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RESUMO

INTRODUCAO: Para 0 controle da pandemia de SARS-CoV-2 a testagem em massa se
revelou fundamental. No entanto, sua implementacdo possui alguns gargalos, especialmente
em populagbes de baixo indice socioecondmico, jA que a metodologia padrdo-ouro para
deteccdo do SARS-CoV-2 é o RT-PCR em amostras de swab nasofaringeo, exigindo
infraestrutura dedicada a coleta, laboratorios sofisticados e equipe especializada. Portanto, a
necessidade de testes rapidos, simples e precisos para diagnosticar a infec¢do por SARS-CoV-
2 ¢é de extrema importancia, bem como a validacdo destes ensaios em outras alternativas de
amostras de mais facil obtencdo, como a saliva. Os sistemas utilizando CRISPR para o
diagndstico de COVID-19 tem se apresentado como promissores, ja que apresentam alta
sensibilidade, rapidez de deteccdo e ndo requerem laboratdrios especializados. OBJETIVO:
Otimizar métodos moleculares para a deteccdo do SARS-CoV-2 em amostras de saliva e
validar um protétipo de teste molecular "point of care™ baseado na tecnologia CRISPR/Cas12.
METODOLOGIA: Trata-se de um estudo de corte transversal envolvendo 103 participantes,
no periodo de marco a maio de 2021, submetidos a coleta de amostras pareadas de swab
nasofaringeo e saliva. Para a validagdo do RT-PCR em amostras de saliva, foram utilizados
trés kits comerciais e diferentes protocolos pré-analiticos envolvendo a etapa de extracdo e
condigbes de armazenamento/estabilidade das amostras. Para o teste rdpido com
CRISPR/Casl12 foram avaliadas 29 amostras no periodo de janeiro a fevereiro de 2022 e
desenhados trés de grupos de primers para a reacdo de amplificacdo isotérmica (LAMP) e os
respectivos gRNAs com primers fluorescentes para a deteccdo do complexo RNA-proteina
através da clivagem no fluxo lateral. RESULTADOS: Observou-se 100% e 89,1% de
concordancia comparando amostras de saliva em Allplex™ e TagPath™ com RT-PCR em
amostra de swab, respectivamente. A analise de estabilidade da saliva demonstrou capacidade
de deteccdo do SARS-CoV-2 em amostras armazenadas por 30 dias a -80°C. O ensaio
CRISPR/Cas12 mostrou 100% de concordancia entre os resultados obtidos por RT- PCR, com
limite de deteccdo de 15,6 PFU. Nao foi observada reacdo cruzada com outros virus
respiratorios. O método RT-PCR apresentou uma sensibilidade de aproximadamente 8 copias
de RNA/UL e o0 CRISPR/Cas12 de 84 copias de RNA/UL. CONCLUSAO: A saliva é uma
amostra sensivel para o diagndstico da COVID-19. Nosso estudo mostra evidéncias de que é
possivel identificar individuos com infec¢do assintomatica sem a necessidade de extracdo de
RNA e solucdo estabilizadora de RNA, tornando assim o diagnostico de saliva promissor para
testes diretos na rotina laboratorial. O ensaio CRISPR/Casl2 oferece uma alternativa
promissora mais rapida para a detec¢do de SARS-CoV-2, mas novos estudos sao necessarios
para que este método seja validado.

Palavras-Chave: Saliva. COVID-19. CRISPR. Diagndstico.
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ABSTRACT

INTRODUCTION: For the control of the SARS-CoV-2, pandemic mass testing proved to be
crucial. However, its implementation has some bottlenecks, especially in low socioeconomic
populations, since the gold standard methodology for SARS-CoV-2detection is RT-PCR in
nasopharyngeal swab samples, requiring dedicated collection infrastructure, sophisticated
laboratories, and specialized staff. Therefore, the need for rapid, simple and accuracy tests to
diagnose SARS-CoV-2 infection is of extreme importance, as well as the validation of the
assays in other more easily obtained samples alternatives, such as saliva. Systems using
CRISPR for the diagnosis of COVID-19 have shown promise, as they have high sensitivity,
rapid detection, and do not require specialized laboratories OBJECTIVE: Optimize
molecular methods for the detection of SARS-CoV-2 in saliva samples and validate a
prototype "point of care™ molecular test based on CRISPR/Cas12 technology. METHODS:
This is a cross- sectional study involving 103 participants from March to May 2021,
submitted to the collection of paired samples of nasopharyngeal swab and saliva. For the
validation of RT-PCR in saliva samples, three commercial kits and different pre-analytical
protocols involving the extraction step and storage/stability conditions of the samples were
used. For the rapid test with CRISPR/Cas12, 29 samples were evaluated from January to
February 2022 and three groups of primers were designed for the isothermal amplification
reaction (LAMP) and the respective gRNAs with fluorescent primers for the detection of the
RNA-protein complex by lateral flow cleavage. RESULTS: We observed 100% and 89.1%
concordance in saliva samples comparing Allplex™ and TaqgPath™ with RT- PCR on swab
sample, respectively. Saliva stability analysis demonstrated the capability of detecting SARS-
CoV-2 in samples stored for 30 days at-80°C. The CRISPR/Casl2 assay showed 100%
concordance between the results obtained by RT-PCR, with a detection limit of 15.6 PFU. No
cross-reaction with other respiratory viruses was observed. The RT-PCR method showed a
sensitivity of approximately 8 RNA copies/pL and the CRISPR/Cas12 of 84 RNA copies/pL.
CONCLUSIONS: Saliva is a sensitive sample for the diagnosis of COVID-19. Our study
shows evidence that it is possible to identify asymptomatic infectious individuals without the
need for RNA extraction and RNA stabilizing solution, thus making saliva diagnostics
promising for direct testing in the laboratory routine. The CRISPR/Casl2 assay offers a
promising faster alternative for the detection of SARS-CoV-2, but further studies are
necessary to validate this method.

Keywords: Saliva. COVID-19. CRISPR. Diagnosis.
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1 INTRODUCAO

O SARS-CoV-2 agente causador da doenca do coronavirus 2019 (COVID-19), provocou um
surto no final de 2019 em Wuhan, na China, que foi seguido por uma répida disseminacdo global
levando os sistemas de saude publica ao colapso devido a grave morbimortalidade respiratoria nos
individuos infectados. Em marco de 2020 a Organizacdo Mundial de Saude (OMS) caracterizou a
COVID-19 como uma pandemia(“WHO,” 2020).

Mesmo apds varias iniciativas, ainda ndo se conhece a origem do SARS-CoV- 2, mas
investigacdes gendmicas sugerem uma possivel origem de morcegos, com um hospedeiro
intermediario ainda ndo identificado e possivelmente associado a materiais contaminados no
mercado de frutos do mar em Wuhan, onde foram rastreados os primeiros casos (JIANG; DU;SHI,
2020). O SARS-CoV-2 é um virus de RNA de fita simples positiva envelopado da familia dos
Coronaviridae. Sua transmissdo é por contato direto com pessoas infectadas através de goticulas
respiratorias. Os sintomas mais comuns sdo febre e tosse, com cerca de 80% dos casos apresentando
quadro clinico assintoméatico ou brando (MALLAH et al., 2021). Entretanto, 20% dos casos
desenvolvem a forma grave da doenca, sindrome do desconforto respiratério agudo (SDRA),
associando a pneumonia grave e insuficiénciarespiratoria (RUANet al., 2020).

O swab nasofaringeo é o principal meio de coleta de amostra para o diagnéstico molecular do
SARS-CoV-2 por RT-PCR. Entretanto, uma série de obstaculos se apresentavam para a sua
implementacdo em larga escala, incluindo a necessidade de infraestrutura e procedimentos de
biosseguranca especificos, a resisténcia da populacdo por conta do desconforto associado ao
procedimento de coleta, além do risco de exposi¢do e transmissdo viral para profissional que realiza
o procedimento (AZZI et al., 2021). Como alternativa, a saliva conquistou atencdo cientifica para
0 seu uso como amostra diagndstica devido a sua facilidade de coleta pelo proprio
paciente,consequentemente reduzindo o risco detransmisséo para equipe de coleta.

Durante o surto de SARS em 2003, foi relatada a presenca do virus em goticulas de saliva.
Destacando como fonte de infecgdo e uma amostra potencial para o diagnostico (WANG et al.,
2004). Estudos mostram a deteccdo de SARS-CoV-2 na saliva por RT-PCR em pacientes com
diferentes gravidades da doenca e com uma maior sensibilidade quando relacionados as amostras
de swab nasofaringeo (TEO etal.,2021; TO et al., 2020). Desta forma, empregar o uso da saliva pode
proporcionar um procedimento rapido, seguro e adequado para o diagnostico de COVID-109.

A reacdo em cadeia da polimerase (RT-PCR) € o padrdo ouro no diagnostico da COVID-19.
Contudo, a técnica requer uso de laboratorios equipados com demora em seus resultados, reduzindo
a perspectiva do diagndstico rapido. A identificagdo deacido nucleicos baseada na tecnologia

CRISPR / Cas surgiu nos altimos anos como uma promessa no desenvolvimento de métodos de
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diagnostico molecular simples e rapidos, além de apresentar alta sensibilidade e especificidade (LI et

al., 2019).

Para conter o avan¢o do SARS-CoV-2 em todo o mundo preconiza-se uma melhor estratégia
de testagem e ferramentas diagndsticas. Portanto, torna-se necessario 0 uso de ensaios
ultrassensiveis, rapidos e que ndo necessitem de um altograu de conhecimento técnicoe equipamento
caros para o diagnéstico do COVID-19. Desta forma, esse projeto buscou avaliar alternativas para o
diagndstico molecular da COVID-19 através da utilizacdo de amostras de saliva em reagdes de RT-
PCR, além do desenvolvimento de um protdripo de teste molecular "point of care” baseado na
tecnologia CRISPR-Cas12.
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2 REVISAO DE LITERATURA

2.1 0 VIRUS SARS-CoV-2

2.1.1 Histdrico e Epidemiologia

No final de 2019 o escritério da OMS na China foi notificado sobre um novo surto de
pneumonia na cidade de Wuhan, a capital e maior cidade da provincia de Hubei, na China
(ZHU; WEI; NIU, 2020). Grande maioria dos pacientes frequentavamregularmente o mercado
atacadista de frutos do mar em Wuhan e a causa da doenga ainda era desconhecida. Através
do teste molecular de reacdo em cadeia da polimerase (PCR), o patégeno foi confirmado
sendo um virus (JEFFERSON RIBEIRODA SILVA et al., 2019).

Posteriormente, foi realizado o sequenciamento e o genoma viral ndo correspondia
com nenhum virus sequenciado anteriormente. Em janeiro de 2020, a doenca causada pelo
novo virus foi denominada como COVID-19 e com base em testes filogenéticos o Comité
Internacional de Taxonomia de Virus nomeou o0 novo virus de SARS-CoV-2
(GORBALENYA et al., 2020).

SARS-CoV-2, causador da doenca coranavirus 2019 (COVID-19), é relacionado ao
SARS-CoV, um coronavirus que pertence a categoria de sindrome respiratéria aguda grave
(GORBALENYA et al.,, 2020). Até o momento, foram identificados sete coronavirus
humanos (COMMITTEE, 2020; CUI; LI; SHI, 2019). O SARS-CoV-2 é membro da

Nidovirales, familia Coronaviridae e sua subfamilia é Orthocoronavirinae, que é
subdivida em quatro géneros, os que se originam de genes de aves e suinos,
Gammacoronavirus e Deltacoronavirus e 0s que se originam de morcegos, 0S géneros
Alphacoronavirus e Betacoronavirus (CHEN; L1U; GUO, 2020; WOO et al., 2012).

Além dos SARS-CoVs, o0 MERS-CoV também € um coronavirus que infecta
humanos. Ambos apresentam sintomas semelhantes, febre, falta de ar, tosse e pneumonia
(ZAKI et al., 2012). De acordo com a OMS a taxa de mortalidade do MERSchegou a 35% e 0
principal hospedeiro de transmisséo era os camelos. Na sociedade americana e europeia 0
efeito do MERS foi minimo. Atualmente a infecgéo continua no Oriente Médio (MACKAY;
ARDEN, 2015; WHO, 2022).

A pandemia do COVID-19 originou um impacto na mortalidade e morbidade,
diferentemente das doencas anteriores associadas ao coronavirus (DONG; DU; GARDNER,

2020; ZHU et al., 2020). Devido a répida disseminacdo, a OMS nomeou a sua rapida
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disseminacdo como, a primeira pandemia do século 21 (E; H; L, 2020). O SARS-CoV-2
obteve uma grande propagacdo e alta letalidade por meio de viagensdecorrente da transmisséo
de individuos pré-sintomaticos ou assintomaticos de continente a continente (JT; K; GM,
2020; Y et al., 2020). Esses portadores viajantes facilitam a rapida disseminacdo (GANDHI,
YOKOE; HAVLIR, 2020; WIT et al., 2016).

2.1.2 Organizacdo gendmica e mecanismos de infeccao

O tamanho da particula viral do SARS-CoV-2 é de aproximadamente 80 a 120 nm de
didmetro e suas espiculas (spike) apresentam didmetros de 9 a 12 nm (CUI; LI; SHI, 2019;
WRAPP et al., 2020). Ele é um virus de forma esférica, envelopado e ndo segmentado (XU et
al., 2020). Cada virion consiste em um ssRNA com cauda 5'-cap e 3'-poly-A positivo.

O genoma do coronavirus varia de 27 a 30 quilobases e codificam mais de cinco ORFs
(CHAN et al., 2020). A principal é a ORFla que ocupa a maior parte da extremidade 5’ ¢ é
seguida pela ORF1b. Eles sdo clivados em 16 proteinas ndo estruturais (Nsps). Na
extremidade 3’ estdo presentes genes que codificam proteinas estruturais da membrana (M),
envelope (E), espicula (S) e nucleocapsideo (N). Todas elasséo caracteristicas comuns de todos
coronavirus. Embora o0 SARS-CoV-2 ndo tenha o gene da hemaglutinina-esterase (HE) que é
encontrado em alguns betacoronavirus(CHAN et al., 2020).

A menor proteina encontrada no coronavirus é a proteina E, variando entre 8 e 10
quilodalton. Ela atua na construcdo de viroporinas, transportando de ions de Ca 2+,
favorecendo a insercdo de particulas virais nas células hospedeiras (LIAO; TAM; LIU, 2006;
PHAM et al., 2017; ZHANG et al., 2014).

A proteina E evidencia funcbes e caracteristicas comuns de outras CoVs. A
inexisténcia da proteina pode modificar a morfologia e o tropismo do coronavirus (DEDIEGO
et al.,, 2007). A proteina apresenta trés dominios, uma cauda amino hidrofilico curta, um
dominio C-terminal ativo e um dominio transmembranar hidrofobico grande (SCHOEMAN;
FIELDING, 2019).

