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Resumo

No ano de 2020 a Organizacdo Mundial da Saude decretou (OMS) pandemia a nivel
mundial causada pelo SARS-CoV-2. Diversos métodos diagnosticos foram propostos,
principalmente imunoldgicos e moleculares, inclusive pelo Centers for Disease Control
and Prevention, para identificar o virus. Este trabalho tem como objetivo validar e
padronizara uma técnica de Loop-mediated isothermal Amplification (LAMP) tendo
como alvo uma regido do gene da RNA polimerase viral, tendo em vista que o LAMP
€ um método mais rapido e de menor custo quando comparado aos demais métodos
moleculares. Este trabalho descreve os resultados obtidos com a metodologia de
LAMP proposta, aplicada em 115 amostras de nasofaringe (43 positivas para SARS-
CoV2 e 72 negativas), previamente testadas pela metodologia da reacdo em cadeia
da polimerase em tempo real com transcri¢cdo reversa (RT-PCR), determinando sua
sensibilidade e especificidade. A técnica de LAMP proposta mostrou sensibilidade de
90,7%, e especificidade de 100%, para um limite de deteccéo de 40 cépias/ul. O valor
preditivo positivo foi de 100% e o valor preditivo negativo de 94,7%, com acuracia de
96,5%. A técnica de LAMP também apresentou a possibilidade de ser aplicada sem
modificacdes para a deteccdo das novas variantes do SARS- CoV2. O método de
LAMP, usado como gene alvo a regido RNA Polimerase (RP). quando comparado com
o RT-PCR, demonstrou ser uma técnica rapida e de menor custo, podendo ser uma
excelente alternativa para paises em desenvolvimento e com poucos recursos. O teste
mostrou adequada sensibilidade para a identificacdo de amostras com cargas virais
baixas (40 copias/pl) e altas (>4000 copias/ul), porém, em amostras com carga viral
extremamente baixas (<40 copias/pl), e detectadas por RT-PCR, podem resultar falso-
negativas. Para corroborar o uso da técnica de LAMP, foi realizada uma revisao
sistematica com meta-andlise sobre o uso da metodologia de LAMP para a deteccéo
doSARS-CoV-2. A busca resultou em 229 artigos, dos quais 19 artigos foram
selecionados para compor a reviséo final. A metodologia de LAMP mostrou uma alta
especificidade na deteccdo de SARS-CoV-2 e uma ampla variacdo de valores de
sensibilidade. O método LAMP foi considerado um método rapido e altamente
especifico para deteccdo de SARS-CoV-2; no entanto, algumas variaveis como o pH
das amostras e concentracdo do RNA viral podem afetar sua sensibilidade e

desempenho geral.
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Abstract

In 2020, the World Health Organization (WHO) declared the state of global pandemic
caused by SARS-CoV-2. To identify the virus, several immunological and molecular
assays have been proposed by international agencies, including the Centers for
Disease Control and Prevention. The aim of this study was to validate and standardize
a Loop-mediated isothermal Amplification (LAMP) method targeting the viral RNA
polymerase gene, as a faster and low-cost assay as compared to other molecular
techniques. This paper describes the results obtained with the proposed LAMP
methodology, applied to 115 nasopharyngeal samples (43 positive for SARS-CoV2
and 72 negative), previously tested by reverse transcription polymerase chain reaction
assay (RT-PCR). The proposed LAMP technique showed a sensitivity of 90.7% and a
specificity of 100%, for a detection limit of 40 copies/pl. The positive predictive value
was 100% and the negative predictive value was 94.7%, with an accuracy of 96.5%.
The LAMP technique also presented the possibility of being applied without
modifications for the detection of new variants of SARS-CoV2. The LAMP methodology
using the SARS-CoV-2 RP gene as the target was faster and less expensive than other
molecular approaches such as the RT-PCR, making it an excellent alternative for
developing countries and those with few resources. The test showed adequate
sensitivity for identifying samples with low (40 copies/pl) and high (>4000 copies/ul)
viral loads, however, in specimens with extremely low viral loads (<40 copies/ul),
previously detected by RT-PCR, may result in false negatives when using the LAMP
assay. To corroborate the use of the LAMP technique, a systematic review with meta-
analysis was carried out on the use of the LAMP methodology for the detection of
SARS-CoV-2.. The search resulted in 229 articles, of which 19 articles were selected
to compose the final review. In general, the LAMP methodology showed high specificity
in the detection of SARS-CoV-2 and a wide range of sensitivity values. The LAMP
assay was considered a rapid and highly specific method for detecting SARS-CoV-2,;
however, some variables such as sample pH and viral RNA concentration can affect

