated by multiple transporters
molecules in combination for infectious entry. It is in accordance with the highest
level of viral RNA detected in the parotid, submandibular and sublingual glands
of non-human primates. A robust salivary ZIKV RNA was detected in a prolonged
period in comparison to viremia in guinea pigs and rhesus macaques. In humans,
the ZIKV RNA was detected more frequently in the saliva than in blood samples.
In these pathophysiology and diagnostic views, salivary glands could replicate
ZIKV and secrete this virus to the oral cavity with the saliva, which is critical to
developing adequate strategies to perform diagnostic platforms for early ZIKV

detection using saliva.

Keywords: Zika Virus, salivary glands, salivary diagnostics.
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INTRODUCTION

Zika virus (ZIKV) is an arbovirus of the Flaviviridae family. ZIKV was
firstly isolated in 1947 from a Rhesus monkey in Uganda'. In the last years, some
ZIKV-related outbreaks occurred in Africa, Asia, and Latin America?, however
critical attention in 2015 when a significant part of the infected pregnant woman
were related to neurological disorders in neonates (microcephaly)®. The Zika
virus (ZIKV) is a mosquito-borne viral infection transmitted to humans primarily
by Aedes spp. The clinical symptoms of ZIKV infection are not unique and it
appears within 3-12 days post infection*, which is similar to dengue and
chikungunya3. Nevertheless, alternative other routes of ZIKV infection were
reported, as blood transfusion®, transplacental®, and sexual’ transmissions.

ZIKV presents an icosahedral shell embedded with several surface
protein projections and its diameter is around 50 nm*. The ZIKV genome is a
positive-sense single-stranded RNA with 5 NCR and 3’ NCR as noncoding
regions. The open reading frame (ORF) can be translated into structural capsid
(C), premembrane/membrane (PrM), and envelope (E) proteins, other
nonstructural proteins involved in the viral replication process (NS1, NS2A,
NS2B, NS3, NS4A, NS4B, and NS5)83,

The envelope (E) protein in the surface of the ZIKV virion surface is
critical to the receptor attachment in the ZIKV entry. The herringbone pattern of
ZIKV E protein formed by antiparallel homodimers is involved in membrane fusion
and receptor attachment to ZIKV entry cells®'°. E protein can interact with several
ZIKV-recognized receptors such as C-type lectin receptors (or dendritic cell-
specific intercellular adhesion molecule-3-grabbing non-integrin (DC-SIGN))'0:11,
The ZIKV entry into host cells can also be mediated between negatively charged
lipids present in the viral surface of the membrane, such as phosphatidylserine
(PS), in a mechanism not mediated by ZIKV E protein. These anionic lipid cell
receptors, also recognized as ZIKV receptors are also involved in viral entry
mechanisms and belong to distinct types of transmembrane phosphatidylserine
receptors: TIM (TIM1, TIM3, and TIM4) and TAM (AXL and TYRO3) "1 (Figure
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1),

Receptor AXL Receptor DC-SIGN Receptor TIM Receptor TYRO3

Figure 1. Zika virus receptors in the salivary glands.

These mRNA and/or protein expressions of these several ZIKV
receptors involved in the viral entry were also detected in salivary glands (Table
1). Recently, the functional interaction of E protein with glucose-regulated
proteins 78 (GRP78) was considered a key activity to the internalization of ZIKV
into host cells, and subsequent viral replication'’. As expected, the GRP78
protein expression was expressed in the acinar and ductal of parotid,
submandibular, and labial minor salivary glands'. In general, this data indicates
multiple ZIKV entry receptors in combination for viral infection in both minor and

major salivary glands.
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Table 1. Expression of ZIKV transporters in salivary glands.

Database Receptor Name Gen Uberon Anatomical entity Expression score
C-type lectin DC-SIGN 0001830 Minor salivary gland 68.24
receptors
TIM1 0001830 Minor salivary gland 89.35
0001831 Parotid gland 94.36
TIM3 0001830 Minor salivary gland 77.22
Bgee _ _ TIM4 0001830 Minor salivary gland 54.84
Phosphatidylserine - -
0001044 Saliva-secreting gland 89.13
TYRO3 , ,
0001830 Minor salivary gland 78.69
AXL 0001830 Minor salivary gland 83.98
0001831 Parotid gland 84.82
RNA Expression
Name Anatomical FANTOMS, .
Database Receptor Gene entity Consensus,| HPA, | GTEx, | Scaled Protein
nTPM pTPM | pTPM | Tags Per
Million
C-type lectin pc-sign | Salivary 0.0 00 | 00 0.9 Not
Gland ' ' ' ' detected
Salivary Not
TIM3 Gland 2.9 2.6 2.9 18.3 detected
Human Saliva Not
Atlas TIM4 Yy 0.2 0.2 0.1 271
: . . Gland detected
Protein Phosphatidyl-serine Saliv
TYRO3 avary 1.9 19 | 19 10.4 Medium
Gland
AXL Salivary 10.7 68 | 107 | 306 Low
Gland
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Considering the overlap of symptomatology with other arboviruses,
high-sensitive and -specific diagnostic platforms for ZIKV detection that
distinguish this virus from dengue and chikungunya viruses are needed to impact
public health. The gold standard technique to detect ZIKV is virus isolation,
however, it is frequently not effective for massive diagnostic testing due to
laborious, time-consuming, and costly characteristics. Therefore, suspected ZIKV
infection has been detected using molecular RT-PCR and serological assays.
ZIKV has been detected in the acute phase or up to 14 days after infection using
RT-PCR. The antibody-based platforms have presented difficulties in
differentiating antibodies against the dengue virus'3. ZIKV mRNA detection was
performed in several biofluids such as breast milk'#, urine'®, blood, semen, and
saliva’®. It is in accordance with the highest level of viral RNA detected in the
parotid, submandibular and sublingual glands of non-human primates'”-'8. It was
showed overexpression of inflammatory biomarkers derived from the
lipoxygenase system (hepoxilins A3 and B3), both are proinflammatory molecules
related to neurological inflammation and neurite regeneration in congenital Zika
syndrome patients subjects in saliva. The detection for longer periods after the
birth of non-specific anti-inflammatory components in saliva of congenital Zika
syndrome children suggests the high activity of the immune system after birth
against ZIKV'®. A robust salivary ZIKV RNA was detected in a prolonged period
in comparison to viremia in guinea pigs?° and rhesus macaques?'22,