A proteina M € a mais presente na particula viral, formando o envelope viral
(NEUMAN et al., 2011). Ela atua como uma proteina de membrana multispanning
favorecendo a formacdo do virus a partir da comunicacao proteina-proteina (BIANCHI et al.,
2020). E descrito na literatura que a proteina M agrupa sinais de empacotamentodo genoma
através do seu contato com o RNA (HAAN; VENNEMA; ROTTIER, 2000). Pesquisadores

relatam que a proteina favorece a patogénese, relatando sua interagdocom o fator nuclear
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kappa B (NF-kB) e com a Ciclo-oxigenase2 (COX-2) contribuindo com a resposta
inflamatoria do hospedeiro (FANG et al., 2007).

A entrada do virus nas células é mediada pela proteina S, (BELOUZARD et al.,2012)
que também estd envolvida na resposta imune do hospedeiro. Essa proteina trimérica é
composta pela subunidade S1 que age como um antigeno de superficie e a subunidade S2. A
subunidade S1 contém dois dominios: o dominio N-terminal (NTD) e dominio C-terminal
(CTD), que age como dominio de ligacdo ao receptor (RBD) (KE et al., 2020). Ja foram
descritas algumas mutagdes no RBD, resultando em um aumento no equilibrio da estrutura da
proteina S e enfraquecendo a ligacdo de anticorpos. E evidenciado que a subunidade S2
apresenta 99% de semelhanca com as dos SARS-CoV humano e presentes em dois morcegos
(SL-CoV ZXC21 e ZC45).Subunidade S2 é composta por um dominio transmembranar (TM),
dominio citoplasmatico (CP) e aminoacidos de fusdo conservada (FP) (KADAM et al., 2021).

A proteina N é a proteina mais abundante na célula infectada, sua funcdo é o
empacotamento da molécula de RNA. Estudos evidenciam que a proteina N contribui na
modulacdo da maquinaria celular do hospedeiro, colaborando com funcBes regulatorias,
facilitando a multiplicacdo e disseminacdo do virus através da apoptose celular durante seu
ciclo de vida viral (ABABOU; LADBURY, 2007; MCBRIDE; ZYL; FIELDING, 2014).

SARS-CoV-2 \
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Figura 1 — Estrutura do genoma do SARS-CoV-2. Os genes estruturais presentes no terminal 3’
codificam as proteinas estruturais, incluindo o pico S (Spike), envelope (E), membrana (M) e
nucleocapsideo que sdo caracteristicas comuns para todos 0s coronavirus. No terminal 5’ encontramos as
proteinas ndo estruturais, que desempenham fungdes na replicagdo do RNA viral na elaboragdo de
particulas novas. As 9 proteinas acessorias localizadas no terminal 3” ajudam a fuga das novas particulas,
impedindo a sinalizacdo celular para o sistema imunolégico.

Fonte:
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J& é relatado na literatura a afinidade da proteina S com o receptor ACE-2, e varios
estudos demonstraram a entrada do virus SARS-CoV-2 nas células apds interagdo com 0s
receptores ACE-2 (MATHEWSON et al., 2008; ZHOU et al., 2020). Merece destaque a alta
afinidade da ligacdo da proteina S do SARS-CoV-2 com o receptor, estimada em cerca de 10
vezes maior se comparada a proteina S do SARS-CoV, sugerindo assim uma explicacdo para a
maior transmissibilidade do SARS-CoV-2 (ANGELETTI et al., 2020).

Além do papel fundamental do ACE-2 na entrada celular do virus, a protease serina-2
transmembrana (TMPRSS2) desempenha um papel importante para a absor¢do do virus na
membrana da célula e consequentemente a sua entrada na célula hospedeira (Figura 2)
(SUNGNAK et al., 2020). Ainda que a TMPRSS2 seja importante na infecgéo viral, existem
outras proteases que desempenham o mesmo papel, a catepsina L e B, podem agir como o
sucessor a0 TMPRSS2 (SALIAN et al., 2021).

FUSAO DO VIRUS NA
MEMBRANA DA CELULA
HOSPEDEIRA

b GLICOPROTEINA
&€ DEENVELOPE
(E)

RECEPTORACE2 G

TMPRSS2 PROTEASE

LIBERAQAO DO GENOMA VIRAL
NA CELULAHOSPEDEIRA

Figura 2 — Entrada do virus na célula hospedeira. O dominio de ligacdo do receptor (RBD) da proteina
spike (S) do virus se liga ao receptor ACE2 da célula hospedeira. A proteina S é preparada pela protease
TMPRSS2 para suceder a fusao viral e liberacdo do genoma viral na célula hospedeira

Fonte: (Adaptado de SALIAN et al., 2021).

2.1.3 Transmissao e patologia

A via de transmissdo principal do SARS-CoV-2 é por goticulas respiratorias. A

transmissdo pode ocorrer de pessoas infectadas sintomaticas e assintomaticas. Um estudo
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revelou que até 59% da transmissdo pode ser atribuida a pessoas assintomaticas
(JOHANSSON et al., 2021). A transmissdo por contato em superficies potencialmente
contaminadas era uma preocupacdo no inicio da pandemia. Entretanto, dados recentes
apontam que embora 0 Vvirus possa permanecer em superficies, o cultivo nessas superficies no
laboratério ndo obteve éxito (MEDICINE, 2020).

Anteriormente, relatavam que a transmissdo aérea do SARS-CoV-2 seria improvavel,
contudo, estudos relatam tosse seca e espirros de pacientes com COVID-19 provocam
goticulas entre 0,6 e 100 um e a presenca de microgoticulas infectantes suspensas no ar sao
suficientes para expor os individuos a contamina¢do (MACHHI et al., 2020). Por meio da fala
e respiracdo, individuos assintomaticos podem produzir microgoticulas (1 um) que podem
transportar particula viral viavel (SALIAN et al.,2021).

Contudo, medidas ndo farmacoldgicas de contencdo, como 0 uso de mascaras e 0

distanciamento de 2 metros entre pessoas, podem diminuir significativamente a transmisséo.
Em 2003 o uso de méscaras faciais reduziu a disseminacdo de SARS-CoV na populagéo.
Estudam anteriores revelam que o uso de mascaras de algoddo pode filtrar de 40 a 60% de
particula de NaCl (185nm). Destacando que mascaras médicas e de algodao ndo apresentam
diferengas significativas quando usadas em locais fechados para conter particulas virais
(TABATABAEIZADEH, 2021).
Pesquisadores relatam a possibilidade de transmissao materno-fetal intrauterina com base nos
resultados obtidos de anticorpos IgM e IgG em recém- nascidos imediatamente apos o
nascimento (DHAMA et al., 2020a). O SARS-CoV-2 pode causar parto prematuro, aborto
espontdneo e recentemente estudos mostraram que casos de parto prematuro e suas
consequéncias podem associados ao virus (CHEN et al., 2020).

A maior parte dos virus encontram abordagens para invadir células e causar infeccdo
em humanos. O SARS-CoV-2 invade as células através da enzima conversora de angiotensina
2 (ACE2), essa proteina € expressa em niveis elevados no coragdo, rins, testiculos, tireoide,
tecido adiposo e no intestino delgado (SINGH et al., 2020). Enquanto no baco, cérebro, vasos
sanguineos e medula déssea ela apresenta niveis mais baixos de expressdao (SINGH et al.,
2020). Entretanto, o trato respiratério € o alvo principal do SARS-CoV-2 causando

inflamacédo grave nos pulmdes (DHAMA et al., 2020).

2.2 DIAGNOSTICO

Com base em outras infeccdes respiratorias a OMS recomendou 0 uso da reacdo em
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cadeia da polimerase-transcriptase reversa em tempo real (RT-PCR) como protocolo padréo
para o diagnostico do SARS-CoV-2 (CORMAN et al., 2020). A reacdo é realizada com
primers direcionados na identificacdo dos genes presentes no virus, nucleocapsideo (N),
proteina Spike (S), envelope (E) e ORF1lab.

O RT-PCR em amostras de swab nasofaringeo é considerado o padrdo-ouro para a
deteccdo do SARS-CoV-2. Trata-se de um teste sensivel e especifico e utilizado para
deteccdo de diferentes patdgenos. Este ensaio tem a capacidade de detectar e medir
quantidades minimas de 4cidos nucleicos, como 1 cdpia RNA viral / uL (1.000 copias / mL)
(VOGELS et al., 2020). Estudos clinicos mostram que quando a carga viral € menor que um
milh&o de copias / mL, o risco de transmissao € baixo devido a presenca de poucas particulas
virais (SCOLA et al., 2020; WOLFEL et al., 2020).

O indicador de amplificacdo detectavel é conhecido como Ct (do inglés cycle threshold).
Ele determina o ciclo em que o nivel de fluorescéncia detectado na amostracruza o limiar
estabelecido para distinguir fluorescéncia basal e amplificacdo de material genético. Estudos
relatam que sequencias ndo especificas podem ocorrer apos a leitura de mais de 28 ciclos,
devido a inativacdo da Taq polimerase (SULE; OLUWAYELU, 2020).

Foi relatado que os valores de Ct de 25 a 28 eram geralmente adequados; quando mais de
28 ciclos, a deteccdo de sequéncias amplificadas ndo especificamente pode ocorrer ou levar
a resultados varidveis devido a inativacdo da Taq polimerase. Diferentes valores de Ct sdo
utilizados para o diagndstico da COVID- 19, valores abaixo de 40, geralmente sao indicados
como indicador de positividade para SARS-CoV-2 (VOGELS et al., 2020).

Apesar disso, considerando que o valor de Ct é inversamente proporcional a quantidade

de material genético presente na amostra, estudos mostram que as amostras que apresentam
valores de Ct variando entre 15 e 24 podem indicar maior carga viral, e valores de25 a 30 séo
consideradas com carga viral moderada, enquanto valores maiores que 33,33 podem ser de
baixa carga viral ou negativas (SULE; OLUWAYELU, 2020; VOGELS et al., 2020).
O transporte indevido, congelamento e descongelamento, tempo de amostragem e diferentes
protocolos agregados pode ocasionar nas diferencas nos valores de corte de Ct, aproximando
do limite de deteccdo de RNA viral e apresentar resultados falso-negativos (HONG et al.,
2020; PAN et al., 2020).

2.2.1 LAMP

Uma das ferramentas mais importantes para o diagndstico de doengas e
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desenvolvimentos na é&rea da biotecnologia é a amplificacdo de acido nucleicos (PARIDA et
al., 2008). Em 2000, foi desenvolvido um novo método de amplificagdo que utiliza o calor
para amplificar um milhdo de copias de DNA em menos de uma hora. Esse método foi
denominado de amplificacdo isotéermica mediada por loop (LAMP) (NOTOMI et al., 2000).

A reacdo de LAMP utiliza um conjunto de seis ou quatros primers diferentes, ligando-
se a oito ou seis regides diferentes na molécula alvo. O conjunto de primer envolvem dois
primers internos (FIP e BIP), dois externos (F3 e B3) e primers de loop.Os primers FIP e BIP
ligam-se a regido F2c ou B2c no DNA alvo, seguido dos primers externos (F3 e B3) que
hibridizam com a regido F3c ou B3c, deslocando a fita complementar ligada ao FIP e BIP
(NOTOMI et al.,, 2000). Resultando na formagdo de um DNA em forma de haltere,
sequentemente, essa mesma estrutura de haltere se torna o principio para a amplificacdo
exponencial (Figura 3). Os iniciadores de loop podem ser adicionados para acelerar o
processo de amplificacdo e sistemas baseados em ensaios de fluxo lateral (SILVA; PARDEE;
PENA, 2020).

Para expandir o diagndstico da técnica de LAMP, inimeras melhorias foram aplicadas
ao protocolo original, entre elas, inserir o LAMP de transcricédo reversa (RT- LAMP). O RT-
LAMP utiliza transcriptase reversa para produzir a partir do RNA o DNA complementar,
usando o DNA polimerase para amplificacdo. Esta técnica permite que o experimento seja
capaz de ser concluido em uma Unica etapa e com apenas uma temperatura constante
(NOTOMI et al., 2000; MORI et al., 2013).

O diagnostico do HIV é um exemplo do uso bem-sucedido do RT-LAMP. Em 2015, o
uso do RT-LAMP se mostrou eficaz no diagnéstico do HIV. (OCWIEJA et al., 2015 ;
ODARI et al., 2015 ). No ano seguinte, 0 RT-LAMP foi empregado para a detec¢do do virus
zika sintético (ZIKV), validando a atividade enzimatica dupla, através do Bst 3.0 polimerase
amplificando em condicdes semelhantes 0 DNA e o0 RNA (TIAN et al., 2016 ). RT-LAMP
também foi usado para detectar patdgenos de animais e plantas. Por exemplo, o virus da Batai
que causa defeitos congénitos em ruminantes (gado) e o virus da mancha clorética da
folha da macieira. (PENG etal., 2017; LIU at al., 2016).


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7167136/#jam13647-bib-0095
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https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7167136/#jam13647-bib-0138
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7167136/#jam13647-bib-0108
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7167136/#jam13647-bib-0073
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Figura 3 — Representacdo esquematica da reacdo de LAMP. A mistura envolvida na reacdo de
LAMP envolve em dNTPs, polimerase Bst, corante de fluorescéncia, primers e molde de DNA
Fonte: (Adaptado de SILVA; PARDEE; PENA, 2020)

2.2.2 CRISPR

Em 1987, foi identificado pela primeira vez sequéncias repetidas incomuns em E.
coli separadas por sequéncias nao repetitivas (ISHINO et al., 1987). Ao longo dos anos foram
encontradas sequéncias semelhantes, mas a funcdo das sequéncias repetidas e interrompidas
era desconhecida.

Em 2002 essas sequenciais foram denominadas de repeticdo palindromica curta
espacada regularmente agrupada (CRISPR), anos depois relataram uma relacdo funcional
entre os genes, envolvia 0 metabolismo do DNA e a expressao genica, algumas bactérias
apresentavam determinada sequéncia de DNA viral no locus CRISPR conhecidas por serem
resistentes a infec¢do, apontando que assequencias poderia esta relacionada ao sistema imune
adaptativo em procariotos (BOLOTIN et al.,, 2005; JANSEN et al., 2002; MOJICA et
al., 2005; POURCEL; SALVIGNOL; VERGNAUD, 2005). Apenas em 2007 foi publicado
evidéncias experimentais sobre essa hipotese (BARRANGOU et al., 2007).

A edicdo do genoma é um processo que provoca modificacdes em uma sequéncia alvo,
removendo, inserindo ou substituindo bases. Nos dltimos anos, novas metodologias foram
estudadas para editar genomas simples e complexos, revolucionando a pesquisa cientifica. O

sistema CRISPR tem sido utilizado na pesquisa devido a sua alta sensibilidade, especificidade,
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confiabilidade e facilidade deuso (LINO et al., 2018). O sistema CRISPR/ Cas se baseia no
reconhecimento guiado por RNA da sequéncia parcialmente complementar no DNA,
posteriormente introduzindo uma quebra no local reconhecido ou nas proximidades (TERNS,
2018).