its sensitivity and overall performance.

Keywords: SARS-CoV-2; LAMP; COVID19.
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1. INTRODUGCAO

Em dezembro de 2019 o mundo entrou em estado de alerta com o anudncio de
muitos casos de pneumonias causadas por um novo coronavirus, confirmado como
sendo uma espécie nova de coronavirus na primeira semana de janeiro de 2020.
Oriundo da provincia chinesa de Wuhan, o virus disseminou-se rapidamente e
causando diversos sintomas respiratérios nos pacientes infectados. Em 31 de janeiro
de 2020, a Organizagdo Mundial da Saude (OMS) declarou “Estado de Emergéncia
de Saude Publica de Importancia Internacional” (ESPII). Para impedir a disseminacéo
do virus foram estabelecidos protocolos de contencado e isolamento social, mesmo
assim a disseminacao global do virus foi inevitavel, resultando em formas graves de
COVID-19 entre os infectados, tendo como consequéncia alto nimero de 6bitos em
diversos paises.

A COVID-19 foi reconhecida como a quinta pandemia de virus respiratérios desde
a de 1918. Desde seu inicio, diversas estratégias de meétodos diagnosticos foram
propostos para a detec¢do do virus, iniciando com os testes moleculares e seguidos
por testes imunolégicos (1). Diversas organizacfes desenvolveram seus proprios
métodos para a deteccdo do SARS-CoV-2, incluindo o Centers for Disease Control
and Prevention (CDC), e o Instituto Johns Hopkins, que comparou diversos ensaios
publicados em diferentes regides (2-5).

A principal metodologia utilizada foi a reagédo em cadeia da polimerase em tempo
real (RT-PCR), precedida pela transcricao reversa do RNA viral. A RT-PCR possui
alta sensibilidade e especificidade para a identificacdo da presenca do virus em
amostras clinicas, porém € um método que exige treinamento e equipamentos
especiais, e cujo custo pode ser demasiado elevado para determinados centros que
almejam a deteccdo deste patdégeno. Este trabalho tem como objetivo validar e
padronizar uma técnica baseada em Loop-Mediated Isothermal Amplification (LAMP)
para a deteccdo direta do SARS-CoV-2 em amostras de nasofaringe, sendo mais
rapida, menos trabalhosa e com menor custo quando comparado aos demais métodos

moleculares.



13

2. REVISAO BIBLIOGRAFICA
2.1. SARS-COV-2: Epidemiologia

No dia 31 de dezembro de 2019, a Organizacdo Mundial da Saude (OMS) foi
notificada sobre o surgimento de 54 casos de pneumonia sem causa evidente, na
provincia de Wuhan, China. Em 07 de janeiro de 2020, autoridades chinesas
confirmaram que 0s casos estavam associados a infecgdo por um novo virus
respiratorio pertencente a classe dos coronavirus. A doenca causada pela infeccéo
deste novo virus deu-se o nome de Doenga do Coronavirus-2019 (COVID-19) (6).