In humans, the ZIKV RNA was detected more frequently in the saliva
than in blood samples'®. Besides, the identification of ZIKV peptides in saliva??
and the presence of ZIKV-specific IgA in saliva?* of infected patients indicates
specific antibodies can be detected in lateral flow devices, colorimetric assays, or
electrochemical biosensors for ZIKV detection. The optimizing of adequate
handling and efficient storage are critical to preserve the 3D structural integrity of
salivary biomarkers?® due to the powerful and fast proteolysis in the whole
saliva®®, which can also affect the ZIKV protein degradation in the oral cavity.

Salivary biomarkers derived directly from ZIKV virion or indirectly by
the immunological response to ZIKV infection are a potential alternative to

develop novel ZIKV diagnostic platforms using a non-invasive, and self-collected
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sample®’28, Altogether, we revisited the molecular expression of ZIKV entry
receptors and indicated multiple entry mechanisms of the ZIKV onto acinar and
ductal cells of salivary glands, which can be related to ZIKV
MRNA/peptide/protein expression in saliva to scientifically support non-invasive

and self-collected salivary diagnostic platforms to ZIKV.
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ABSTRACT

Zika virus (ZIKV) is an emerging disease with outbreaks recorded in Africa, Asia,
the Pacific, and the Americas. The ZIKV diagnostic-based in saliva samples at
the acute increased the rate of molecular detection of ZIKV. However, the
knowledge of the effects of ZIKV in salivary glands is very limited in both human
and animal models. Thus, interferon-gamma gene knockout C57/BL6 mice were
intradermally challenged with ZIKV (50 ul,10° FFU, n=7) or vehicle (50 ul, n=7).
Submandibular glands were collected at day 3 (due to viremia peak) for analysis
using attenuated total reflection (ATR)-Fourier transform infrared (FTIR)
spectroscopy. The changes in the submandibular spectral profile were analyzed
by t-test (p<0.05). Nineteen vibrational modes of saliva were detected in both
control and ZIKV animals. The 1341 cm™' vibrational mode (collagen) was
decreased in ZIKV than control mice. Vibrational mode at 964 cm' (Nucleic acids)
was increased (p<0.05) in ZIKV than control mice. Our results suggest that ZIKV

infection can affect the molecular composition of salivary gland tissue.

Keywords: Zika Virus, submandibular glands, ATR-FTIR, collagen, nucleic
acids.
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INTRODUCTION

Zika virus (ZIKV) is an enveloped and spherical flavivirus. The nuclear
structure expresses the a-helical capsid (C) protein complexed with genomic RNA.
This nuclear structure is enclosed by a lipid bilayer anchored with two surface proteins
membrane (M) and envelope (E) with a diameter of ~50 nm. ZIKV has a single-
stranded positive-sense RNA genome, which is pivotal to viral RNA replication and
viral pathogenicity’. The clinical symptomatology of ZIKV patients includes fever, joint
pains, fatigue, body aches, and conjunctivitis. These symptoms are similar and can be
confounded with chikungunya and dengue®. Robust evidence also supports a
relationship between ZIKV infection in pregnancy and fetal microcephaly?.

The ZIKV was identified using real-time polymerase chain reaction (RT-
PCR) in blood, urine?, breast milk®, semen® and saliva’ in the acute phase of infected
patients. Considering the detection of several pathogenic viruses such as BK
polyomavirus, human cytomegalovirus, and Epstein—Barr virus in salivary glands, this
tissue is recognized as a typical site for immune evasion. In particular, a robust ZIKV
replication was detected in the parotid glands of guinea pigs during the acute infection?.
As a result, it is important to evaluate potential molecular changes caused by ZIKV in
salivary glands.