As enzimas Cas de classe 2, sdo as mais estudadas, devido as suas atividades de
nuclease que permitem a engenharia genémica e as técnicas de deteccdo de &cido nucleico
(BARRANGOU; HORVATH, 2017). Entretanto, os tipos | — Il e a sua funcdosdo os mais
estudados, enquanto os tipos IV — VI foram identificados mais recentemente (MAKAROVA,;
KOONIN, 2015). Pertencendo a classe 2, tipo 1l, a Cas9era considerada a melhor escolha na
edicdo genica. Porém, existem limitacdes para a sua aplicacdo, seu sistema é extenso e
dificulta a eficiéncia, introduz mutacdes inespecificas que sdo semelhantes, mas nao idénticas,
inicia mutagdes aleatorias forado alvo no genoma (ZHANG et al., 2015). Desse modo,
modificagOes foram focados para melhorar a confiabilidade e eficiéncia do sistema. A Casl12
é regulada por um unico RNA, identifica sequencias ricas em timidina (T), aumentando a
especificidade de locais genémicos e diferentemente do Cas9, ela ndo requer um tracrRNA
para realizar a sua funcdo (ZETSCHE et al., 2015).

Técnicas baseadas em CRISPR atualmente tém potencial ou ja estdo em uso como
uma opc¢do de teste de ponto de atendimento no diagnostico de patogenos. Desde a sua
descoberta, o sistema foi aceito e utilizado para identificacdo de oncogenes e incluido a
pesquisa do cancer (TIAN et al., 2019). A area de infeccBes virais € a mais explorada para
sistemas de diagndstico baseados em CRISPR. Varios cientistas desenvolveram métodos
nomeados de DETECTR e SHERLOCK, que utilizam as familias CRISPR-Cas12a e Cas13a,
respectivamente (MUSTAFA; MAKHAWI, 2021; HILLARY et al., 2021). Essas técnicas s&o
usadas para detectar SARS-CoV-2 de amostras de RNA extraidas de pacientes suspeitos. O
ensaio DETECTR ¢é baseado na clivagem de Casl2a, na presenca do DNA alvo a
Casl2a/crRNA forma um complexo de hibridizagio DNA-RNA alvo e leva a clivagem de
ssDNA repérter (MUSTAFA; MAKHAWI, 2021).

2.3 DIAGNOSTICO MOLECULAR EM AMOSTRAS DE SALIVA

A saliva humana é um fluido produzido pelas glandulas salivares. As glandulas
parétidas, submandibulares e sublinguais sdo as principais glandulas salivares. A saliva
consiste em 99% de agua e 1% de moléculas orgénicas e as inorganicas (MARTINA et al.,

2020). A saliva facilita a mastigacéo e digestdo, cria barreiras para alimentos &cidos, possuem
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propriedades antimicrobianas, protege os dentes da carie inibindo a desmineralizagdo (QIN;
STEEL; FAZEL, 2017).

Nas ultimas décadas, vem crescendo estudos que mostram que a saliva é (til para o
diagnostico precoce de varios tipos de cancer, evidenciando os anticorpos anti- p53 que sdo
marcadores tumorais conhecidos e estdo presentes na saliva (LAVECCHIA et al., 2000).

O Instituto Nacional de Pesquisa Odontoldgica e Cranio-facial (NIDCR), analisanovas
ferramentas de diagnostico utilizando fluidos orais desde 2002 (LEE; WONG, 2009). Estudos
mostram que a expressdo de ACE2 é mais evidente em glandulas salivares do que nos
pulmdes, revelando que o0 SARS-CoV-2 podem ter as glandulassalivares como alvo potencial
(XU et al., 2020).

A coleta de amostras de saliva ndo requer contato proximo com 0s pacientes, podendo
ser realizadas fora dos hospitais de forma rapida, barata, facil, ndo invasiva. A saliva ndo
coagula e ndo € necessario profissionais de salde treinados para a coleta(HARIKRISHNAN,
2020). Pesquisas recentes sugerem que amostras de saliva podem apresentar sensibilidade
maior em comparagdo como amostras de swab nasofaringeo para o diagnéstico de COVID-19
(SAHAJPAL et al., 2021; TEO et al., 2021).
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3 OBJETIVOS

3.1 OBJETIVO GERAL

Otimizar o diagndstico molecular da COVID-19 através da utilizagdo de amostras de
saliva em reacdes de RT-PCR e do estabelecimento de um prot6tipo de teste “point of care”
baseado na tecnologia CRISPR-Cas12.

3.2 OBJETIVOS ESPECIFICOS

e Validar a utilizagcdo de amostras de saliva no rastreamento da COVID-19 através de
testes moleculares;

e Comparar a performance do RT-PCR em amostras pareadas de saliva e swab
nasofaringeo;

e Desenvolver um protétipo de  um novo teste rapido molecular baseado na
tecnologia CRISPR/Cas12



24

4 ARTIGO 1

O artigo descreve os resultados obtidos neste projeto de mestrado, buscando atender
aos objetivos levantados de validar a utilizagdo de amostras de saliva no rastreamento da
COVID-19 e comparar a performance do RT-PCR em amostras pareadas de saliva e swab

nasofaringeo. No momento encontra-se submetido a revista internacional Diagnostics.

SARS-CoV-2 detection by RT-PCR in matched saliva and nasopharyngeal samples

reveals high concordance in different commercial assays

Karoline Almeida Felix de Sousa, Carolina Kymie Vasques Nonaka, Renata Naves de Avila
Mendonca, Verena Neiva Mascarenhas, Thamires Gomes Lopes Weber, Ana Verena Almeida
Mendes, Carlos Gustavo Régis, Ricardo Khouri, Bruno Solano de Freitas Souza and Clarissa
Araujo Gurgel Rocha.
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Abstract: Objective: Self-collected saliva samples could increase diagnostic efficiency, ben-
efit healthcare workers, patient care, and infection control. This study evaluated the per-
formance of self-collected saliva samples compared to nasopharyngeal swabs in three com-
mercial kits for the qualitative detection SARS-CoV-2. Methods: Matched nasopharyngeal
and saliva samples were collected from 103 patients with either asymptomatic or sympto-
matic COVID-19. Both samples were evaluated in three commercial kits (TaqCheck™, All-
plex™ kits and TagPath™). In order to evaluate sample stability, viral RNA extraction was
performed on samples in the presence or absence of RNA shield. Storage conditions, in-
cluding duration, temperature and stability after frozen-thawed were also evaluated. Re-
sults: All saliva samples showed 100% concordance with the nasopharyngeal swab results
using TaqCheck™ and Allplex™ kits and 93% using TaqPath™ kit. No difference was seen
in the samples that used the RNA shield compared to the group without the solution. The
Ct values of the frozen-thawed samples after 30 days increased compared to the values on
day 0 however kept consistent results. Conclusion: The high concordance of SARS-CoV-2
detection by RT-PCR in matched saliva and nasopharyngeal samples using different com-
mercial assays reinforces that self-collected saliva samples are a non-invasive, rapid and
reliable sample for diagnosing SARS-CoV-2 infection.

Keywords: COVID-19, saliva, diagnostic method, SARS-CoV-2, RT-PCR.

1. Introduction

Implementing efficient testing strategies is crucial to ensure widespread mo-
lecular detection of SARS-CoV-2, monitor viral dissemination, and control out-
breaks [1, 2]. Real-time reverse transcriptase-polymerase chain reaction (RT-
PCR)-based detection of SARS-CoV-2 is the "gold standard" method for diagnos-
ing COVID-19. Several RT-PCR kits have been developed based on the conserved
regions of the SARS-CoV-2 genome [3-5]. Due to the high sensitivity and specific-
ity, both upper and lower respiratory tract samples have been considered stand-
ards. However, collecting samples from the respiratory tract requires a dedicated

Diagnostics 2022, 12, x. https://doi.org/10.3390/xxxxx

www.mdpi.com/journal/diagnostics


mailto:clarissa.gurgel@fiocruz.br
mailto:bruno.souza@fiocruz.br

44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74

75
76

77
78
79
80
81
82
83
84
85
86
87
88
89
90

91
92
93

94
95

Diagnostics 2022, 12, x FOR PEER REVIEW 20f 8

infrastructure, trained personnel and well-established procedures to avoid con-
tamination of healthcare workers, which are not always available, especially in
developing countries. Moreover, adherence to testing protocols requiring re-
peated nasopharyngeal (NP) swab collection may be low since this procedure may
be associated with different levels of discomfort, cough, bleeding, rhinitis, sneeze,
and/or vomit [6-9].

Saliva has emerged as a potential alternative to respiratory tract samples,
with reported comparable levels of sensitivity and specificity to nasopharyngeal
swabs [10]. Saliva sampling offers several advantages, requiring fewer material
resources and infrastructure [11,12], being a non-invasive method, well-tolerated
for children, the elderly, and people with disabilities [13]. In 2020, the RT-PCR
assay for SARS-CoV-2 virus detection in saliva was approved by the U.S Food and
Drug Administration (FDA) [14], and a recent study showed a high positive agree-
ment (94%) comparing saliva by SalivaDirect with nasopharyngeal swabs by com-
mercial RT-PCR kit [15]. A meta-analysis study demonstrated more than 90% con-
cordance rate of saliva and nasopharyngeal swab, including high sensitivity and
specificity [10].

Currently, The American Centers for Disease Control and Prevention and the
European Centre for Disease Prevention and Control authorize the utilization of
oral swabs or saliva as specimens for SARS-CoV-2 virus diagnosis. Saliva testing
has already been well accepted for SARS-CoV-2 detection in several countries, in-
cluding South Korea, Germany and Japan [16].

Despite the amount of evidence suggesting comparable performance be-
tween NP swabs to saliva samples, there is still a need to characterize whether
patient profile, the severity of symptoms, and the time between disease onset and
sample collection may affect the performance. In addition, practical questions re-
garding kit performance and pre-analytic factors that could affect sample stability
have not been sufficiently explored. Here, we compared the diagnostic perfor-
mance of three commercial kits for the qualitative detection of SARS-CoV-2 by
RT-PCR in salivary samples with matched nasopharyngeal swab samples and cor-
related the patient's clinical data.

2. Materials and Methods
2.1. Patients and Sample Collection

This study was approved by the Institutional Review Board (CAAE:
38580920.6.3001.0040). All included patients were tested according to the clinical
indications. A total of 103 symptomatic and asymptomatic patients, convenience
cohort study, were recruited during admission in the emergency room at Sao Ra-
fael Hospital (Salvador, Bahia, Brazil) from March 16th to May 6th 2021. The in-
formed consent form had been obtained from each patient. Demographic data,
comorbidities and symptoms were collected from electronic medical records.

Paired samples from those patients, saliva and Nasopharyngeal (NP) Swab,
were collected for this study. In comparison, NP swab was obtained by a qualified
technician and stored at —20°C until being processed as a service offered by Sao
Rafael diagnostic laboratory. Approximately 5 mL of saliva was self-collected in a
certified DNase and RNase conical polypropylene sterile graduated tube (50 mL).
Subjects were queried to avoid eating and drinking 30 min before sampling. After
being collected, the saliva samples were stored at -80° degrees until processing.

2.2. Sample Processing and RT-PCR for SARS-CoV-2
The samples were processed following the recommendations of a reference
kit for SARS-CoV-2 detection in saliva samples, TaqCheck™ SARS-CoV-2 Fast

PCR assay kit (ThermoFisher Scientific, Massachusetts, USA). Saliva samples
were incubated with TweenTM20 Detergent (1%)/TBE Buffer (2X) (ThermoFisher
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96 Scientific, Massachusetts, USA). A volume of 100 pL of saliva was incubated at 95
97 °C for 30 min; then vortexed until the sample appeared homogeneous and trans-
98 ferred to 100 pL of TBE / Tween mix (20 pL of TBE Buffer (10X) + 10 puL of Tween
99 20 Detergent (10%) + 70 pL of nuclease-free water).
100 For stability assessment, were randomly selected 28 positive samples and in
101 the final volume of ImL added 1:2 RNA Shield™ (Zymo Research, California,
102 USA) and compared with 1 mL of the paired sample without RNA Shield™. Both
103 samples were stored at -80°degrees for 30 days. Followed by viral RNA extraction
104 using MagMAX™ Viral/Pathogen II (MVP II) Nucleic Acid Isolation Kit (Ther-
105 moFisher Scientific, Massachusetts, EUA), according to the manufacturer's recom-
106 mendations. The automated equipment KingFisher Sample Purification Systems
107 was used (ThermoFisher Scientific, Massachusetts, EUA). Likewise, were ran-
108 domly selected 30 positive samples and stored without RNA Shield™ at -80°C for
109 30 days, followed by processing with TBE / Tween mix.
110 The kits Allplex™ SARS-CoV-2 Assay (Seegene®, South Korea), TagPath™
111 COVID-19 CE-IVD RT-PCR kit (ThermoFisher Scientific, Massachusetts, USA)
112 and TaqCheck™ SARS-CoV-2 Fast PCR assay kit (ThermoFisher Scientific) were
113 evaluated, according to the study design (Figure 1). All protocols were performed
114 using the Applied Biosystems™ 7500 Fast (ThermoFisher Scientific) and software
115 v2.3 for further analysis.

Saliva samples pareid
with NP swab

n=103

Direct Protocol
(TBE 2x/Tween-20 1%)

[ I I

TaqCheck™ SARS- Allplex™ TaqPath™ COVID-
CoV-2 Fast PCR Assay SARS-CoV-2 Assay 19 Assay

Stabilility assessment

Direct Protocol _ | RNAviral extraction by
(TBE 2x/Tween-20 1%) automated MagMAX kit
[ 1
Storage at -80°C for with/without
30 days preservative (RNA shield)
n=30 n=28
116
117 Figure 1. Flowchart of the study design.
118
119 2.3. Statistical analysis
120
121 The results obtained with saliva samples were compared with nasopharyn-
122 geal swab samples. The N gene amplification by RT-PCR was used to compare
123 the Cts of the SARS-CoV-2 detection kits. The kappa coefficient was used to assess
124 the agreement of the results. All statistical tests were done using GraphPad Prism
125 version 9.0 software (GraphPad, La Jolla, CA, USA)
126 3. Results
127 In this study, 103 paired samples (NP swab and saliva) were obtained from

128 patients admitted to the emergency room of a private hospital (Sao Rafael Hospi-
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tal, Salvador, Bahia, Brazil) referring flu symptoms (n=78) or asymptomatic sub-
jects reporting close contact to COVID-19 patients in the past days (n=25). Symp-
tomatic patients were submitted to sample collection in a median of 5 days from
illness onset. Among symptomatic patients, 56.4% (n= 44) tested positive for
SARS-CoV-2. Cough (65.2%), headache (52.2%) and fever (45.7%) were the most
frequent symptoms reported by patients. Other clinical symptoms and demo-
graphic data are described in Table 1.

Table 1. Clinical and demographic characteristics of the subjects (n=103) and results of
the detection of SARS-CoV-2 in nasopharyngeal swab by RT-PCR.