Os casos de infecgbes pelo SARS-CoV-2 foram relatados em janeiro de 2020 na
Tailandia e, em poucos meses, aumentaram exponencialmente, espalhando-se para
todos os continentes, com excecdo da Antartica (7, 8). Em 30 de janeiro de 2020 foi
registrado o primeiro caso de COVID-19 na india e logo ap6s comecaram aumentar
as notificagdes (7). Em Abril de 2020 os casos confirmados estavam sendo relatado
em todo mundo, principalmente entre: Estados Unidos (32,63%), Espanha (6,32%),
Russia (5,28%), Reino Unido (5,23%), Italia (5,23%), Franca (4,22%), Alemanha
(4,09%), Brasil (3,88%), Turquia (3,30%), Ird (2,56%), e outros paises apresentavam
uma taxa de deteccéo inferior a 2% (9).

Na Italia a epidemia apresentou uma curva de crescimento de casos exponencial,
amplamente divulgada inclusive nos meios de comunicacao, provavelmente devido a
presenca de industrias, agricultura e comercio internacional. Além disso, locais com
maior poluicdo por material particulado fino demostraram aumento significativo de
casos de infeccdes respiratérias, a taxa de letalidade causada pelo SARS-CoV-2 na
Italia chegou a 11,7% (10).

A nivel mundial a taxa de letalidade da COVID-19 foi de 6,3%, porém, dependendo
do local e faixa etaria dos infectados, foi superior a 15%. Segundo 0s primeiros
modelos de contingencia adotados para a COVID-19, eram necessarias 10 a 12
semanas para controlar um surto na comunidade (11). No Brasil, o primeiro caso
reportado como confirmado foi em fevereiro de 2020 em um paciente que retornava
de uma viagem a Italia, e em marcgo 2020 foi notificada a primeira morte associada ao

COVID-19, ambos no estado de Sao Paulo (12). A partir do surgimento de novos
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casos, a OMS declarou estado de surto, e foram preconizadas medidas de isolamento
social e fechamento das escolas como medidas emergenciais. Em abril de 2020 a
taxa mundial de mortalidade era de 5,68% e os programas de rastreio colaboraram

para a identificacédo e contencéo de casos nos grandes centros (11-13).

Até novembro de 2022, foram notificados 637.404.847 casos confirmados de
Covid-19 e 6.608.893 mortes, mostrando uma situacdo pontual de aumento na
Europa, onde foram confirmados 264.434.340 casos. O acompanhando do
crescimento dos numeros da pandemia pode ser realizado através do dashboard

(https://covid19.who.int/), divulgado e atualizado diariamente pela OMS (14).

No Brasil o primeiro caso confirmado de COVID-19 foi em fevereiro de 2020 de
um paciente que retornava da lItalia, logo apés o aumento dos casos foi exponencial
tornando o Brasil o epicentro das infeccbes por SARS-CoV-2 nas américas que
mostraram mais de 21,2 milhdes de casos e 591,000 mortes em setembro de 2021
(12). De acordo com Giovanetti et al (2022), o surgimento de novas variantes no Brasil
teve inicio em 2021, com a segunda onda de COVID-19 e o aparecimento no pais das
variantes Gamma, Alpha/B1.1.7 e Zeta (12). Conforme dados disponibilizados pela
OMS sobre o coronavirus, em 9 de outubro de 2022 foram relatados globalmente mais
2,8 milhdes de casos novos de COVID-19 e cerca de 9.000 vitimas fatais registradas

neste periodo (15).

2.2. SARS-COV-2: Estrutura viral

Os coronavirus sdo uma classe de virus amplamente distribuidos, que infectam
mamiferos e aves, causando doencas de trato respiratdério ou gastrointestinais
geralmente leves, com excecao da SARS e da MERS(16). O genoma dos coronavirus
€ composto de RNA de fita simples de sentido positivo, sendo 0 mais extenso dentre
todos os genomas encontrados em virus de RNA (16, 17). O sequenciamento genético
do SARS-CoV-2, inicialmente obtido a partir de isolados de cinco pacientes em Wuhan
no inicio da pandemia, demonstrou uma semelhanca de aproximadamente 80% com
a sequéncia genémica do SARS-CoV e 96% com a cepa RaTG13 de coronavirus de

morcego, sugerindo que este novo coronavirus seria uma evolucao natural desta cepa


https://covid19.who.int/
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(18).