Attenuated total reflection (ATR)-Fourier transform infrared (FTIR)
spectroscopy is asustainable, reagent-free, and fast platform which requires an ultra-
low volume of sample allowing automated and high-throughput analyses. By
interrogating biological tissues with infrared light, ATR-FTIR is a high-sensitive
analytical platform capable to characterize functional groups from proteins,
carbohydrates, lipids, fatty acids, polysaccharides, and nucleic acids in several
tissues®.

Here, we tested the hypothesis that specific submandibular gland components
can be changed in ZIKV-infected mice compared to healthy control mice using ATR-
FTIR spectroscopy. In this context, the present study aimed to identify infrared spectral
signatures of submandibular glands that are suitable for monitoring changes in molecular

components promoted by ZIKV.
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METHODS

Animals
All experimental procedures were approved by the Ethics Committee

for Animal Research of the Federal University of Uberlandia (UFU) (License
#CEUA-UFU #071/2017). The procedures were carried out in accordance with
the International Guiding Principles for Biomedical Research Involving Animals of
thelnternational Council for Laboratory Animal Science (ICLAS), countersigned
by the Brazilian National Council for the Control of Animal Experimentation
(CONCEA).

Induction of ZIKV infection and samples collection

Two-month-old interferon-gamma gene knockout C57/BL6 male mice
(30g) fromRodent Animal Facility Network (REBIR/PROPP/UFU) were divided
into Control (n=5) and ZIKV (n = 7). The animals were maintained under standard
conditions (22 + 1°C, 60% * 5% humidity and 12-hour light/dark cycles, light on
at 7 AM) and were allowed free access to standard diet and water in a rodent
facility.

ZIKV infection was induced by an intradermally challenge with ZIKV
(50 uL,1 x10° FFU) and control mice received vehicle (50 uL). After the
intradermally challenge with vehicle or ZIKV, we performed a careful analysis in
animals to perform a humane endpoint with specific criteria: 1) ruffled fur and
ocular discharge; and 2) in cases of ataxia, tremor, and cyanosis. However, it
was not necessary to perform euthanasia in this set of control or ZIKV animals.
On day 3, due to the peak ofviremia, the animals were anesthetized with 12
mg/kg of xylazine and 80mg/kg of ketamine, and submandibular glands and

spleen were collected and frozen (-80 ° C).

ZIKV infection confirmation using reverse transcription-quantitative

polymerase chain reaction (RT-qPCR)

The ZIKV mRNA detection was analyzed by real-time reverse
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transcription-polymerase chain reaction (RT-PCR) in the spleen. The ZIKV
MRNA detection was analyzed by reverse transcription-quantitative polymerase
chain reaction (RT-gPCR) in the spleen. Viral RNA was extracted from spleen
samples using the Direct-zol RNA miniPrep Plus Kit (Zymo Research) following
the manufacturer’s protocol. Further, RNA was converted to cDNA using the
High-Capacity cDNA Reverse Transcription Kit (Applied Biosystem). The RT-
gPCR assay was prepared following SYBR Green JumpStart Taqg ReadyMix
(SIGMA) protocol using ZIKV specific primers (5 pmol),
5TTGGTCATGATACTGCTGATTGC? (Forward), and
5 CCTTCCACAAAGTCCCTATTGCZ’ (Reverse). The RT-gPCR was carried out
in an Applied Biosystem 7300 system for 40 cycles at 95 °C for 15 s and 60 °C
for 1 min, and 1 cycle at 95 °C for 15 s, 60 °C for 1min, 95 °C for 15 s, and 60 °C
for 15s. Each sample was analyzed in triplicates. Positive and negative template

control was also included in all experiments. 10

Chemical profile by ATR-FTIR Spectroscopy

Submandibular glands spectra were recorded in the transmission
mode (OPUS v.6.5 software, Bruker) using ATR-FTIR spectrophotometer Vertex
70 (Bruker Optics) using a micro-attenuated total reflectance (ATR) component.
The lyophilized samples were directly placed on ATR-crystal and infrared spectra
were recorded. Spectra were acquired with 4 cm-' spectral resolution and 32
scans per sample, from 400 to 4000 cm-'. Two replicates per sample were
studied and the mean was used for each sample. " 2 Some bands of interest in
submandibular glands contain CH2 wagging proposed for collagen of lipids (1341
cm™); symmetric stretching mode of dianionic phosphate monoesters of
phosphorylated of nucleic acids) proposed for nucleic acid (969 cm'); and a left-

handed helix of nucleic acids was also proposed for nucleic acid (917 cm). 13

Spectra data procedures

The original spectra were normalized by vector and a rubber band
baseline was performed. The obtained band areas were performed using Opus 6.5
software (Bruker Optics, Reinstetten, Germany). 11 12
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Statistical analysis

The Kolmogorov-Smirnov test was applied to assess the normality of
variables and the data were analyzed using the unpaired T-test or Mann Whitney
test. All analyses were performed using GraphPad Prism (GraphPad Prism
version 7.00 for Windows, GraphPad Software, San Diego, CA, USA). Values of
p < 0.05 were considered significant and the results were expressed as mean +
S.D.