Detection of SARS-CoV-2

Positive Negative
(n = 46) (n=57)
Age (median) 40 (18-79) 42 (18-79)
Male 29 (63.04%) 24 (42.10%)
Symptomatic 44 (99.65%) 34 (59.65%)
Fever 21 (45.65%) 11 (19.29%)
Cough 30 (65.21%) 16 (28.07%)

Sore throat

10 (21.73%)

10 (17.54%)

Dyspnea 15 (32.60%) 6 (10.52%)
Headache 24 (52.17%) 19 (33.33%)
Myalgia 20 (43.47%) 13 (22.80%)
Anosmia 7 (15.21%) 1 (1.75%)
Diarrhea 2 (4.34%) 10 (17.54%)
Vomiting 3 (6.52%) 4 (7.01%)

3.1. Comparative performance of self-collected saliva samples in different protocols

After saliva collection, we evaluated an extraction-free protocol using
Tween™.-20 Detergent (1%)/TBE Bulffer, followed by detection using two commer-
cially available kits for molecular diagnosis of SARS-CoV-2 by RT-PCR (Allplex™
(Seegene) and TagqPath™ (ThermoFisher). The samples were also processed with
a commercial kit TaqCheck™ (ThermoFisher) validated for saliva samples and
compared to NP samples. Allplex™ (Seegene) and TaqPath™ (ThermoFisher)
have been validated for NP samples, being routinely utilized in diagnostics by the
clinical laboratory of Sao Rafael Hospital, but had not been validated for saliva
samples by the manufacturers at the time of present study initiation. We observed
1.0 and 0.9 of values in the kappa coefficient corresponding to an excellent agree-
ment (n=46 positive, n=57 negative) when comparing the Allplex™ (Seegene) and
the TaqPath™ (ThermoFisher) with the TaqCheck™ (ThermoFisher) in saliva sam-
ples (Table 2).
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Table 2. Comparison between the three commercial kits for detection of SARS-CoV-2 in
saliva samples (n=103) by RT-PCR using Cohen’s kappa coefficient.

SARS-CoV-2 detection kit Kappa 1.C 95%
TaqCheck (saliva) vs Allplex (NP) 1.0 1.0-1.0
TaqCheck (saliva) vs Allplex (saliva) 1.0 1.0-1.0
TaqCheck (saliva) vs TagPath (saliva) 0.923 0.849-0.997
Allplex (NP) vs Allplex (saliva) 1.0 1.0-1.0
Allplex (NP) vs TagPath (saliva) 0.923 0.849-0.997

We observed the same kappa coefficients (n=46 positive, n=57 negative) when
comparing the Allplex™ (Seegene) and TaqPath™ (ThermoFisher) in saliva sam-
ples with the NP swab. We also evaluated the possible influence of time between
sample collection and symptom onset on test sensitivity using Ct values (Figure
2). NP samples presented lower median Ct values than saliva samples, reaching
statistical significance for samples collected ten days after symptom onset.

Positive
Inconclusive
Negative

— 1
4
7
10
13
16
19
22
25

28
31
34
37
40
43
46
49
52
55
58
61
64
67
70
73
76
79
82
85
88
91
94
97
100
L 103
Allplex or TagPath  Allplex TaqCheck TagPath

\ | | I
NP Swab Saliva

Asymptomatic

Symptomatic

0 5 10 16 20

Disease duration (days)

Figure 2. Heat map showing the RT-PCR results for detecting SARS-CoV-2 in paired NP
swab and saliva samples, obtained from asymptomatic patients (contactors or not) and
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186 symptomatic patients with collections performed after different days of symptoms. Posi-
187 tive tests (pink), negatives (black), inconclusive (blue) and not tested (white).

188

189 3.2 Evaluation of the stability of stored saliva samples

190

191 Next, we evaluated the stability of randomly selected 30 samples with posi-
192 tive results stored at -80°C for 30 days without RNA stabilizing solution. The re-
193 sults were 100% in agreement after 30 days since we detected SARS-CoV-2 with
194 Ct< 40 in all samples with Allplex™ (Seegene), with median Ct = 27.8 in stored
195 samples and Ct =25.0 in fresh samples.

196 The influence of RNA stabilization was evaluated using RNA shield with sa-
197 liva and storage at -20°C for up to 30 days compared to paired samples without
198 RNA shield and without purification step. A viral RNA purification step was per-
199 formed only when RNA shield was added to the samples followed by Allplex™
200 (Seegene) SARS-CoV-2 detection kit. However, we observed a benefit when added
201 RNA stabilizing solution. It was observed lower Ct value with RNA shield and
202 RNA purification compared to without RNA shield and extraction-free protocol,
203 with median Ct=18.4 and CT=27.2 respectively.

204

205 4. Discussion

206 In this study, we observed a 100% concordance RT-PCR of saliva samples for
207 SARS-CoV-2 detection compared to nasopharyngeal swab using Allplex™ SARS-
208 CoV-2 detection kit and TaqCheck™ SARS-CoV-2 Fast PCR kit. Our results agree
209 with other studies that support saliva as an alternative sample for COVID-19 di-
210 agnosis [17]. In addition to the similar sensitivity, the lower cost, simplicity of self-
211 collection, and increased patient comfort make the saliva more advantageous than
212 the nasopharyngeal swab. Furthermore, we demonstrate that both RNA extrac-
213 tion-free protocols can be used with Allplex™ SARS-CoV-2 detection kit.

214 Most people infected with SARS-CoV-2 develop a mild to moderate respira-
215 tory illness. The risk of severe illness increases for older adults and those with
216 certain underlying medical conditions [18]. The prevalence of fever, cough and
217 headache were frequently observed in both positive (COVID-19 detected) and
218 negative (COVID-19 not detected) evaluated groups. All individuals included in
219 the cohort study were mild or subclinical cases. Interestingly, our study saw the
220 presence of viral RNA in asymptomatic patients. SARS-CoV-2 testing as contact
221 tracing are strategies to identify people infected with SARS-CoV-2 [19]. Concord-
222 ant with our finding, it was demonstrated that peak positivity in asymptomatic
223 RT-PCR occurs between 1 and 3 days after infection [20]. Saliva was a reliable
224 source for diagnosing COVID-19 by detecting viral RNA in symptomatic and
225 asymptomatic individuals despite showing less sensitivity than NP swabs.

226 Although the RT-PCR was considered the gold standard method for SARS-
227 CoV-2 detection, it is important to note that RT-PCR may have better and worse
228 performance among COVID-19 diagnostic assays. In the early stage of the pan-
229 demic, a study evaluated some primer-probe sets in SARS-CoV-2 RT-PCR diag-
230 nostic assays and demonstrated a difference in sensitivity between them [21]. An-
231 other interfering condition already described is the probability of detecting SARS-
232 CoV-2 will vary throughout the infection [22]. In agreement with the literature,
233 we observe one hundred per cent agreement between NP swab and saliva speci-
234 mens using Allplex™ SARS-CoV-2 assay or TaqCheck™ SARS-CoV-2 Fast PCR.
235 Despite using different prime-probe sets, all protocols presented a lower Ct at the

236 onset of symptoms and higher Ct over time in both samples.
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237 As a limitation of this study, individuals with severe symptoms and pediatric
238 were not included. The NP swab was processed within 12 hours as part of the
239 laboratory’s routine. Saliva was frozen for at least one week, which can be consid-
240 ered a sensitivity interferer. We did not include the serological confirmation of
241 COVID-19 in all cases.

242

243

244 5. Conclusions

245 In conclusion, saliva is a sensitive sample for the diagnosis of COVID-19. Our
246 study shows that it is possible to identify asymptomatic infectious individuals
247 without the need for RNA extraction and RNA stabilizing solution, thus making
248 saliva diagnosis promising for direct testing in the laboratory routine.

249
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5 ARTIGO 2

O artigo descreve os resultados obtidos neste projeto de mestrado, buscando atenderao
objetivo de desenvolver um protétipo de um novo teste rapido molecular baseado na
tecnologia CRISPR/Cas12. No momento encontra-se em fase final de formatacdo para a

submisséo na revista internacional Scientific Reports.
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Casl2a system
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ABSTRACT

Introduction: The global COVID-19 pandemic has challenged the public health system
worldwide for the past two years. Mass testing has proven to be critical for the control of SARS-
CoV-2 spread, however, its implementation has faced some obstacles, especially in low-income
countries. The gold standard method for SARS-CoV-2 detection is RT-PCR, requiring
dedicated infrastructure for collection, specialized staff, and sophisticated laboratories.
Therefore, the need for rapid, simple, and accurate tests to diagnose SARS-CoV-2 infection is
of extreme importance. Systems using CRISPR for the diagnosis of COVID-19 have shown
promise, with reported high sensitivity, rapid detection, and do not require specialized
molecular biology laboratories. Methods: To validate a prototype of CRISPR-based SARS-
CoV-2 detection test, we evaluated the test performance in 29 nasopharyngeal samples, from
which 23 samples were obtained from cases suspected of COVID-19 collected at the emergency
department of a reference hospital in Brazil, and 6 samples with known results positive for
H3N2 or respiratory syncytial virus and negative for SARS-CoV-2. Two reference sample with
known SARS-CoV-2 RNA concentration (3,000 RNA copies/ml) or viral titer determined by
plaque assay (10° PFU/mI) were used to calculate the limit of detection (LoD). The ORFlab
gene of SARS-CoV-2 was amplified by isothermal amplification reaction (LAMP) and the
human RP gene was used as control. Subsequently, the results were read on the Gemini XPS
fluorescence microplate reader. Results: The RT-LAMP-CRISPR/Cas12 assay showed 100%
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concordance between the results obtained by RT-PCR. The RT-PCR methodology using the
commercial kit presented a detection limit of 0.01 PFU/mL and the CRISPR/Cas12
methodology was effective at detecting a limit of 15.6 PFU/mL. The RT-PCR method presented
a sensitivity of approximately 8 RNA copies/pL (dilution point 10!) and CRISPR/Cas12 at
84 RNA copies/pL (dilution point 10°). Conclusion: The RT-LAMP-CRISPR/Casl12a assay
offered a promising rapid alternative for the detection of SARS-CoV-2.

Keywords: COVID-19, RT-LAMP, CRISPR, Casl2a, SARS-CoV-2, RT-PCR

1. Introduction

In late 2019, the first cases of pneumonia caused by SARS-CoV-2 were reported by the
in Wuhan, China 1. The virus spread rapidly around the world and in March 2020 the WHO
declared a state of pandemic 2. By January 2022, more than 280 million infections and more
of 5 million deaths had been reported 3. Studies report that the probability of infection after
contactwith an infected people is up to 83% *.

Accordingly, screening plans have been implemented to accurately identify SARS-
CoV-2 infected patients, thus reducing the risk of contagion *. Nucleic acid amplification is the
most indicated for the detection of SARS-CoV-2, as it detects the virus in the first days of
infection °. However, the present gold standard detection assays using RT-PCR require the use
of laboratories equipped, transport of samples to central laboratories with 4-6 h delay were for
the release of their results, reducing the prospect of rapid diagnosis °.

The devastating effect of SARS-CoV-2 worldwide demonstrates the need for the
implementation of easy diagnostic techniques to be applied in remote areas, airports, and in
low-income countries with higher risks of SARS-CoV-2 transmission, and the use of rapid,
portable, and low-cost equipment to control viral spread in the population.

Approaches have been used in order to accelerate diagnostic testing for COVID-19,
reverse transcription loop-mediated isothermal amplification (RT-LAMP), detecting RNA
virus in a single reaction at only a single temperature, presenting a rapid alternative to PCR-
based methods "8. However, this assay has low specificity, making it difficult to use for the
diagnosis of SARS-CoV-2 %19,

The U.S. Food and Drug Administration (FDA) has approved the detection of viral
RNA based on CRISPR technology. This system is promising in the diagnosis of SARS-CoV-
2 because of its high specificity and sensitivity in detecting nucleic acid through a single Cas
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protein 1112, Therefore, we report here the development of a rapid assay using CRISPR-Cas12a-
based RT-LAMP for the detection of SARS-CoV-2 RNA.

2. Methods

2.1 Ethical statement and Samples

A total of 29 clinical samples (nasopharyngeal swabs), including 13 positive and 16
negative samples, were collected at Sdo Rafael Hospital (Salvador, Bahia, Brazil) from Feb to
March 2022. Written consent was obtained from all enrolled patients and the local Ethics
Committee (IRB) of the S& Rafael Hospital approved this study (CAAE:
38580920.6.3001.0040). Samples were submitted to RNA extraction using kit viral RNA 93
MagMAX™ Viral/Pathogen II (MVP II) Nucleic Acid Isolation Kit (ThermoFisher Scientific,
94 Massachusetts, EUA). The detection for SARS-CoV-2 virus was performed using Kit
Allplex™ SARS-CoV-2 (Seegene®, Corea do Sul), according to the manufacturer's
recommendations and the thermal cycler ABI 7500 FAST (Applied Biosystem, EUA). To
establish the Limit of Detection (LoD) of Cas12a, was used 1:10 serial dilution in nuclease-free
water of titration SARS-CoV-2 (1.5 x 10° PFU), provided by the virology laboratory of the
Federal University of Minas Gerais and reference sample with 3.000 RNA copies/mL
(AccuPlex SARS-CoV-2 reference, Sera Care).

2.2 Nucleic acid preparation

SARS-CoV-2 genome sequences were obtained from the GISAID website
(www.gisaid.org) and lined up to obtain a consensus sequence. Possible compatible sites for
the construction of guide RNA were located throughout the sequence, subsequently;
oligonucleotides with regions of the N gene and the ORFlab gene were designed using
PrimerExplorer v.5 (https://primerexplorer.jp/e/) according to instructions in the guide
published by the site developers. Selected regions were then used in "nucleotide versus
nucleotide™ searches on the website https://blast.ncbi.nlm.nih.gov/Blast.cgi to check for
homology with sequences of coronaviruses that infect humans. For control, the RNAse P gene
was used as a target as previously described °. All the primers and RNAgs used in this study
are listed in S1 and S2 Tables.
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2.3 Casl2a detection reactions

Fragments of ORF1ab, N gene of SARS-CoV-2 and RNAse P gene were synthesized and
amplified using the RT-LAMP assay, following the instructions of the manufacturer New
England Biolabs Inc (https://www.neb.com/protocols/2014/10/09/typical-rt-lamp-protocol).
The reactions were performed individually for the detection of separately genes, using MgSO
4 and dNTP mix at final concentrations of 8mM and 1.4mM respectively. 7 pl of RNA was
used, heating the final reaction at 65°C for 30 min.

The optimized trans cleavage assays were performed as described previously *°. We used
approximately 30 nM of LbCas12a (NEB) and incubated for 10 min with 40 nM gRNA in
addition to NEBuffer 2.1 at 37 °C. Subsequently, 2 pl of amplicon was added and after the
RNA-protein complex formation, 100 nM of the fluorescent reporter 6-FAMBHQ was added
to a black 384-well plate and readings were performed in the Gemini XPS fluorescence

microplate.
2.4 Statistical analysis

Prism Software (GraphPad, La Jolla, CA, USA) was used to analyze all the data. Data
regarding Ct values and fluorescence levels from RT-PCR and RT-LAMP/CRISPR-CAS12a,
respectively, were analyzed by Pearson correlation (r).