No entanto, novas pesquisas sugeriram que um outro hospedeiro intermediario, o
mamifero pangolim, estava associado a mutacdo que tornou 0 novo coronavirus
infectante para seres humanos. Segundo Lam et al, o0 genoma do SARS-CoV-2
apresenta 97,4% desimilaridade com a sequéncia de um coronavirus de pangolim
Guangdong em seu dominio de ligacdo com o receptor, embora assemelhe-se mais a

cepa RaTG13 de morcego no restante do genoma (19).

O genoma do SARS-CoV-2 contem genes que codificam quatro proteinas
estruturais do virus, sao elas: proteina espicula (S, spike), de membrana (M), de
envelope (E) e do nucleocapsideo (N) e outras 16 proteinas nao estruturais (NSP) que
auxiliam nos processos de replicacdo e transcricdo de novos virions, além de algumas
proteinas acessorias (16). Os virus SARS-CoV tipicos contem, pelo menos, seis
regides denominadas Open Reading Frame (ORF) em seu genoma, com excec¢ao dos
Gammacoronavirus, com nspl em sua estrutura que codifica proteinas estruturais. No
SARS-CoV-2 a Regidao ORF1a/b tem cerca de dois ter¢os do comprimento do genoma
e codifica 16 nsps, contendo dois polipeptidios ppla e pplab, que produzem proteinas
com caracteristicas de proteases. Além disso, ha também a proteina Hemaglutinina
Esterase (HE), responsavel pela manutencéo e replicacdo do genoma viral (20). A

figura 1 apresenta o esquema de organizacao das proteinas virais do SARS-CoV-2

Spike glycoprotein

(S)
Envelope small membrane protein
(E)

Membrane protein
(M)

Hemagglutinin-esterase
(HE)

Nucleoprotein
(N)

Genomic RNA

Figura 1: Figura representativa do SARS-CoV-2. Fonte: Adaptado de Mousavizadeh
e Ghasemi 2020.
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2.2.1. Variantes do SARS-CoV-2

Os virus, particularmente com material gendmico RNA, sdo conhecidos por
sofrerem mutacdes devido a baixa capacidade de revisdo da enzima RNA polimerase,
facilitando com isso o aparecimento de virus emergentes, com melhor adaptagéo para
infectarem seus hospedeiros (21). O SARS-CoV-2 também demonstrou produzir
mutacfes e recombinacfes, aumentando a preocupacdo dos o6rgdos de saude
publica. Durante a pandemia foram notificados em diversas regides do mundo o
surgimento de variantes, sendo atribuindo nomes distintos a cada mutacao que surgia
(22). As novas variantes modificavam a transmissibilidade e a viruléncia do virus. Com
isso, em abril de 2022 o CDC propbs uma classificacdo de todas as variantes do
SARS-CoV-2 encontradas até aquele momento, estabelecendo também as
caracteristicas proprias de infecciosidade e preocupacdo epidemiolégica de cada
variante (22, 23). Essas variantes foram classificadas em: Variante monitorada
(Variant Being Monitored — VBM), Variante de Interesse (Variant of interest — VOI),
Variante de Preocupacao (Variant of Concern — VOC) e Variante de alta consequéncia

(Variant of High Consequence — VOHC) (22, 23), que serdo descritas a seguir.