RESULTS

To confirm ZIKV infection in this animal model, ZIKV RNA replication
was evaluated in the spleen of mice. As expected, ZIKV mRNA expression was
present only in the ZIKV mice and its detection was undetermined in control mice
(Table 1). The body weight was similar (p>0.05) in ZIKV-infected mice (25.4 + 1.8
g) compared with the control group (25.0 + 1.2 g).

Table 1. Spleen ZIKV RNA expression of control and ZIKV mice was
measured using RT-gPCR.

Groups ZIKV mRNA expression
(FFU/mL)

Control 0 (undetermined)

ZIKV 730 £ 155

Figure 1A displayed the average spectra of submandibular glands
from control and ZIKV mice between 3700 cm™' and 900 cm™'. We can observe a
superposition of protein, lipid, DNA/RNA, and carbohydrate components in the
submandibular glands of control and ZIKV mice. The spectral components of
submandibular were evaluated by band area in a univariate analysis comparing
both control and ZIKV mice. Several other functional groups were similar (p >

0.05) in the submandibular gland comparing control and ZIKV mice (data not
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shown). The spectral band area in 1341 cm™' (CH2 wagging), proposed for
collagen, decreased in ZIKV compared to control mice (Figure 1B). Furthermore,
the band area at 969 cm™' (symmetric stretching mode of dianionic phosphate
monoesters of phosphorylated nucleic acids) proposed for nucleic acid was
increased in ZIKV than control mice. Besides, the band area at 917 cm™' related
to nucleic acids (a left-handed helix of nucleic acids) was also higher in ZIKV
compared to control mice (Figure 1C-D, respectively).
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Figure 1. ATR-FTIR average spectra (3700-900 cm-") of submandibular glands
in control and ZIKV mice (A). Band area at 1341 cm™ (B). Band area at 969 cm™"

(C). Band area at 917 cm™ (D). Results are mean * SD of 5 control and 7 ZIKV
mice; *P <0.05 vs control.
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DISCUSSION

ZIKV infection can promote changes in saliva and salivary gland
components in both humans and animals 8 1415 Here, we observed that collagen
components in the submandibular glands significantly decreased and nucleic
acids increased in ZIKV mice. According to this information, the infrared
spectroscopy coupled with univariate analysis indicated vibrational modes
capable to evaluate differences in tissue composition of submandibular glands
ZIKV and control mice.

The ZIKV RNA was detected in blood and saliva within 5-d after
symptoms onset using a highly sensitive RT-gPCR.'® The origin of ZIKV proteins
present in the saliva is unknown, however, it was predicted ZIKV may be latent
in the salivary glands. '* Bearing in mind the presence of ZIKV in salivary gland
epithelium and surrounding connective tissue?, then we also suggest either totally
or at least part of the ZIKV RNA detectable in saliva derived from salivary glands.
ZIKV has a propensity to infect derived neural epithelial cells in the brain cortex,
7 fibroblasts, and keratinocytes'® by multiple transporters. Therefore, it is also
expected ZIKV entry to the salivary gland cells is mediated by multiple
transporters molecules in combination for infectious entry, including receptor C-
type lectin receptors and Phosphatidylserine.

In particular, the morphofunctional organization of submandibular
glands is organized by a collagen network structure, a triple-helical domain of
collagen composed of the amino acid sequence Glycine-X-Y (GXY). '® Thus, the
reduced collagen expression in the submandibular glands under ZIKV infection
could reinforce the direct or indirect effects of ZIKV in the subcellular organization
of this gland. Although the authors are aware that additional studies are needed
to clarify the ZIKV effects in salivary glands, these findings give support to the
concept that ZIKV entry in salivary glands 8 is a source of morphofunctional
changes based on changes in collagen expression.

The vibrational region of nucleic acids is an important indicator of

carcinogenesis and viral infections???'. Here, we showed an increase in two
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vibrational modes related to nucleic acid in submandibular glans of ZIKV-infected
mice. The processes of DNA transcription could be increased locally during viral
infection. Likewise, increased signals of nucleic acids may arise from RNA during
transcription and translation in infected cells/tissues compared to normal. 22 The
variation in nucleic acid signals can also be influenced by changes in glycogen
and phosphate levels; which have overlapping absorbance with the nucleic
acids??. Benedetti et al.?® also showed that it might be possible to partially identify
the contribution of nucleic acids and other macromolecules to absorbance at
certain wavenumbers. These wavenumbers can be used to monitor changes in
nucleic acid levels. Likewise, there are changes in absorbance due to the different
composition and structure of nucleic acids and between RNA and DNA?*,

The absorbance of collagen and nucleic acids is also markedly
influenced by the presence or absence of other biological components.
Therefore, we suggest the need for further studies with a larger sample size in
human samples that can contribute to novel discoveries about the
pathophysiology of ZIKV in submandibular, such as western blotting and
immunohistochemical analyzes to assess glandular tissue alterations caused by
ZIKV infection.