3. Results

First, we evaluated the performance of different primer sets and SARS-CoV-2 targets
in RT-LAMP reactions. After evaluation and standardization of the oligonucleotides,
fragments from the ORFlab gene (G2) (S1 Table) of SARS-CoV-2 showed satisfactory
amplification by LAMP. Then, we tested RNA extracted from 23 respiratory swab samples
collected from patients with suspected COVID-19 and 6 samples negative for SARS-CoV-2
and positive for H3N2 or respiratory syncytial virus using the RT-LAMP-CRISPR/Casl12a
assay with fluorescence-based reads.

SARS-CoV-2 was detected in 13 patient swabs and no cross-reaction with other
respiratory viruses was observed. We observed 100% concordance of the RT-LAMP-
CRISPR/Casl12a assay results compared to the gold standard RT-PCR protocol (Figure 1). The
RP gene was used as an internal control for the RT-LAMP-CRISPR/Cas12a assay.

Subsequently, we compared the analytical limit of detection (LoD) of the LAMP-
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CRISPR/Cas12a assay and RT-PCR. Serial dilution of titration SARS-CoV-2 RNA (1.5 x 10°
PFU/mL) was performed, the RT-PCR methodology using the commercial kit presented a
detection limit of 0.15 PFU/mL (diluition 10) and the RT-LAMP-CRISPR/Cas12a assay was
able to detect a limit of 15.6 PFU/mL (diluition 10*) (Figure 2).
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Figure 1. Correlation of the Ct values obtained by RT-PCR and fluorescence level obtained

from the LAMP/CRISPR assay in 23 samples. X-axis Ct values (RT-PCR) and Y-axis raw
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Figure 2. Comparison of the limit of quantification of titration SARS-CoV-2 virus (point 10°
= 1.5 x 10° PFU) between methodologies. (A) RT-PCR using a commercial kit (detected < Ct
40, triplicate by spot). (B) RT-LAMP-CRISPR/Casl12a protocol (detected > 20000 AU,
quintuplicate by spot).

To determine the sensitivity of RT-LAMP-CRISPR/Cas12a, we used a reference sample
with 3,000 RNA copies/mL (AccuPlex SARS-CoV-2 reference, Sera Care). The RT-PCR
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method demonstrated a sensitivity of approximately 8 RNA copies/pL (point 107) and the
LAMP-CRISPR-Cas12 to 84 RNA copies/uL (point 10°), as illustrated in Figure 3.
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Figure 3. Determination of the sensitivity of the (A) RT-PCR (B) RT-LAMP-CRISPR/Cas12a
assays, in viral RNA copies/mL values.

4. Discussion

During the pandemic, a critical mechanism for delaying SARS-CoV-2 dissemination
was to implement testing for the detection and isolation of cases as early as possible **. The RT-
LAMP (Reverse transcription loop-mediated isothermal amplification) assay reported here is a
fast, simple assay, avoiding the need for thermal cycling and the use of complex laboratory
infrastructure. It could easily be used at critical points of COVID-19 transmission to simplify
the diagnostic process.

Some studies have highlighted the use of the LAMP technique in detecting coronavirus
infections in patient samples 4. RT-LAMP-based assay demonstrated almost 90% sensitivity
and high consistency compared to RT-PCR-based diagnostic methods 6. The time required for
this assay was about one hour, considerably less than for RT-PCR. The assay in this RT-LAMP-
CRISPR/Cas12a study was performed in only 30 min. According to Hong Thiand collaborators,
the RT-LAMP assay demonstrated higher sensitivity than conventional RT-PCR, with a
detection limit of 0.01 PFU in clinical samples *'.

CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats) has become
important in molecular biology experiments in recent years. Reformulating the diagnoses of the
present moment. Numerous CRISPR-based techniques are currently in use or have the potential
to be an option for diagnosing SARS-CoV-2. Between them, SHERLOCK, and other lateral
flow-based diagnostic kits competing in competition for diagnostic accuracy with RT-PCR-
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based diagnostics 8,

This study demonstrated an alternative for sensitive detection of SARS-CoV-2 by rapid
LAMP assay together with the CRISPR-Cas12a system. The methodology and results of this
study demonstrated the ease of use, effectiveness, efficiency, accuracy, and satisfaction in the
use of the technology using RT-LAMP-associated Casl2a through florescence detection in
thediagnosis of SARS-CoV-2. This methodology could also be applied to a lateral-flow strip-
based detection system. Studies reported that the use of the lateral flow strip showed a
sensitivity of more than 90% compared with the gold standard RT-PCR test *°. Finally,
although the RT- LAMP/CRISPR-based method described herein display advantages in terms
of protocol duration and no requirements of molecular biology infrastructure, the test
sensitivity is significantly inferior to RT-PCR, requiring further development. The LoD is
situated within the range of commercial RT-PCR, and may be sufficient for detection of
SARS-CoV-2 in most clinical samples 2. In the future, the detection described here can be
odified to target other respiratory pathogens by optimizing the development of rapid, targeted

assays.

S1 Table. Primers used for RT-LAMP-only detection

Oligo name Sequence (5°-3?)

F3 SARS-CoV G1- Orflab gene |GGAAAGGTTATGGCTGTAGT

FIP SARS-CoV G1- Orflab gene

GCAAACCCGTTTAAAAACGATTGTGTGATCAACTCCGCGAAC

FL SARS-CoV G1- Orflab gene

GCATCAGCTGACTGAAGCATG

B3 SARS-CoV G1- Orflab gene

TCTTGGAAGCGACAACAA

BIP SARS-CoV G1- Orflab gene

CGGCACAGGCACTAGTACTGAAAACCAGCTACTTTATCATTGT

BL SARS-CoV G1- Orflab gene

GTCGTATACAGGGCTTTTGACA

F3 SARS-CoV G2- Orflab gene

CCGCAAGGTTCTTCTTCGTA

FIP SARS-CoV G2- Orflab gene

CCAAGCTCGTCGCCTAAGTCAAAAGGAGCTGGTGGCCATAG

FL SARS-CoV G2- Orflab gene

TGACTTTAGATCGGCGCCGTAA

B3 SARS-CoV G2- Orflab gene

CAGGGCCACAGAAGTTGTT

BIP SARS-CoV G2- Orflab gene

IAGCAGTGGTGTTACCCGTGAACCGACATAGCGAGTGTATGCC

BL SARS-CoV G2- Orflab gene

ATGCGTGAGCTTAACGGAGG

F3 SARS-CoV G3- N gene

TCGCAATGGCTTGTCTTGT

FIP SARS-CoV G3- N gene

IACCACATGGAACGCGTACGCGCTTGATGTGGCTCAGCT

FL SARS-CoV G3- N gene

GCAAACAGTCTGAAAGAAGCAATGA

B3 SARS-CoV G3- N gene

TCTTGGAAGCGACAACAA

BIP SARS-CoV G3- N gene

CGGCACAGGCACTAGTACTGAAAACCAGCTACTTTATCATTGT

BL SARS-CoV G3- N gene

GTCGTATACAGGGCTTTTGACA
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F3 RNase P POP7 TTGATGAGCTGGAGCCA

B3 RNase P POP7 CACCCTCAATGCAGAGTC

FIP RNase P POP7 GTGTGACCCTGAAGACTCGGTTTTAGCCACTGACTCGGATC

BIP RNase P POP7 CCTCCGTGATATGGCTCTTCGTTTTTTTCTTACATGGCTCTGGTC
LF RNase P POP7 ATGTGGATGGCTGAGTTGTT

LB RNase P POP7 CATGCTGAGTACTGGACCTC

S2 Table. gRNA and reporters used for CRISPR-Cas12a-based SARS-CoV-2 detection.

Orflab-gene gRNA [UAAUUUCUACUAAGUGUAGUAAAGAAA gRNA for the CRISPR-
ACUGGAGGAACACUAAAC Casl2a system
RNaseP POP7 gRNA |UAAUUUCUACUAAGUGUAGAUAAUUAC
UUGGGUGUGACCCU
6-FAMBHQ 56-FAM/TTTTTTTTTTTT/3BHQ_1/ For fluorescence assay
6-FAMBIOTIN 56-FAM/TTATTATT/3Bio/ For lateral flow assay

References

. Chan JFW, Yuan S, Kok KH, et al. A familial cluster of pneumonia associated with the 2019
novel coronavirus indicating person-to-person transmission: a study of a family cluster. The
Lancet. 2020;395(10223):514-523. d0i:10.1016/S0140-6736(20)30154-9.

. World Health Organization Virtual Press Conference on COVID-19, 11 March 2020.
[(accessed on 2 January 2022)]. Awvailable online: https://www.who.int/docs/default-
source/%0Acoronaviruse/transcripts/who-audioemergencies-coronavirus-press-conference-
fulland- fnal-11mar2020.pdf?sfvrsn=cb432bb3_2.

3. Our World in Data COVID-19 Data Explorer. [(accessed on 2 January 2022)]. Available

online: https://ourworldindata.org/explorers/coronavirus-data-explorer.

4.Ji T, Liu Z, Wang G, et al. Detection of COVID-19: A review of the current literature and

future perspectives. Biosens Bioelectron. 2020;166:112455. doi: 10.1016/j.bi0s.2020.112455.

5. Eis-Hibinger AM, Honemann M, Wenzel JJ, et al. Ad hoc laboratory-based surveillance of

SARS- CoV-2 by real-time RT-PCR using minipools of RNA prepared from routine

respiratory samples. Journal of Clinical Virology. 2020;127:104381.

doi:10.1016/j.jcv.2020.104381.

6. Morshed M.G, Lee MK, Jorgensen D, et al. Molecular methods used in clinical laboratory:

prospects and pitfalls. Immunol Med Microbiol. 2007;49:184-91. doi: 10.1111/}.1574-


http://www.who.int/docs/default-
http://www.who.int/docs/default-

42

695X.2006.00191.x.

7.Niemz A, Ferguson T.M, Boyle D.S. Point-of-care nucleic acid testing for infectious
diseases. Trends Biotechnol. 2011;29:240-50. doi: 10.1016/j.tibtech.2011.01.007.

8. Mori Y, Notomi T. Loop-mediated isothermal amplification (LAMP): a rapid, accurate, and
cost- effective diagnostic method for infectious diseases. J Infect Chemother. 2009;15:62- 69.
doi: 10.1007/s10156-009-0669-9.

9. Chou PH, Lin YC, Teng PH, et al. Real-time target-specific detection of loop-mediated
isothermalamplification for white spot syndrome virus using fluorescence energy transfer-
based probes. J VirolMethods. 2011;173:67-74. doi: 10.1016/j.jviromet.2011.01.009. Epub
2011 Jan 21.

10. Nagai K, Horita N, Yamamoto M, et al. Diagnostic test accuracy of loop-mediated
isothermal amplification assay for Mycobacterium tuberculosis: systematic review and meta-
analysis. Scientific Reports. 2016;6:39090. doi: 10.1038/srep39090.

11. Aman R, Mahas A, Mahfouz M. Nucleic Acid Detection Using CRISPR/Cas
BiosensingTechnologies. Synth Biol. 2020;9:1226-1233. doi: 10.1021/acssynbio.9b00507.

12. Li Y, Li S, Wang J, et al. CRISPR/Cas Systems towards Next-Generation Biosensing.
TrendsBiotechnol. 2019;37:730-743. doi: 10.1016/j.tibtech.2018.12.005.

13. World Health Organization COVID-19 Strategy update, 14 April 2020. [(accessed on 15
April 2022)]. Available online: https://www.who.int/publications/m/item/covid-19- strategy-
update.

14. Pyrc K, Milewska A, Potempa J. Development of loop-mediated isothermal amplification
assay for detection of human coronavirus-NL63. Journal of Virological Methods.
2011;175(1):133-136.d0i:10.1016/j.jviromet.2011.04.024.

15. Poon LLM, Leung CSW, Tashiro M, et al. Rapid Detection of the Severe Acute Respiratory
Syndrome (SARS) Coronavirus by a Loop-Mediated Isothermal Amplification Assay.
Clinical Chemistry. 2004;50(6):1050-1052. doi:10.1373/clinchem.2004.032011.

16. Hu X, Deng Q, Li J, et al. Development and Clinical Application of a Rapid and Sensitive
Loop- Mediated Isothermal Amplification Test for SARS-CoV-2 Infection. mSphere.
2020;5(4). doi:10.1128/mSphere.00808-20.

17. Thai HTC, Le MQ, Vuong CD, et al. Development and Evaluation of a Novel Loop-
Mediated Isothermal Amplification Method for Rapid Detection of Severe Acute Respiratory
Syndrome Coronavirus. Journal of Clinical Microbiology. 2004;42(5):1956- 1961.
d0i:10.1128/JCM.42.5.1956-1961.2004.

18. Broughton JP, Deng X, Yu G, et al. CRISPR—Casl12-based detection of SARS-CoV-2.


http://www.who.int/publications/m/item/covid-19-strategy-update
http://www.who.int/publications/m/item/covid-19-strategy-update
http://www.who.int/publications/m/item/covid-19-strategy-update
http://www.who.int/publications/m/item/covid-19-strategy-update

43

Nature Biotechnology 2020 38:7. 2020;38(7):870-874. doi:10.1038/s41587-020-0513-4.

19. Merino P, Guinea J, Mufioz-Gallego I, et al. Multicenter evaluation of the Panbio™
COVID-19 rapid antigen-detection test for the diagnosis of SARS-CoV-2 infection. Clinical
Microbiology and Infection. 2021;27(5):758-761. doi:10.1016/j.cmi.2021.02.001.

20. Mostafa H.H., Hardick J., Morehead E., et al. Comparison of the Analytical Sensitivity of
Seven Commonly Used Commercial SARS-CoV-2 Automated Molecular Assays. J.
Clin. Virol. 2020;130:104578. doi: 10.1016/j.jcv.2020.104578.



44

6 DISCUSSAO

Neste estudo, apresentamos evidéncias do uso clinico de amostras de saliva no
diagnostico molecular de COVID-19, bem como buscamos desenvolver um protétipo de teste
molecular rapido baseado na tecnologia CRISPR/Cas12. A amostrade saliva proporciona ao
paciente uma coleta facial e préatica através da autocoleta, deixando de lado a necessidade de
mobilizacdo de uma equipe de coleta de swabs nasofaringeos. Demonstramos que a saliva
detecta SARS-CoV-2, alcancando 100% de concordancia com o swab nasofaringeo. Nossos
resultados estdo de acordo com dados publicados reafirmando a utilidade da saliva como uma
amostra alternativa paratriagem e diagnéstico de COVID-19 (LEUNG et al., 2021; TO et al.,
2020; WONG et al., 2020). Trabalhos publicados anteriormente, mostram que a sensibilidade
do RT- PCR na andlise de amostras de saliva para COVID-19 foram de 70 a 100%, em
comparagdo com o amostras de swabs de garganta e nasofaringe (PASOMSUB et al., 2021;
WYLLIE et al., 2020). A diferenga na sensibilidade podem ser esclarecidos em consequéncia
de que secrecGes nasais e orofaringeas, possuirem carga viral é potencialmente maior
(LEUNG et al., 2021; WONG et al., 2020), nos antecedentes clinicos dos individuos e no
momento da amostragem em cada estudo ou no volume coletado de amostras, valores maiores
que 8 mL de saliva para teste (WYLLIE et al.,2020) .