2.2.1.1. Variante monitorada (Variant Being Monitored — VBM)

As VBM séo variantes onde os indices indicam que pode haver potencial
impacto nas medidas médicas aprovadas ou autorizadas, associadas a um
prognostico mais grave ou transmissibilidade aumentada, mas com circulacdo baixa
ou ndo detectada. Indiferente aos indices, essas variantes continuam sendo
monitoradas devido ao risco a saude publica. De acordo com CDC, nesta classificacao
entram: Alpha (B.1.1.7 e linhagens Q), Beta (B.1.351 e linhagens descendentes),
Gamma (P.1 e linhagens descendentes), Delta (B.1.617.2 e linhagens AY), Epsilon
(B.1.427 e B.1.429), Eta (B.1.525), lota (B.1.526), Kappa (B.1.617.1), 1.617.3, Mu
(B.1.621, B.1.621.1) e Zeta (P.2) (22).
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2.2.1.2. Variante de Interesse (Variant of interest — VOI)

As VOI sao variantes que apresentam regides genéticas alteradas, associadas
a ligacdo do receptor e possibilidade de ocorrer a diminuicdo da neutralizacdo por
anticorpos gerados por infeccdo previa do virus ou vacinagdo, ocasionando um
aumento da transmissibilidade e agravamento da doenca. Nesta classificagdo foram
rastreadas: Epsilon (B.1.427 e B.1.429), Zeta (P.2), Eta (B.1.525), Theta (P.3), lota
(B.1.526), Kappa (B.1.617.1), Lambda (C.37) e Um (B.1.621) (22, 24).

2.2.1.3. Variante de Preocupacéao (Variant of Concern — VOC)

As VOC sao variantes associadas ao aumento da transmissibilidade,
agravamento da doenca, falhas na deteccdo do virus e reducdo significativa da
neutralizacdo por anticorpos induzidos por infecdo prévia ou vacinacdo. Essas
variantes exigem mais atencdo e acdes apropriadas dos érgaos de saude publica,
sendo esta classificacdo atualizada com o surgimento de novas mutac¢des: Omicron
(B.1.1.529, BA.1, BA.1.1, BA.2, BA.3, BA.4 e linhagens BA.5) (22).

2.2.1.4. Variante de alta consequéncia (Variant of High

Consequence — VOHC)

As Variantes chamadas VOHC sé&o similares as VOC e VOI, mas demostram, de
acordo com CDC, evidencias claras de reducao da eficacia, em relacdo as variantes
anteriores, em medidas de prevencdo e intervencdo médica. Entretanto até o

momento ndo foram identificadas variantes VOHC nos Estados Unidos

2.3. Caracteristicas Laboratoriais

Diversos parametros e marcadores ainda estao sendo aferidos em pacientes para

a identificagéo precoce do prognéstico do paciente som a COVID-19.
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Com relagdo aos aspectos hematoldgicos, no estudo conduzido na China por
Bingwen e colaboradores, foi demonstrado no hemograma que podemos observar,
em alguns pacientes na admissao do servico de saude, uma leucopenia (<4.000 White
Blood Cell [WBC]), com apenas um paciente apresentando uma leucopenia grave,
com <2.000 WBC (25). Além disso outros autores relataram linfopenia e
monocitopenia como um prognastico ruim para o paciente (25-27). Em comparacao,
um estudo mostrou uma neutrofilia absoluta em pacientes logo que admitidos no

servico de saude, com neutroéfilos >5 x109/L em 14/40 casos (28).

Adicionalmente, é possivel notar algumas alteragdes morfolégicas nas distensdes
sanguineas destes pacientes, como, por exemplo, observacédo de linfécitos atipicos,
sendo alguns com aspectos plasmocitoides (28,29).Outra anormalidade visualizada
em pacientes graves foram os chamados “cristais da morte” ou “cristais verdes”
presentes nos neutréfilos e mondcitos. Esses achados foram mais comumente

encontrados em pacientes com doenca hepética severa (30).