CONCLUSION

The 1341 cm! vibrational mode (collagen) was decreased in ZIKV
than control mice. Both vibrational modes at 969 and 917 cm™' (nucleic acids)
were increased (p<0.05) in ZIKV than control mice. Our results suggest that ZIKV
can affect collagen and nucleic acids components of salivary gland tissue which

can contribute to the presence of ZIKV in saliva.
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ABSTRACT

The Zika virus (ZIKV) is a global health issue from a perspective related to
the potential for the emergence and the association with neurological
congenital malformation and Guillain-Barré syndrome. The development of
novel sensitive diagnostic platforms to detect ZIKV as an alternative to
serologically based assays with low accuracy. Here, we used attenuated total
reflection (ATR)-Fourier transform infrared (FTIR) spectroscopy supported by
machine learning algorithms to identify unique infrared vibrational modes of
ZIKV diluted in different concentrations in saliva samples to develop a
sustainable, reagent-free, and non-invasive platform for ZIKV detection.
Some machine learning algorithms were used to discriminate ZIKV in 6 different
concentrations with 10 samples for each concentration, thus, sixty salivary
samples were infected with ZIKV and the other 6 salivary samples without
ZIKV were used as a control for ATR-FTIR analysis. The machine learning
algorithms successfully classified the saliva with 10* in 80.5% (sensitivity:
77.7%, and specificity: 83.3%), in this similar concentration of ZIKV-infected
patients. Our findings demonstrate a potential application of this reagent-free
biophotonic platform supported by machine learning algorithms to detect
ZIKV in saliva.

Keywords: Zika Virus, saliva, biophotonic platform
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INTRODUCTION

In 1947 Zika virus (ZIKV) was first isolated in Uganda, Africa.
Subsequently, the infection promoted by this flavivirus has spread
geographically to North Pacific, South Pacific, and French Polynesia. In 2015
and 2016, ZIKV was detected in Latin America and spreads rapidly to North
America with locally acquired and travel-associated cases’? The global
spread of ZIKV is related to mosquito-borne transmission, including species
with a high capacity of proliferation in tropical and subtropical regions such
as Aedes aegypti and Aedes albopictus species®. Furthermore, alternative
transmission routes were also confirmed, such as blood transfusion*, sexual®,
and perinatal®. The common symptoms of ZIKV infection are macular rash,
headache, fever, arthritis, and myalgia®’. In the last decade, ZIKV infection
was also related to neurological manifestations of congenital Zika virus
infection such as microcephaly, and Guillain—Barré syndrome?3.

Although the ZIKV was also detected in saliva, urine, and breast
milk®® the ZIKV diagnostic is performed frequently by viral nucleic acid
detection using RT-PCR and serological assays using IgM-capture enzyme-
linked immunosorbent assay in blood samples'®. Considering the transient
characteristic of ZIKV viremia, the profitable RT-PCR diagnostic frequently
occurs within 1 week after the onset of clinical illness'!. However, recent data
have been suggested ZIKV virus detection for longer periods in saliva and
urine compared to blood®'2, which opens an avenue to detect this flavivirus
using other non-invasive biofluids. The saliva sample was considered more
sensitive than blood using RT-PCR in a large study with 855 patients with
ZIKV-related symptoms'3.14

The attenuated total reflection Fourier transform infrared (ATR-
FTIR) spectroscopy is highly reproducible, highly sensitive, and green
technology capable to monitor several vibrational modes related to unique
molecules based on their infrared absorption in biofluids. This reagent-free
and more sustainable platform removes completely the application of

hazardous reagents in diagnostic assays'®'617. Salivary infrared profile
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projects several spectral bands as lipids (~2920 cm-'); amide | (~1650 cm™");
amide Il (1550 cm); methyl groups of proteins (1452 cm-1); amide Ill band
components of proteins (1313 cm-1); DNA/RNA (1225 cm™" and 1080 cm")
and carbohydratesC2 conformation of sugar (836 cm-1)'81619  |n this
perspective, ATR-FTIR technology coupled with multivariate analysis was
efficient to discriminate blood samples from ZIKV-infected patients and non-
infected healthy subjects™”.

Here, we tested the hypothesis that ATR-FTIR spectroscopy
supported with machine learning algorithms can detect unique infrared
vibrational modes of ZIKV diluted in different concentrations in saliva
samples. Thus, the present study aimed to apply machine learning algorithms
in infrared non-infected and ZIKV-infected salivary profiles in different
concentrations to develop a sustainable, reagent-free, rapid, and non-

invasive platform for a significant impact on public health.

MATERIAL AND METHODS

Ethical Aspects and Study design

The experimental procedures were carried out following the Code of Ethics
of the World Medical Association (Declaration of Helsinki) and were approved by
the Institutional Review Board of the Federal University of Uberlandia (protocol
number 5582016.0.0000.5152). Before samples collection, written informed
consent was obtained from the participants of the present study. Patients were

recruited from a decentralized health care center from healthy subjects.