A diferenca no volume salivar pode afetar a carga viral na saliva e estar associada a
diferenca na sensibilidade diagndstica. Estudos demostram que em pacientes graves a saliva
se torna mais promissora para deteccdo de SARS-CoV-2 (CHEN et al., 2020). Outros
trabalhos demostram que carga viral do SARS-CoV-2 na saliva apresenta tendéncia de
diminuir desde o inicio dos sintomas (TO et al., 2020), as amostras de saliva devem ser
coletadas durante a fase inicial do inicio dos sintomas para aumentar a sensibilidade.
Entretanto, no presente estudo, ndo observamos diferencas significativas na gravidade da
doenca ou sintomas clinicos entre os pacientes em cuja saliva 0 RNA viral foi e ndo foi
detectado. Todos os individuos no estudo apresentaram casos leves ou subclinicos. Nosso
estudo tambémobservou a presenca de RNA viral em pacientes assintomaticos. Esses achados
sustentam estudos anteriores revelando a presenca de RNA viral na saliva de pacientes
sintomaticos e assintomaticos (KOJIMA et al.,, 2021). Portanto, nossos resultados
demostram que a saliva, € uma fonte confidvel e pratica para a triagem e diagnostico de
COVID-19.

Demonstramos também o monitoramos a estabilidade das amostras de saliva e
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observamos que a amostra permaneceu estavel, se armazenada em freezer -80°C, por até 30
dias. Nosso resultado vai de acordo com estudos anteriores demostrando a estabilidade das
amostras de saliva positivas para SARS-CoV-2 (WILLIAMS et al., 2021). O SARS-CoV-2
pode permanecer estavel na saliva, devida a proteinas virais que evitam a morte celular (GOH
et al., 2020). Essa descoberta é promissora para a utilizacdo de amostras de saliva em &reas
remotas que pode levar dias até o transporte para os centros de diagndéstico. Entretanto, apenas
dos dados favoraveis a estabilidade da amostra, € recomendavel a utilizacdo de geladeiras e
freezer e 0 processamento rapido da amostra para 0 posteriormente possam ser tomadas
medidas, limitando assim a transmissdo da doenca.

Curiosamente, 0 uso de diferentes kits de RT-PCR no presente estudo resultou em
diferentes resultados de Ct em amostras positivas na saliva. Portanto, apresentando uma
atencdo importante para laboratérios clinicos, onde protocolos laboratoriais mais sensiveis
devem ser implantados. Como limitacdo do estudo com ouso de saliva, incluimos pacientes
assintomaticos ou aqueles que tinham doenca leve. Os resultados ndo podem ser comparados
em outras populagdes, como por exemplo, pacientes pediatricos, no qual é de extrema
necessidade de coleta alternativos de amostras (LUDVIGSSON, 2020; SANTOS et al., 2020).
Amostras de saliva foram congeladas por até uma semana, enquanto as amostras de swab
nasofaringeo foram processadas até 12 horas depois da coleta. Considerando assim um
interferente de sensibilidade no estudo.

Diante da atual situacdo pandémica, a necessidade de equipamentos especificos,
diagndéstico demorados e a disponibilidade limitada de centros de diagnostico, torna-se
complexo para o controle da disseminacdo do SARS-CoV-2. Hduma necessidade urgente de
equipamentos de baixo custo, portateis, rapidos, e técnicas de diagndstico faceis de usar que
podem ser aplicaveis em areas remotas com recursos limitados que correm maior risco de
transmissdo (VANDENBERG et al., 2020; PHUA et al., 2020). Aqui, mostramos que a
deteccdo do SARS-CoV-2 com CRISPR-Casl2a oferece resposta promissora para testes
rapidos no local de atendimento.

A amplificagdo isotérmica mediada por transcriptase reversa (RT-LAMP) é uma
técnica de amplificacdo de acido nucleico rapida, barata e pratica. No entanto, essa tem baixa
especificidade, podendo aumentar as chances de uma falso-positivo (CHOU et al., 2011;
NEGAI et al.,, 2016). Com isso, estudos associam o LAMP ao sistema CRISPR/Cas, a
ferramenta de edicdo de genoma mais popular (MUSTAFA; MAKHAWI, 2021). Estudos
mostram que o ensaio baseado em CRISPR-Casl3 (SHERLOCK) (GOOTENBERG et al.,
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2018; MYHRVOLD et al., 2018) e CRISPR- Casl12a (DETECTR) (CHEN et al., 2018)
apresentam vantagens para o diagnostico molecular tradicional, como por exemplo a reagdo
em cadeia da polimerase (PCR). Durante a pandemia do SARS-CoV-2 a Food and Drug
Administration (FDA) aprovouo primeiro kit de deteccdo de COVID-19 baseado em CRISPR,
fornecendo resultados em aproximadamente uma hora (BROUGHTON et al., 2020).
Apresentando uma sensibilidade na faixa de 75-100%, dos métodos de deteccdo de SARS-
CoV-2 baseados em RT-LAMP CRISPR. Nossos resultados demonstraram uma concordancia
de 100% de amostras avaliadas no ensaio RT-LAMP CRISPR em relacdo ao padréo-ouro
PCR.

A sensibilidade demostra o potencial do teste de identificar corretamente umindividuo
com uma doenca. Enquanto, a especificidade é potencial do teste para identificar com
precisdo pessoas que ndo tém a doenca (SWIFT; HEALE; TWYCROSS, 2020). Com isso,
testamos 6 amostras negativas para SARS-CoV-2 e positiva para outros patégenos
respiratorios, nosso teste ndo demonstrou reagdo cruzada com SARS-CoV-2. Esses resultados
demonstram que o ensaio é altamente especifico para SARS-CoV-2. A alta sensibilidade do
teste pode ser atribuido, ao alvo do nosso teste é o gene ORFlab e estudos relatam que os
crRNAs direcionadosaos genes ORFlab e N do SARS-CoV-2 apresentam incompatibilidades
com outros coronavirus, sendo assim, demostrando uma alta especificidade do ensaio que
utilizam esses alvos, uma vez que os crRNAs apresentam sensibilidade a mutacGes de
nucleotideo Unico (LI et al., 2018).

Estudos realizados demonstram que o limite de deteccdo mais baixo (0,03 copias/pL)
de SARS-CoV-2 foi através de concentracdo mediada por esferas magnéticas de RNAs, 30
vezes menor que o do teste RT-PCR aprovado pelo CDC ( JOUNG et al., 2020). O LoD é
definido como o menor nimero de copias de RNA viralque podem ser detectadas de forma
confidvel com uma determinada amostra. Encontramos no nosso ensaio RT-LAMP-
CRISPR/Casl2a, um limite de deteccdo de 84 coOpias de RNA/uL, dentro dos limites
esperados pelo CDC.

Vérias estratégias para melhorar a sensibilidade e especificidade da deteccdo de
SARS-CoV-2 baseada em RT-LAMP CRISPR séo estudadas, entre elas o uso do ensaio de
fluxo lateral (LFA) a técnica de leitura colorimétrica mais popular (BROUGHTON et al.,
2020). Esta estratégia € promissora e podera ser utilizada nas proximas etapas para facilitar a

acessibilidade do teste.
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7 CONCLUSAO

O diagnostico € essencial para controlar a pandemia de COVID-19. A implementacao
de qualquer tipo de amostragem clinica para diagnostico deve considerar 0s riscos para 0s
profissionais de saude, a facilidade da coleta e principalmente a sensibilidade dos ensaios. Os
resultados deste estudo sugerem que o diagnéstico de SARS-CoV-2 baseado em saliva é
promissor, podendo ser uma opcao de amostra alternativa para o diagnostico de COVID-19.

A rapida disseminacdo do SARS-CoV-2 ressalta a importancia do desenvolvimento de
técnicas de Point-of-Care, como amplificagdo isotérmica e técnicas baseadas em CRISPR
para que possam ser usadas para testar populagdes e isolar pessoas infectadas, principalmente
em paises que ndo possuem recursos e tecnicos com habilidades suficientes. O ensaio de
deteccdo RT-LAMP- CRSPR/Casl2a relatado aqui pode atender a necessidade de um teste

que forneca resultados rapidos, sendo promissor para o diagndstico do SARS-CoV-2.
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Uncertainty remains about how long the protective im-
mune responses against severe acute respiratory syn-
drome coronavirus 2 persists, and suspected reinfection
in recovered patients has been reported. We describe a
case of reinfection from distinct virus lineages in Brazil
harboring the E484K mutation, a variant associated with
escape from neutralizing antibodies.

iral evolution might favor reinfections (1), and

the recently described spike mutations, particu-
larly in the receptor binding domain in severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2)
lineages circulating in the United Kingdom, South
Africa, and most recently in Brazil (A. Rambaut et
al., unpub. data, https://virological.org/t/prelim-
inary-genomic-characterisation-of-an-emergent-
sars-cov-2-lineage-in-the-uk-defined-by-a-novel-
set-of-spike-mutations/563; H. Tegally etal., unpub.
data, https://doi.org/10.1101/2020.12.21.20248640
; CM. Voloch et al., unpub. data, https://doi.org/

10.1101/2020.12.23.20248598), have raised con-
cern on their potential impact in infectivity, im-
mune escape, and reinfection. We report a case of
reinfection from distinct SARS-CoV-2 lineages in
Brazil harboring the E484K mutation, a variant as-
sociated with escape from neutralizing antibod-
ies (2; AJ. Greaney, unpub. data, https://doi.
org/10.1101/2020.12.31.425021; Z. Liu, unpub. data,
https:/ /doi.org/10.1101/2020.11.06.372037).

A 45-year-old woman residing in Salvador (Bahia
State, northeast Brazil) with no underlying conditions
had symptoms of viral infection on 2 occasions (May
26, 2020, and October 26, 2020). In the first episode,
the patient had diarrhea, myalgia, asthenia, and ody-
nophagia for =7 days. She took 40 mg prednisone for
5 days and returned to normal activities 21 days later,
after resolution of symptoms without sequelae or
complaints. In the second episode, which was symp-
tomatically more severe in terms of intensity and du-
ration, the patient had headache, malaise, diarrhea,
cough, and sore throat that evolved to myalgia and
ageusia, muscle fatigue, insomnia, mild dyspnea on
exertion, and shortness of breath. In both episodes,
however, disease was classified as mild, and she was
treated at home, not requiring hospitalization.

The patient was a healthcare executive. Identified
workplace exposure included frequent meetings with
coronavirus disease (COVID-19) frontline physicians
and healthcare teams. Also, before the second epi-
sode, she attended a meeting with a group of physi-
cians, one of whom had COVID-19 diagnosed in the
days following.

On both occasions, viral RNA was extracted
from nasopharyngeal swab specimens and tested
for SARS-CoV-2 by multiplex real-time reverse tran-
scription PCR (rRT-PCR) Allplex SARS-CoV-2 assay
(Seegene, https://www.seegene.com). Both times,
results of TRT-PCR tests targeting 3 genes (N, E, and
RdRp) were positive for SARS-CoV-2 (Figure, panel
A). Cycle threshold values of N, E, and RdRp targets
were 25, 26, and 27 in the first episode and 21, 12,
and 17 in the second episode, respectively. In the sec-
ond episode, the patient had a high viral load (pre-
sumed because of low cycle threshold values detect-
ed). Four weeks after the patient tested positive by
rRT-PCR in the second episode, an IgG test against
S1 protein by chemiluminescence (VITROS, Ortho
Clinical Diagnostics, https://www.orthoclinicaldi-
agnostics.com) yielded a positive result. We then se-
quenced swab specimens by using PGM Ion Torrent
(ThermoFisher, https://www .thermofisher.com),
according to the manufacturer’s instructions. A total
of 1,405,009 mapped reads for sample A (from the
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genomes (GISAID accession
nos. EPI_ISL_756293 and
EPI_ISL_756294; https:/iwww.
gisaid.org) recovered from a
45-year-old woman residing in
Salvador and full-length viral
genomes from Brazil available
through GISAID as of January
14, 2021 (Appendix Table,
https://wwwnc.cdc.gov/EID/
article/27/5/21-0191-App1 xIsx).
New genomes are highlighted
with red circles. Branch support
(SH-aLTR >0.8) is shown at key
nodes. C) Mutational pattern
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first episode) and 2,570,182 reads for sample B (from
the second episode) were obtained, resulting in a se-
quencing mean depth >1,000x for both samples and
a coverage of >99%.

We further assessed the distinct viral origin of
the 2 infections by phylogenetic inference, compar-
ing the 2 new isolates (GISAID accession nos. EPI_
ISL_756293 and EPI_ISL_756294; https://www.gi-
said.org) with all SARS-CoV-2 genomes from Brazil
available through GISAID as of January 14, 2021.
Only genomes >29,000 bp and <1% of ambiguities
were retrieved (n = 1,164). Sequences were aligned
by using MAFFT (3) and submitted to IQ-TREE for

Emerging Infectious Diseases * www.cdc.gov/eid « Vol. 27,No. 5, May 2021

maximume-likelihood phylogenetic analysis (4). We
inferred time-scaled trees by using TreeTime (5).
Comparison of the phylogenetic profiles of the
2 new sequences with contemporaneous sequences
from Brazil (Appendix Table, https://wwwnc.cdc.
gov/EID/article/27/5/21-0191-Appl xlsx)  clearly
demonstrated that the 2 COVID-19 episodes, sepa-
rated by a 147-day interval, were indeed caused by
different SARS-CoV-2 lineages, confirming reinfec-
tion (Figure, panel B). In the first episode, the lineage
B.1.1.33 was detected, whereas lineage P.2 (an alias
for B.1.1.28.2) was detected in the second infection
(Figure, panel B), according to the Pangolin lineage

1523



RESEARCH LETTERS

classification (https://github.com/hCoV-2019/pan-
golin [accessed 2021 Jan 11]). Further, we identified
several mutations distinguishing the 2 genomes (Fig-
ure, panel C), 2 of which were in the SARS-CoV-2
spike glycoprotein. In the first infection, the retrieved
genome had the 5:G1219C mutation, whereas the mu-
tation S:E484K was observed in the second infection.