Referente as plaquetas e seu consumo, 0s estudos mostraram que podem estar
levemente ou severamente diminuidas, e isso pode ser o estagio inicial da
Coagulacao Intravascular Disseminada (CIVD). (25). Alguns marcadores sdo Uteis
para este tipo de coagulopatia da CIVD, que mostram um tempo prolongado como
tempo tromboplastina parcial ativado (TTPA) e tempo de protrombina (TP), que, em
conjunto com o aumento dos niveis de D-dimeros apontam para o diagndstico de
CIVD (27).

Ja na avaliacdo bioquimica, foram observados niveis aumentados de lactato
desidrogenase (LDH), ferritina e prolactina (27). O quadro se caracteriza como uma
infeccdo sistémica com aumento da interleucina-6, e, com isso requer atencdo para o
desenvolvimento de uma anemia de doenca crbnica originada pela liberacdo de

hepcidina e, consequentemente, o fechamento dos canais de ferroportina (25, 27).

2.4. Métodos de deteccao do antigeno

Com a necessidade de testes rapidos para laboratérios, ou em locais de

atendimento (point-of-care), foram criados emergencialmente diversos imunoensaios
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para a identificacdo de antigenos virais e anticorpos (IgM e 1gG) produzidos pela
infeccdo viral. Inicialmente porém, a maioria destes testes ndo mostraram uma
sensibilidade e especificidade elevada (31, 32). Também foram desenvolvidos testes
para a deteccdo de proteinas virais diretamente em amostras respiratorias (swabs
nasais e nasofaringe) e até mesmo saliva, empregando tecnologias variaveis de
deteccdo, como imunoensaios tipo sanduiche de fluxo lateral, imunofluorescéncia
fluidica e cromatogréficos digitais (31). Boum e colaboradores (2021) demostraram
baixa sensibilidade na deteccdo do SARS-CoV-2 com testes de antigeno e anticorpos,
com sensibilidade de 80,0% e 26,8%, respectivamente, nos primeiros 7 dias ap6s o
inicio dos sintomas clinicos. Com testes para deteccao de anticorpos sendo utilizado
apos 14 dias do inicio dos sintomas, obteve-se um aumento de sensibilidade, para
76,4% (32). De acordo com fabricantes dos testes para deteccéo do antigeno, entre 5
e 7 dias do inicio dos sintomas, a precisao destes testes seria semelhante aos testes
moleculares. Além disso, em alguns estudos foi demostrado que que nos primeiros 8

dias dos sintomas o virus pode ser cultivado (33-35).

Em comparagdo com a reacdo em cadeia da polimerase junto a transcricéo
reversa, o teste de ELISA (Enzyme Linked ImmunonoSorbent Assay) para o antigeno
em pacientes sintomaticos mostrou uma sensibilidade de 94,0% e especificidade de
91,0% (32). A OMS recomendou gue em locais onde testes moleculares ndo estavam
disponiveis ou onde o tempo para o resultado estava prolongado devido a alta
demanda, se poderia utilizar testes de antigenos para a deteccdo do SARS-CoV-2
(31).

Peeling e colaboradores (2021) compararam 0s principais testes para detec¢ao
de antigeno, que seguiam a recomendacao da OMS, com um minimo de 80% de
sensibilidade e 97% de especificidade para diagnostico rapido. No estudo, ficou
demonstrado que a especificidade do teste pode ser um problema em periodos de
baixa prevaléncia da infeccdo, acompanhado pelo valor preditivo positivo que
aumenta ou diminui proporcionalmente de acordo com o estado epidemiolégico da
regido. Os autores demonstraram que estes testes poderiam levar a altas taxas de
falso-positivos e devem ser acompanhados de testes soroldgicos e testes moleculares
para confirmacéo dos resultados, sendo ferramenta necessaria para locais endémicos

e com altas taxas de cargas virais (35).