Cell culture

Vero cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM,;
Sigma—Aldrich) supplemented with 100U/mL penicillin  (Gibco Life
Technologies), 100 mg/mL streptomycin (Gibco Life Technologies), 1% (v/v) non-
essential amino acids (Gibco Life Technologies) and 10% (v/v) fetal bovine serum
(FBS; Hyclone) at 37 °C in a humidified 5% COz2 incubator.
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Virus assay

A wild-type ZIKV isolate from a clinical patient in Brazil (ZIKVBR) was gently
provided by the Evandro Chagas Institute in Belém, Para?’. The virus was
amplified employing Vero cells in a 175 cm? flask. To determine viral titers, 1 x
10 Vero cells were seeded in each of 24 wells plate 24 hours before the infection.
Cells were infected with 10-fold serially dilutions of ZIKVER for 1 hour at 37°C and
then, supplemented with a medium containing 1% penicillin, 1% streptomycin,
2% FBS and 1% carboxymethyl cellulose (CMC). Infected cells were incubated
for 7 days in a humidified 5% CO:2 incubator at 37°C, followed by fixation with 4%
formaldehyde and stained with 0.5% violet crystal. The viral foci were counted,

and the viral titer was confirmed as 1x107 pfu/mL.

Saliva Sample Collection and Preparation

Unstimulated saliva was collected for 3 minutes in sterile conical
polypropylene tubes (Kolpast, Brazil) for ATR-FTIR analysis. Subjects were
asked to refrain from eating, drinking (except water), or smoking for at least 1

hour previous to the saliva collection from 8 A.M. to 9 A.M.

ZIKV sample preparation

The samples were prepared in biosafety level 2 (BSL2) rooms to
ensure the researchers’ safety. The saliva samples collected from patients
were distributed in six microtubes of 1.5mL, with a final volume of 360uL of
saliva. A ten-fold dilution was performed by applying 40uL of a concentrated
ZIKV at 1x107 pfu/mL diluted in PBS 1X will be added. Through the dilution,
the concentrations of ZIKV were 4x10%, 4 x103, 4x102, 4x10", 4 e 0,4 pfu/mL.
The 4x104 pfu/mL concentration is the typically ZIKV concentration in saliva of

primates?'. The samples were maintained at 4°C until processing.

ATR-FTIR spectroscopy
For the analysis of each sample, the FTIR Benchtop System Cary 630
FTIR Spectrometer equipment will be used, 1 yL of each sample will be placed

in the equipment crystal and allowed to dry at room temperature inside the
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laminar cabin with activated airflow following biosafety recommendations NB2 for

5 minutes. Each sample will be analyzed in duplicate.

Data Pre-processing

The spectra samples were pre-processed using the following strategies:
aggregation, baseline correction, normalization, and truncation. Aggregation
returns the arithmetic mean of the duplicate of each sample, rubberband is
adopted to obtain baseline-corrected spectra, which are further normalized by
amida1. After that, the spectra were analysed in two spectral region: 4000-650
cmand 1800-900 cm™" .

Data Analysis with Machine Learning

We analyzed the infrared vibrational profile of the different
concentrations of ZIKV in saliva samples using the Linear Discriminant
Analysis (LDA) and Support Vector Machine (SVM) techniques. LDA
transforms the original data onto a lower-dimensional space in which class
separation is maximized and computational costs are reduced. We conducted
five-fold stratified cross-validation to evaluate the discrimination power of LDA
over the different concentrations of ZIKV. In such a procedure, the spectra were
pooled into five subsets and for each interaction test, four subsets were used to
train the algorithm and one exclusively to analyze its sensitivity, specificity, and
accuracy. This strategy was repeated three times using different configurations
of subsets to obtain a fairer predictive performance of the algorithm. The SMV

analysis used a similar strategy applied to LDA.

RESULTS

Figure 1 shows the pre-processed spectra of the 4000-600 cm' region
following amide | normalization of the different dilutions of pure saliva as control
and saliva samples with different concentrations of ZIKA virus.

Figure 2A indicates implied changes in the spectra of saliva infected by
ZIKV at the concentration (4x10* pfu/mL), which is a similar concentration of
ZIKV-infected samples. The spectra for other reduced concentrations of ZIKV in
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saliva (4 x103, 4x102, 4x10" pfu/mL) tend to have a reduced disparity small
difference from saliva (Figures 2B-D). As expected, the spectra of ZIKV in saliva

at 4 e 0,4 pfu/mL appear similar to the control (Figures 2E-F).

A B

——Ralva

LKA Vs

Figure 1. The pre-processed spectra of the 4000-600 cm-' region following amide
| normalization of the different dilutions of pure saliva as control and saliva

samples with different concentrations of ZIKA virus.
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Figure 2. Original spectra after amide | normalization for each ZIKV dilution
comparing with saliva: ZIKV in saliva at 4x10% (A), 4 x103 (B), 4x10? (C), 4x10"
(D), 4 (E) e 0,4 (F) pfu/mL.