This reinfection case aligns with another reinfec-
tion recently described in Brazil in which a first infec-
tion with the B.1.1.33 lineage was followed by a second
one with the P.2 lineage (P.C. Resende et al., unpub.
data, https://virological.org/t/spike-e484k-mutation-
in-the-first-sars-cov-2-reinfection-case-confirmed-in-
brazil-2020/584). The E484K mutation, located in the
viral receptor binding domain, has been emerging in-
dependently in several SARS-CoV-2 variants, and its
monitoring is of pivotal importance in the current stage
of the pandemic. At least 3 main lineages harbor E484K:
B.1.351, first identified in South Africa and widespread
worldwide (H. Tegally et al.); P.1, recently described in
Manaus, Brazil, which harbors a constellation of new
mutations (including N501Y) (N.R. Faria et al., unpub.
data,  https://virological.org/t/genomic-characteri-
sation-of-an-emergent-sars-cov-2-lineage-in-manaus-
preliminary-findings/586); and P.2, also described in
Brazil (CM. Voloch et al.) and already detected in the
United Kingdom, United States, Canada, and Argentina
(https:/ /cov-lineages.org/lineages.html). Our report of
SARS-CoV-2 reinfection with a E484K variant corrobo-
rates in vitro and in silico studies that estimated the po-
tential of lineages carrying this mutation to escape from
neutralizing antibodies (3; Z. Liu et al.) and highlights
the importance of genomic surveillance to detect and
monitor the emergence of new viral linages with pos-
sible implications for public health policies and immu-
nization strategies.
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We report 3 cases of severe COVID-19 due to the SARS-CoV-2 P11 lineage in a familial cluster detected in
Salvador, Bahia-Brazil. All cases were linked to travel by family members from the state of Amazonas to
Bahia in late December 2020. This report indicates the cryptic transmission of the SARS-CoV-2 P.1 lineage
across Brazil and highlights the importance of genomic surveillance to track the emergence of new SARS-
CoV-2 variants of concern.

©2021 The Author(s). Published by Elsevier Ltd on behalf of International Society for Infectious Diseases.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-

nd/4.0/).

Introduction

The SARS-CoV-2 virus, which causes COVID-19, reportedly
emerged in December 2019 in Wuhan, China (Zhu et al., 2020).
SARS-CoV-2 rapidly spread around the world, and on March 11,
2020, the World Health Organization (WHO) declared the
outbreak as a pandemic (WHO/Europe, 2020). More than one
year since its emergence, with more than 153 954 491 reported
cases and 3 221 052 deaths (WHO, 2021), the COVID-19
pandemic continues to impact countries worldwide. In addition,
in late 2020, new SARS-CoV-2 Variants of Concern (VOC) were
identified, including the 501Y.V1 (B.1.1.7 lineage) reported in the
United Kingdom (Public Health England, 2020) and 501Y.V2
(B.1.351 lineage) first detected in South Africa (Tegally et al.,
2021).

In early January 2021, another SARS-CoV-2 VOC, termed P.1 (or
20J/501Y.V3), was first identified (Fujino et al., 2021). This variant
is believed to have emerged in early December in Manaus in

* Corresponding author at: Instituto Gongalo Moniz, Fundagao Oswaldo Cruz, R.
Waldemar Falcdo, 121, Candeal, Salvador, BA CEP 40296-710, Brazil.
E-mail address: isadora.siqueira@fiocruz.br (LC. de Siqueira).

https://doi.org/10.1016/;.ijid.2021.05.010

northern Brazil and has been associated with increased trans-
missibility and high viral load (Faria et al.,, 2021; Naveca et al.,
2021a).

Herein, we report and characterize 3 cases of severe COVID-19
linked to the SARS-CoV-2 P.1 lineage detected in Salvador, Bahia,
northeast Brazil, part of a familial cluster of infections resulting
from travel between the states of Amazonas and Bahia in late
December 2020.

Case series

Three members of the same family, residents of Manaus
(Amazonas, Brazil), traveled to Salvador (Bahia, Brazil) on
December 19, 2020, to visit 2 relatives for the holidays. Table 1
lists the clinical characteristics and laboratory results from all 5
cases of infection.

Case 1

On December 23, 2020, a 40-year-old female with
no comorbidities began to experience myalgia and
nasal obstruction lasting for 3 days and then promptly
recovered.

1201-9712/© 2021 The Author(s). Published by Elsevier Ltd on behalf of International Society for Infectious Diseases. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Table 1
Demographic and clinical characteristics of 5 cases of COVID-19 linked to the P.1 variant of SARS-CoV-2.
Case 1 Case 2 Case 3 Case 4 Case 5

Age (years) 40 19 69 4 ut
Sex Female Male Male Male Female
Place of residence Manaus Manaus Salvador Manaus Salvador
RT-PCR for SARS-CoV-2 Detectable Detectable Detectable Detectable Detectable
SARS-CoV-2 sequencing ND ND P1 lineage P1 lineage P1 lineage
Onset of symptoms 23/12/2020 27/12/2020 25/12/2020 27/12/2020 25/12/2020
Comorbidities None None SAH None COPD
Hospital admission No No Yes Yes Yes
SpO; at admission ND ND 92% 90% 80%
% lung involvement on Thorax HRCT ND ND 50%-75% 50% 50%-75%
p-dimer at admission (ng/mL) ND ND 1054 1038 755
C reactive protein at admission (mg/L) ND ND 178 5.3 14.7
ICU admission No No Yes Yes Yes
Respiratory support No No HFNC HFNC Mechanical ventilation
Days in ICU 0 0 12 n 65
Days in hospital 0 0 19 21 65
Outcome Recovery Recovery Recovery Recovery Death

ND = not done; SpO, = oxygen saturation (breathing room air); HRCT = high resolution computed tomography; SAH = systemic arterial hypertension; COPD = chronic
obstructive pulmonary disease; HFNC = high-flow nasal cannula; RT-PCR = real-time polymerase chain reaction; ICU = intensive care unit.

Case 2

On December 27, 2020, a previously healthy 19-year-old male
reported fever and myalgia and recovered after 3 days of mild
symptoms.

Case 3

On December 25, 2020, a 69-year-old male with systemic
arterial hypertension and dyslipidemia began to experience fever,
chills, headache, and myalgia. After 10 days of symptoms and the
onset of dyspnea, he was admitted to the emergency service of a
local hospital. His pulse oxygen saturation (SpO,) level was 92%
when breathing room air, and high-resolution computed tomog-
raphy (HRCT) of the thorax revealed 50%-75% of bilateral ground-
glass pulmonary opacities. The day after admission, the patient
was transferred to the hospital’s intensive care unit (ICU) for
oxygen support by high-flow nasal cannula (HFNC). He remained
in the ICU for 12 days and was discharged after 19 days.
Methylprednisolone was administered during his hospital stay.

Case 4

On December 27, 2020, a 41-year-old male reported myalgia
and fever. After 9 days of persistent fever and the onset of dyspnea,
he was admitted to the same hospital for oxygen support. His SpO>
was 90% when breathing room air, with an arterial oxygen pressure
(pO,) of 60.5 mmHg. Thorax HRCT revealed 50% of bilateral
ground-glass pulmonary opacities. After 3 days, he was transferred
to the ICU due to worsening respiratory symptoms. During 11 days
in the ICU, the patient required oxygen delivery by HFNC.
Methylprednisolone was administered, and the patient was
discharged after 21 days.

Case 5

On December 25, 2020, a 71-year-old female with chronic
obstructive pulmonary disease and dyslipidemia experienced
fever, odynophagia and diarrhea. After 7 days, worsening dyspnea
prompted her to seek medical attention. Upon arrival at the same
hospital, she was admitted to the ICU due to severe respiratory
distress. Her SpO» was 80% when breathing room air, and thorax
HRCT revealed 50%-75% of bilateral ground-glass pulmonary
opacities. The patient initially received non-invasive oxygen
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support with HFNC, but due to worsening respiratory distress,
endotracheal intubation and invasive mechanical ventilation
support for moderate acute respiratory distress syndrome were
required. Methylprednisolone was administered upon admission.
Her course became complicated by nosocomial infection, persis-
tent respiratory failure, and multiple organ failure, culminating in
death after 65 days in the ICU.

d
5

SARS-CoV-2 di ing, and li

q 5

All 5 cases reported herein tested positive for SARS-CoV-2 by real-
time polymerase chain reaction (RT-PCR). Nasopharyngeal swab
samples were tested by multiplex RT-PCR using the Allplex SARS-CoV-
2 assay (Seegene Inc., Seoul, Korea) on an ABI7500 Fast real-time PCR
instrument (Thermo Fisher Scientific). SARS-CoV-2 viral genome
sequencing was run on a PGM lon System; reads were analyzed using
Torrent Suite Software v.5.12.1 (Thermo Fisher Scientific).

High-quality SARS-CoV-2 genome sequences were generated
for Cases 3-5 and submitted to the online pangolin tool for lineage
classification (Rambaut et al., 2020). All 3 sequences were
classified as the P.1 lineage and are available at the EpiCov
database, maintained by the GISAID initiative, with accession
codes EPI_ISL_1443197, EPI_ISL_1443196 and EPI_ISL_1443198. A
phylogenetic tree was constructed considering the available P.1
diversity. All high-quality Brazilian P.1 sequences (>29,000 bp and
<1% Ns) were retrieved from GISAID on March 25,2021. Alignment
was performed using the MAFFT sequence alignment program, and
the phylogenetic tree was inferred using the IQ-TREE software
package with Maximum Likelihood (ML) analysis, as previously
described (Naveca et al., 2021a). This approach resulted in a tree
trunk with very low branch support, reflecting the rapid spread of
P1 and low genetic genome diversity in this early phase of
dissemination (Figure 1). The majority of the obtained sequences
branching out from the tree trunk had been isolated in the
Amazonas region or were cases of individuals with a history of
travel to the region. Cases 3-5 clustered within the obtained
sequences, indicating that these originated from the early diversity
of P.1 prior to the further diversification that can be observed in
more recently sampled genomes.

Discussion

The emergence of SARS-CoV-2 VOCs in different parts of the
world presents new challenges to COVID-19 pandemic control.
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Figure 1. Maximum likelihood phylogenetic tree detailing the P.1 lineage in Brazil.

Increased transmissibility (Tegally et al, 2021) and mortality
(Davies et al.,, 2021) have been associated with VOCs, and cases of
reinfection have also been reported (Naveca et al., 2021b). The
capacity to decrease the efficacy of currently available vaccines
(Madhi et al., 2021) represents an additional threat.

With COVID-19 incidence of 7104 cases/100 000 individuals,
corresponding to a mortality rate of 197 cases/100 000 individuals,
Brazil is currently facing a critical phase of the pandemic, with
alarming increases in cases and deaths notified across all regions of
the country (https://covid.saude.gov.br/, accessed on May 5, 2021).
One underlying cause behind the surge in case numbers is the
emergence of SARS-CoV-2 lineage P.1, which has already been
detected in all regions of Brazil (http://www.genomahcov.fiocruz.
br, accessed on April 21, 2021).

The 3 cases of P.1 lineage identified herein exemplify the cryptic
transmission of this VOC throughout Brazil before it had been
identified. P.1 could have been introduced into other Brazilian
states due to holiday-associated travel at the end of 2020 and early
2021. The cases reported here predate 11 other cases identified in
the state of Bahia in mid-January, all of which were associated with
travel from/to Manaus (Tosta et al., 2021). For instance, in the
Southern Brazilian region, community transmission of P.1 was
detected in January 2021 (Martins et al., 2021), and the first local
P.1 case was identified in a popular Brazilian tourist destination (
Salvato et al., 2021).

In conclusion, the present report details a familial cluster of
COVID-19 linked to the SARS-CoV-2 P.1 lineage. Notably, 3/5
reported cases evolved as severe COVID-19, entailing long ICU
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stays with 1 associated death. One patient, a 41-year-old male,
had no prior risk factors that would predispose him to severe
disease. On the basis of the alarming surge in COVID-19 deaths
recently reported in Brazil, it has been assumed that the P.1
lineage could imply an increased risk of severe infection or higher
mortality. This association is speculative; further studies are
urgently needed to assess this assumption more comprehen-
sively.

The present report further supports the cryptic transmission of
the SARS-CoV-2 P1 lineage across Brazil, highlighting the
importance of genomic surveillance to track the emergence of
new viral variants. Coordinated implementation of non-pharma-
ceutical interventions, including social distance, airport screening
and quarantine for travelers, are pivotal tools to slow down viral
transmission and diminish the burden on the national public
health system.

Three newly obtained genomic sequences were analyzed
together with 327 P.1 background genomes retrieved from GISAID.
Internal branches are colored according to support (SH-like aLRT),
and sequences from the reported cases are highlighted with green
circles. The tree was rooted in the branch connecting to the earliest
sampled genome.

Ethical approval
This study was approved by National Commission for Ethics and

Research (3.980.128/2020). All participants provided written
informed consent.
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2‘1 Results: Between June 2020 and February 2021, the median age of patients admitted to the ICU decreased
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from 66 to 58 years (P < 0.05). This was accompanied by an increased proportion of patients without
comorbidities (15.32% vs 32.20%, P < 0.0001). A significant reduction in the cycle threshold values of
SARS-COV-2 RT-PCR tests was observed in the second wave (P < 0.0001). Sequencing analysis detected
lineage Gamma in all 12 ICU patients sampled in February 2021.
Conclusions: The results of this study demonstrated an increased proportion of younger adults without
comorbidities with severe disease during the second COVID-19 wave, shortly after the confirmation of
local Gamma circulation.
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cording to the World Health Organization (WHO), there are cur-
rently four variants of concern (VOC), all with key mutations in the
receptor binding domain (RBD) of the spike protein (Korber et al.,
2020). These are the Alpha (B.1.1.7), Beta (B.1.351), Gamma (P.1),
and Delta (B.1.617) lineages.

In Brazil, two SARS-CoV-2 lineages - B.1.1.28 and B.1.133 -
were predominant during the first surge of infections in the first
6 months of 2020 (Resende et al, 2021, Candido et al, 2020).
The emerging Brazilian Gamma variant, derived from the B.1.1.28
lineage, began spreading rapidly later in 2020. Initially detected
in the state of Amazonas, Gamma was responsible for a public
health calamity in that state (Faria et al., 2021; Naveca et al., 2021;
Sabino et al., 2021). The Gamma variant started to be detected
at increasing rates from January 2021 onwards throughout Brazil,
and became the predominant lineage associated with the second
wave of infections (http://www.genomahcov.fiocruz.br). Following
an acceleration of the transmission rates in 2021, Brazil became
the epicenter of the coronavirus disease 2019 (COVID-19) pan-
demic, with over 13 million confirmed cases and 350 000 deaths
(https://www.covid.saude.gov.br).

Gamma has 21 lineage-defining mutations, including 10 in the
spike protein, three of them in the RBD (K417T, E484K and N501Y),
showing a surprising convergence with the B.1.351 RBD. These
three mutations in the RBD combined have been shown to increase
the receptor binding affinity (Nelson et al., 2021). The mutations
found in Gamma have been associated with increased transmissi-
bility (Naveca et al., 2021), a higher viral load (Faria et al,, 2021)
and propensity for immune evasion (Dejnirattisai et al., 2021), and
SARS-CoV-2 reinfection (Naveca et al., 2021).

Along with the dissemination of the Gamma variant, there have
also been reports of an increased percentage of young patients de-
veloping severe disease (Dejnirattisai et al., 2021). However, many
other questions remain unanswered, including a possible increased
fatality rate, increased disease severity in people without known
SARS-CoV-2 risk comorbidities, reduced time from symptom on-
sent to hospitalization.