20

Entretanto, mesmo com a evolucdo das metodologias de detec¢cdo de antigenos
ou anticorpos, os testes baseados na amplificacdo de &cidos nucleicos virais sdo 0s
gue possuem maior capacidade para a deteccéo do virus, incluindo o periodo inicial
do aparecimento dos sintomas, potencialmente com maior potencial para controle de
isolamento e diminuigdo das chances de transmissibilidade do virus entre pessoas

assintomaticas préximas (32).

2.5. Metodologiada RT-PCR

Utilizado como padrdo ouro para testes moleculares a reagcdo em cadeia da
polimerase (PCR) foi desenvolvida nos anos 80 e aprimorada até hoje. O método
baseia-se na por amplificacdo especifica de um fragmento de DNA ou cDNA alvo,
resultando em bilh&es de fragmentos deste DNA alvo, possibilitando a qualificacédo

e/ou quantificacdo do niamero de cépias do material genético em estudo (36, 37).

Com os avancos tecnoldgicos foi possivel desenvolver técnicas onde séo utilizadas
moléculas fluorescentes para a deteccdo da amplificagcdo em tempo real. Passaram a
ser utilizadas sondas marcadas com moléculas fluorescentes ou fluoroforos
intercalantes de DNA, como o SYBR-Green, assim possibilitando o acompanhamento

em tempo real da amplificacédo da regido de interesse (37).

A técnica da PCR geralmente utiliza um par de oligonucleotideos iniciadores
(primers) para flanquear a regiao de interesse ou gene alvo para a amplificacdo. Apos
a etapa de desnaturagdo das cadeias de DNA e o anelamento especifico dos primers
em suas sequencias complementares, uma enzima (Tag polimerase) polimerase
adiciona as bases nitrogenadas complementando a sequéncia das cadeias
amplificando a regido compreendida entre os primers utilizados, resultando em bilhdes
de copias da regido alvo.Quando ha a necessidade de amplificagdo de um alvo de
RNA, é crucial uma etapa anterior a amplificacdo pela PCR, que € chamada de
transcricdo reversa, onde um enzima (Reverse Transcriptase - RT) converte
previamente o RNA em cDNA, assim tornando possivel a amplificagdo do alvo

especifico pela PCR (37).

A rapida disseminacdo e aumento do numero de casos de COVID-19, torna
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necesséria a identificacdo e diagnostico precoce, sendo o diagnoéstico fundamental
para a prevengdo e controle da pandemia. Junto ao diagndstico médico, as
abordagens baseadas na deteccdo de acidos nucleicos tornaram-se uma tecnologia
rapida e confiavel para a deteccdo do SARS-CoV-2. A RT-PCR em tempo real é
caracterizada pela capacidade de deteccéo rapida, alta sensibilidade e especificidade.
Portanto, o método de RT-PCR em tempo real pode ser considerado como o principal
meétodo a ser aplicado para detectar o agente causador da COVID-19, especialmente

nos estagios iniciais da doencga, quando ha replicacéo ativa do virus.(38)

A RT-PCR é atécnica padréo ouro para a identificacdo do SARS-CoV-2, mas torna
necessario espacos dedicados ao setor de biologia molecular no laboratério de
analises clinicas, assim como, equipamentos especificos e reagentes proprios. Além
da técnica ser mais cara e necessitar pessoal altamente qualificado, tornou-se um problema de
salde publica com a sobrecarga e escassez de insumos nos servigos que ofereciam o teste de
RT-PCR para SARS-CoV2 (39). Com essa situacdo de pandemia mundial a necessidade de
testes rapidos, simples e econdémicos era uma necessidade, diversos centros de pesquisas,
universidades e centros universitarios comecaram a buscar metodologias para suprir essa
demanda (40). A partir disso surgiu a probabilidade de utiizacéo do teste de Loop-mediated
isothermal Amplification (LAMP) como uma altemativa confiavel de amplificacéo e deteccéo do
SARS-CoV2. (39, 40)