The classification of salivary infrared spectra by machine learning
algorithms was capable to distinguish efficiently ZIKV concentration in saliva at
4x10* pfu/mL, which is a similar concentration of ZIKV-infected in clinical
samples, using both LDA and SVM machine learning algorithms. Considering
the best analysis selected using SVM (4000-650 cm') the similar
concentration of ZIKV-infected in clinical saliva samples (4x10% pfu/mL) was
discriminated from non-infected saliva with a sensitivity of 88.9%, specificity of
77.8%, and accuracy of 83.3%. The classification for ZIKV concentrations in
saliva at 4 x103, 4x102, and 4x10" pfu/mL with an accuracy changing for 63.9%
and 47.2%. The classification for ZIKV concentrations in saliva at 4 and 0,4
pfu/mL was not effective. Table 1 and Table 2 show the results of different
dilutions of ZIKV.
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Table 1: Performance of Linear Discriminant Analysis (LDA) and Support
Vector Machine (SVM) to discriminate different concentrations of ZIKV in the

infrared salivary spectra (4000-650 cm™') by ATR-FTIR spectroscopy.

Results by dilution — region 4000-650cm-1
Technique Dilution | Sensitivity Specificity | Accuracy

4 x10* 0.777 0.833 0.805

4 x10° 0.611 0.722 0.666

4 x 102 0.388 0.611 0.500

4 x 10" 0.333 0.722 0.527

4 0.277 0.444 0.361

LDA 0,4 0.444 0.444 0.444
4 x 10* 0.889 0.778 0.833

4 x10° 0.611 0.667 0.639

4 x 102 0.333 0.611 0.472

4 x 10" 0.555 0.611 0.583

4 0.333 0.555 0.444

SVM 0,4 0.444 0.555 0.500
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Table 2: Performance of Linear Discriminant Analysis (LDA) and Support
Vector Machine (SVM) to discriminate different concentrations of ZIKV in the

infrared salivary spectra (1800-900 cm') by ATR-FTIR spectroscopy.

Results by dilution — region 1800-900cm-1
Technique Dilution Sensitivity | Specificity | Accuracy

X 1l 0.667 0.778 0.722

KUY 0.444 0.444 0.444

S 0.555 0.611 0.583

st 0.167 0.555 0.361

4 0.333 0.444 0.389

LDA U 0.222 0.389 0.305
iy 0.778 0.778 0.778

S 0.500 0.611 0.555

il 0.555 0.555 0.555

iy 0.500 0.500 0.500

4 0.444 0.389 0.417

S s 0.444 0.444 0.444

Figure 3 indicates the main wavenumbers used to discriminate saliva

samples infected with ZIKV from control.
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Figure 3. Loading plot data about discrimination of LDA (A) and SVM (B)
analysis.

54



DISCUSSION

The early diagnosis of ZIKV is critical for the management of patients
related to the outcomes generated by ZIKV-infection for reducing costs related to
reduced work productivity and a significant impact on public health. The
advances in portable ATR-FTIR devices can be the opportunity for the
development of a non-invasive, sustainable, and reagent-free platform to detect
ZIKV in saliva with reduced infrastructure changes in decentralized laboratory
settings.

Currently, the ZIKV diagnostics are performed by RT-PCR
detecting viral nucleic acid or by immunoassays detecting IgM-capture
related to ZIKVin blood samples™. The transient characteristic of ZIKV
viremia and its antibody response is difficult for the profitable RT-PCR
diagnostic and/or immunoassays because is difficult to establish the moment
of ZIKV infection, frequently the RT-PCR detect ZIKV within 1 week after the
onset of clinical illness''. Besides, analyses with blood samples for the
detection of IgM and IgG antibodies to ZIKV have the limitation of cross-
reactivity with other flaviviruses, which higher false-positive results?4.
However, recent data have been suggested a ZIKV virus detection for longer
periods in saliva compared to blood?3. It was suggested the potential of saliva
when early detection of viruses is relevant, indicating salivary diagnostics in
the first line diagnosis?®. ZIKV RNA is released in saliva and urine up to 29
days after the onset of symptoms?®. Thus, saliva has emerged as a diagnostic
perspective in nucleic acid detection for ZIKV infection. The saliva sample
was more accurate to detect ZIKV in RT-PCR analysis than blood in a large
study with ZIKV patients'3; which opened perspectives to detect this
flavivirus using other non-invasive biofluids.

Here, we highlight the use of saliva as a diagnostic biofluid
associated with the application of ATR-FTIR spectroscopy as a sustainable
and reagent-free platform for ZIKV detection. To perform it, we mimic the
ZIKV concentration present in clinical samples?' and also diluted it in lower
concentrations. The spectral differences observed were efficiently discriminated
in the concentration of ZIKV in saliva at 4x10* pfu/mL, with 83.3%, although the
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accuracy reduced for 4 x 103, 4 x 102, 4 x 10", 4, and 0,4 pfu/mL concentrations.
These results indicate the possibility of identifying ZIKV through an ultra-low
volume of saliva, demonstrating that ATR-FTIR spectroscopy together with
classification techniques has the potential to quantitatively discriminate the ZKIV
virus. It is also important to emphasize that ATR-FTIR has been used for biofluids
analysis, allowing fast detection and opening new perspectives for monitoring
and diagnosing a range of diseases?”5.