The public health authorities in the state of Bahia (North-
east Brazil) confirmed the circulation of Gamma in the state in
February, 2021. The first reports of Gamma detection in Salvador
date from late December 2020 and early January 2021, and these
were linked to individuals with a history of travel to Manaus
(Tosta et al., 2021). This was followed by a rampant increase
in the number of hospitalizations and deaths due to COVID-19
in Bahia in February and March 2021 (https://bi.saude.ba.gov.br/
transparencia/). However, the clinical and demographic features of
this epidemic second wave, as well as the association with SARS-
CoV-2 lineages, still need to be characterized. Herein, we report the
changes in the profile of patients admitted to the intensive care
unit (ICU) of a private hospital in Salvador, Bahia capital city, in
February 2021, due to COVID-19 with possible involvement of the
locally circulating Gamma VOC.

2. Methods
2.1. Study design and procedures

A cross-sectional study was performed at Sdo Rafael Hospital,
a private general reference hospital in Salvador, Bahia, Northeast
Brazil. Two time periods with increased numbers of hospital ad-
missions were selected for data analysis, corresponding to the first
wave (May to July 2020) and second wave (December 2020 to
February 2021) of COVID-19 hospital admissions.

Data regarding the number of confirmed COVID-19 patients ad-
mitted to the hospital, along with their clinical and demographic
characteristics, were obtained from the hospital health informa-
tion system and electronic medical records (n = 4164). Data on
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confirmed COVID-19 cases in the city of Salvador and the state of
Bahia were obtained from https://bi.saude.ba.gov.br.

The nasopharyngeal swabs were obtained and tested by multi-
plex real-time PCR Allplex SARS-CoV-2 assay (Seegene Inc., Seoul,
Korea) in the laboratory of Sdo Rafael Hospital, as part of routine
diagnostic procedures. Cycle threshold (Ct) values were evaluated
in positive samples from the peak months of each wave, June 2020
and February 2021 (n = 2360). Nucleic acid sequencing was per-
formed of viral RNA extracted from 12 nasal swab samples selected
from patients aged less than 60 years, who were admitted to the
Sdo Rafael Hospital ICU in February 2021. Written informed con-
sent was obtained. The SARS-CoV-2 viral genome sequencing was
performed in accordance with the manufacturer’s instructions, us-
ing the lon Torrent PGM system (Life Technologies, USA). cDNA was
synthesized with the SuperScript VILO reverse transcriptase kit (In-
vitrogen, USA). The libraries were prepared using the lon AmpliSeq
SARS-CoV-2 assay panel, the lon AmpliSeq Library Kit, and lon Tor-
rent PGM (Thermo Fisher Scientific, USA). Genomes were submit-
ted to the Nextclade tool (https://clades.nextstrain.org) for quality
control assessment and the Pangolin tool (https://pangolin.cog-uk.
io/) for SARS-CoV-2 lineage assignment. Maximum likelihood (ML)
phylogenetic analysis was performed in IQ-TREE for all detected
Gamma variant genomes, and tree branch support was calculated
with the Shimodaira-Hasegawa approximate likelihood ratio test
(SH-aLRT), as described previously (Minh et al., 2020). Background
high quality (>29 000 bp and <1% N) Brazilian Gamma vari-
ant sequences were obtained from the EpiCoV database in GI-
SAID, as available on March 25, 2021 ( Supplementary Material
Table S1) and aligned with the genomes generated here in MAFFT
(Katoh and Standley, 2013). The ML tree was visualized using
FigTree v1.4 (http://tree.bio.ed.ac.uk/software/figtree/).

2.2. Statistical analysis

Categorical variables were compared using the Fisher test. Con-
tinuous data were presented as the median and 95% confidence
interval (CI). The Mann-Whitney test and Kruskal-Wallis test were
used for comparisons of non-parametric data (Ct values and me-
dian age). P-values <0.05 were considered significant. Data were
analyzed with Prism software v.9.1 (GraphPad).

3. Results

Accompanying the evolution of the pandemic in the city of Sal-
vador, the data analysis demonstrated two waves of admission to
the hospital due to COVID-19, the first during May to July 2020
and the second during December 2020 to February 2021. A similar
pattern of cumulative confirmed COVID-19 cases reported by Bahia
State, Salvador, and Sdo Rafael Hospital in Salvador in the north-
east of Brazil was observed (Figure 1A). There was a rapid increase
in patients requiring hospitalization and ICU treatment in February
2021 (Figure 1B).

From May 2020 to February 2021, 2087 patients were admitted
to the ICU of Sdo Rafael Hospital; 672 were admitted during the
first wave (May to July 2020) and 943 in the second wave (De-
cember 2020 to February 2021). The median age of the patients
hospitalized and admitted to the ICU was lower in February 2021
(58 years) when compared to May and June 2020 (66 years), and
this decrease in median age was found to be statistically signifi-
cant (Figure 2A). A progressive increase in the percentage of pa-
tients aged <60 years being admitted to the ICU was observed in
the second wave, differing from the demographic pattern observed
in the first wave (Figure 2B).

Along with the increase in percentage of young and middle-
aged patients, there was also an increase in the percentage of pa-
tients entering the ICU without known comorbidities (cardiovascu-
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Figure 1. Confirmed COVID-19 hospitalizations. (A) Cumulative confirmed COVID-19 cases in Bahia State, Salvador, and patients admitted to the Sdo Rafael Hospital (HSR)
since May 2020. (B) The total number of patients hospitalized (n = 4164, blue line) and admitted to the ICU (n = 2087, orange line) from May 2020 to February 2021.

lar diseases, hypertension, diabetes, obesity, liver diseases, asthma,
kidney diseases, and immunosuppression). Patients without comor-
bidities represented 32.20% of hospitalized COVID-19 patients ad-
mitted to the ICU due to COVID-19 in February 2021, compared to
15.32% in June 2020 (P < 0.0001). Table 1 shows the frequency of
patients with different comorbidities stratified by age group.

In addition to the changes in clinical and demographic profile
found, possible alterations in the pattern of the results obtained
in the RT-qPCR analysis were also evaluated. A significant reduc-
tion in the median Ct values from nasopharyngeal swab samples
analyzed by RT-qPCR was observed when comparing June 2020 to
February 2021 (P < 0.0001) (Figure 3). During the same periods,
similar average values for the time between symptom onset and
sample collection were observed: 4.4 days (95% Cl 4.3-4.9 days)
and 5.1 days (95% Cl 4.8-54 days) for June 2020 and February
2021, respectively.

To investigate the viral diversity associated with the second
COVID-19 wave in Salvador, 12 swab samples from patients admit-
ted to the ICU in February 2021, who were within the age range
of 18-59 years, were sequenced. The characteristics of these pa-
tients are shown in Table 2. Five patients had no comorbidities.
Half of the patients required invasive mechanical ventilation, while
the other half were treated with non-invasive ventilation. Sequenc-
ing analysis identified the SARS-CoV-2 Gamma variant in all of the
samples evaluated. Although all sequences were classified by the
Pangolin tool as Gamma with high probability, one of the genomes
presented low coverage and was not submitted to phylogenetic
analysis. All of the genomes generated herein are available in the
EpiCoV database, maintained by the GISAID initiative, with acces-
sion codes EPI_ISL_160861 to EPI_ISL_1608171. The ML phyloge-
netic tree revealed that nine of the 11 genomes clustered together
with high support (SH-aLRT = 87), meaning that the Gamma lin-
eage has already established local community transmission in Sal-
vador (Figure 4). Two other highly supported clusters of Gamma
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genomes isolated in Bahia State were also observed in the tree,
being composed of travelers returning from Amazonas (Tosta et al.,
2021). These three clusters provide evidence of multiple introduc-
tions of the Gamma lineage into Bahia State.

4. Discussion

Here we report the identification of the P.1 or Gamma variant
in all sequenced clinical samples from patients admitted to the ICU
in February 2021, in Salvador, Brazil. These results suggest that the
Gamma variant is responsible for a large share of the COVID-19
cases in Salvador, in line with different reports finding a high pro-
portion of the Gamma variant across Brazil (Slavov et al,, 2021).

Recently, researchers have reported a significant increase in
case fatality rates among young and middle-aged adults in
Parana, Brazil, which may be associated with the Gamma strain
(de Oliveira et al,, 2021). The data presented herein also give sup-
port to a role of the Gamma variant in the acceleration of the pan-
demic in Salvador and Bahia State seen in early 2021.

The observed increase in the percentage of patients being ad-
mitted to the ICU with no risk factors for severe COVID-19, such as
increased age, hypertension, and diabetes, is notable (de Oliveira
et al,, 2021). However, these are preliminary data and more studies
are urgently required to clarify whether changes in the virulence
may be attributable to the Gamma variant.

It is also necessary to investigate the influence of the vaccine
rollout, which started in mid-January, first recruiting healthcare
workers and then progressing to elderly individuals older than 80
years of age by the end of February, utilizing either CoronaVac (a
two-dose, 28-day interval vaccine scheme) or AstraZeneca ChAdOx
nCoV-19 (a two-dose, 3-month interval vaccine scheme). Therefore,
during the period evaluated in this study, a very low percentage of
elderly patients had received two doses of the vaccine.
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Table 1
Comorbidity assessment in patients entering the ICU during the first wave (June 2020) and second wave (February 2021), stratified by age group.
Comorbidities 18-29 years 30-39 years 40-49 years 50-59 years =60 years
Admission period P-value* Admission period P-value* Admission period P-value* Admission period P-value* Admission period P-value’
Jun Feb Jun Feb Jun Feb Jun Feb Jun Feb
2020 2021 2020 2021 2020 2021 2020 2021 2020 2021
m=3) (n=10) (=19 (n=40) (n=17) (n=66) (n=29) (n=41) (n=118) (n=123)
Obesity - 200% 0999 316% 2.5% 0528 412% 106% 0007 17.2% 19.5% 0.999 169% 98% 01
Cardiovascular discases - - 263% 125% 0266 47.0% 242% 0078 48.3% 51.2% 0.999 85.6% 69.1% 0.002'
Hematological - - - 25% 0999 - - 34% - 0414 34% 16% 0439
Liver disease - - 53% - 0322 - 45% 0999 - - 25% - 0116
Asthma - - 53% - 0322 118% 15% 0.105 - - 34z 33% 0.999
Diabetes - - - 25% 0999 176% 152% 0724 27.6% 20.0% 0.461 44.9% 405% 049
Neurological - 10.0% 0999 105% - 0.999 - - - 24% 0.999 135% 9.8% 0357
Lung disease - - - - - - - - 68% 41% 0351
Immunosuppression - - - - 5.9% - 0205 69% 24% 0.566 34% 16% 0439
Kidney discase = s = = 176% 30% 0056 13.8% 49% 0.224 178% 57% 0.003'

ICU. intensive care unit.

* P-value of the Chi-square test or Fisher's exact test; "P-value <0.05, significant.
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Figure 2. Temporal changes in the demographic profile of the patients admitted to the ICU due to COVID-19. (A) Individual age values (=18 years old) are represented,
along with median and 95% CI. The first wave includes the months of May, June, and July 2020; the second wave includes the months of December 2020, January 2021, and
February 2021. (B) Total numbers of patients admitted to the ICU stratified by age group. **P < 0.001, ***P < 0.0001.

Previous studies have suggested an increased Gamma viral load
in nasopharyngeal swab samples compared to previous SARS-CoV-
2 lineages (Resende et al, 2021). The present study demonstrated
that positive swab samples in February 2021 presented lower Ct
values than samples evaluated in June 2020. Although Ct values
are subject to intrinsic sample collection variability and do not uti-
lize reference measurements, the comparison of the results found
in the peaks of the first wave and the second wave suggest that
patients presented increased viral loads in February 2021, which
was also reported when Gamma samples were compared to non-
Gamma samples (Nelson et al., 2021, Faria et al., 2021).
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Confirming that Gamma is a highly transmissible variant, asso-
ciated with increased viral replication and disease severity, would
require restrictive control measures to be revisited in populations
with confirmed Gamma variant circulation, to adequately prevent
viral spread and pressure on the healthcare system, as has been
observed in Brazil. The data presented herein do not give support
to an increased mortality rate among hospitalized COVID-19 pa-
tients after the emergence of the Gamma variant, since mortality
rates and invasive mechanical ventilation rates decreased during
the period evaluated. Since these data may be influenced by other
confounders, such as improved disease management and evolving
therapeutic protocols, future properly designed studies will be re-



C.K.V. Nonaka, T. Grif, CA.d.L Barcia et al.

International Journal of Infectious Diseases 111 (2021) 47-54

ek
[ ]
40
30
[ — s
S
©
>
3]
20
10 :
T T
June/2020 Feb/2021

Figure 3. Temporal change in the SARS-CoV-2 RT-PCR cycle threshold (Ct) values. N gene Ct values were evaluated and compared between samples from COVID-19 patients
referred to the hospital in June 2020 (n = 1589) and in February 2021 (n = 771). Single Ct values and the median are plotted. ***'P < 0.0001.

Table 2

Clinical and demographic characteristics of patients admitted to the ICU in February 2021 selected for sequencing.

Sex Age (years) Symptom onset (days Ventilatory support Comorbidities Extent of ground glass
before ICU admission) opacitites (Thorax CT)

Male 35 7 Non-invasive ventilation None 25%

Male 31 7 Non-invasive ventilation Obesity, hypertension, diabetes 25-50%

Male 41 9 Non-invasive ventilation None 25-50%

Male 59 1 Non-invasive ventilation Obesity, hypertension 40%

Male 37 10 Invasive mechanical ventilation Obesity 25-50%

Male 46 9 Invasive mechanical ventilation Obesity =75%

Male 44 5 Invasive mechanical ventilation None 50%

Male 41 1 Non-invasive ventilation None 75%

Male 56 8 Invasive mechanical ventilation Hypertension >75%

Female 36 5 Non-invasive ventilation Obesity 50-75%

Male 24 8 Invasive mechanical ventilation Obesity 25-50%

Male 35 7 Invasive mechanical ventilation None 50%

CT, computed tomography; ICU, intensive care unit.

quired to determine whether the Gamma variant may be associ-
ated with any changes in disease severity.

In summary, the findings of this study contribute to describe
the characteristics of the patients with severe COVID-19 during the
second pandemic wave, which appears to be associated with an
increased proportion of young and middle-aged adults. Addition-
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ally, the results suggest that the Gamma variant may have spread
rapidly in Salvador, Brazil, leading to increased numbers of cases,
hospitalizations, and ICU admissions shortly after its first detection
in Bahia State. These preliminary findings reinforce the immediate
need to adopt measures to reduce its spread and accelerate the
vaccine rollout.
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Figure 4. Circular maximum likelihood phylogenetic tree of the P.1 (Gamma) lineage diversity in Brazil. Samples isolated in Bahia are shown with circles, and the colors
represent the origin of the sample, when available. Travel history data are those reported by Tosta et al., 2021 (Tosta et al., 2021). Three clusters with samples isolated in
Bahia are highlighted and SH-aLRT support is shown. The tree was rooted in the oldest P.1 sampled genome.
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