Other studies using infrared spectroscopy have found equally relevant
and satisfactory results for the direct application of this technique in biological
research. An example is the effective discrimination of the dengue virus by ATR-
FTIR associated with the learning machine algorithms in blood samples??. In
addition, the application of ATR-FTIR was also reported in plasma samples from
patients infected with dengue, ZIKV, or chikungunya viruses?®. Altogether, these
findings give support to the potential of ATR-FTIR spectroscopy to detect
flaviviruses in biological samples.

The present study has some limitations. The first one is related to the
absence of salivary samples collected from ZIKV-infected subjects, however, it is
important to point out that clinical samples presumably present both ZIKV and
anti-ZIKV antibodies to modulate immune responses to ZIKV infection. Besides,
further studies with a larger sample would be beneficial to improve learning
machine algorithms. However, the present study provides significant advances
to detect ZIKV in a non-invasive sample and reinforces the potential of infrared

spectra coupled with learning machine algorithms.

CONCLUSION

Our findings demonstrate a potential application of this portable
and reagent-free biophotonic platform supported with machine learning
algorithms to detect ZIKV in saliva in a similar concentration similar detected
in clinically ZIKV-infected samples.
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5 CONCLUSAO

Em uma perspectiva ampla da infecgao de glandulas salivares pelo ZIKV
e sua repercussao no diagnostico salivar deste virus, esta tese focou em pontos-
chave desde interagdo molecular do ZIKV com a glandula salivar até o processo
de repercussobes intracelulares nas glandulas submandibulares avaliados em
modelos in vivo associados com inovacado no método de analise salivar do ZIKV.
No capitulo 1 foi analisada a expressédo de diversas proteinas nas glandulas
salivares que podem realizar a entrada do ZIKV neste territério, o que € essencial
para permitir a replicagdo do ZIKV e sua secrec¢do para o lumen acinar e ductal
até atingir a cavidade oral com a saliva. No segundo capitulo foi desenvolvido
um modelo animal de infeccdo por ZIKV utilizando camundongos machos
C57/BL6 knockout para o gene interferon-gama. A infecgdo por ZIKV foi
confirmada pela deteccdo do ZIKV por meio de RT-PCR no baco de
camundongos infectados. Baseado em uma analise por ATR-FTIR, foi
observado que a presencga de colageno reduziu (p < 0,05) e a detecgdo de modos
vibracionais relativos a acidos nucleicos aumentou (p < 0,05) nas glandulas
submandibulares de camundongos infectados por ZIKV. No terceiro capitulo,
identificamos que um algoritmo de aprendizado de maquinas baseado em LDA
classificou com 80,5% de acuracia (sensibilidade: 77,7% e especificidade:
83,3%) amostras de saliva infectadas com 10* PFU/mL, o que é similar a
concentracdo encontrada clinicamente na infecgao pelo ZIKV. Desta forma, os
resultados demonstram uma aplicacdo potencial desta plataforma biofotonica
sustentavel sem o uso de reagentes, acoplada com algoritmos de aprendizado

de maquina para detectar ZIKV na saliva.

Em conjunto, a revisdo sobre a expressao dos transportadores para a
entrada do ZIKV nas células de glandulas salivares permitiu a compreensao da
patofisiologia do ZIKV nas glandulas salivares maiores e menores, e seus efeitos
na saude oral. A deteccao de alteragcdes na expressédo de colageno e acidos
nucleicos em um modelo animal de ZIKV refor¢a a importancia da compreenséao
da patofisiologia do ZIKV em tecidos da cavidade oral, e também que mais

estudos devem ser direcionados aos efeitos do ZIKV em glandulas salivares.
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Além disso, demonstrou-se que uma plataforma biofotdénica sustentavel

utilizando espectros infravermelho da saliva, acoplado com algoritmos de

inteligéncia artificial, pode detectar o ZIKV em concentra¢des similares as

encontradas clinicamente.

Frente aos capitulos acima expostos e corroborando com os objetivos propostos

diante dos resultados apresentados podemos concluir que:

Foi apresentado um mecanismo patofisiolégico baseados em evidéncias
de bioinformatica e expressdo em larga-escala dos transportadores para
entrada do ZIKV nas células acinares e ductais células de glandulas
salivares e seu potencial impacto no diagndstico salivar que podem estar
relacionados a expressao de mRNA/peptideos/proteinas do ZIKV na
saliva.

Nossos resultados sugerem que o ZIKV pode afetar os componentes de
colageno e acidos nucleicos do tecido da glandula salivar, o que pode
contribuir para a presenca do ZIKV na saliva.

Os biomarcadores salivares derivados diretamente do virus ZIKV ou
indiretamente pela resposta imunologica a infecgdo pelo ZIKV sdo uma
alternativa potencial para o desenvolvimento de novas plataformas de
diagnostico do ZIKV usando uma amostra n&o invasiva e auto coleta.
Nossas descobertas demonstram uma aplicagdo potencial desta
plataforma biofoténica portatil, sustentavel, livre de reagentes, rapida e
nao invasiva, suportada com algoritmos de aprendizado de maquina para
deteccdo do ZIKV na saliva em uma concentragdo semelhante a

detectada em amostras clinicamente infectadas por ZIKV.
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