2.6. Loop-mediated isothermal Amplification (LAMP)

A busca de alternativas diagnosticas para a COVID-19, principalmente para
diminuir o custo dos testes e tempo necessario para o diagnostico de SARS-CoV-2,
levou a investigacdo de novas técnicas moleculares, como, por exemplo, a
metodologia de Loop- mediated isothermal amplification (LAMP) (3, 41-43). A proposta
para o uso de LAMP para o diagnostico de COVID-19 teve seu inicio em fevereiro de
2020 com EI-Tholoth e colaboradores (26), com a introducdo de um teste de
amplificagéo de acidos nucleicos rapido e com o custo mais acessivel, especialmente

indicado para locais de baixa renda (44).

A metodologia de LAMP foi desenvolvida por Notomi e colaboradores em meados
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do ano 2000 como uma técnica que permitia a amplificacdo de material genético de
forma rpida e eficiente e em condic¢des isotérmicas, dispensando assim o uso de
termocicladores. (45) .Na reacdo de LAMP, a enzima Bst polimerase age como
ferramenta desnaturante ao deslocar uma das fitas de DNA, deixando as regides de
ligacdo dos primers expostas, a0 mesmo tempo em que é capaz de realizar a
polimerizacdo das novas fitas complementares a partir da ligacdo de iniciadores
especificos, tudo sem necessidade de ciclos de aquecimento e resfriamento, como

acontece com a PCR (45, 46) .

Originalmente, a solucdo € aquecida para a desnaturacao das fitas de DNA por
acao do calor, e, em seguida rapidamente resfriada em gelo antes de ser novamente
aguecida e mantida a temperatura constante de aproximadamente 65°C. A reacao de
LAMP inicia com a adi¢cao da Bst polimerase na solu¢do aquecida contendo a amostra
e 0 mix de reacao com primers e outros componentes necessarios. A reacao de LAMP

consiste em duas etapas, chamadas: nédo ciclica e ciclica (45).

Inicialmente, Notomi e colaboradores descreveram a técnica utilizando apenas 2
iniciadores internos, denominados FIP (Foward inner primer) e BIP (Backward inner
prime) e 2 iniciadores externos, chamados F3 e B3 (Forward and Backward outer
primers), especialmente desenhados para reconhecerem seis areas distintas e
especificas do DNA alvo (45). Opcionalmente um par extra de iniciadores de loop (LF
e LR) podem ser adicionados, a fim de acelerar o processo de amplificagcéo, reduzindo

de 30% até 50% o tempo de reacdo e aumentando a especificidade do teste (47, 48).

A etapa ndao ciclica é a primeira parte da reacdo de LAMP, onde a regido F2 de
FIP hibridiza com a regidao complementar F2c (complementar) do DNA alvo e a enzima
Bst polimerase liga-se a extremidade 3’ livre do primer iniciando a sintese da fita
complementar (Figura 2, passos 1 e 2). O primer externo F3 tem complementariedade
com uma regido mais externa em relacao ao sitio de ligacédo do primer FIP, a regiao
F3c. ApoOs a hibridizacdo F3/F3c, a polimerase inicia a sintese de DNA com
deslocamento de fita dupla, desprendendo a fita complementar recém-sintetizada pela
ligacdo do primer FIP (Figura 2, passos 3 e 4). O fragmento de DNA livre pode entao
formar o loop em uma das extremidades atraves da hibridizacdo da regido Flc do
primer FIP com a regido F1 da fita complementar recém-sintetizada (Figura 2, passos

5 e 6). Esta fita de DNA serd molde para a sintese de DNA, a partir de BIP, na outra
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extremidade, seguido por sintese e deslocamento de fita com inicio em BS3,
semelhante ao ja descrito para FIP e F3 (Figura 2, passo 7). Como resultado, obtém-
se uma fita de DNA em forma de halter (Figura 2, passo 8). Esta  estrutura serve
como material de partida para a etapa de ciclagem da reacdo, a proxima parte da
reacao de LAMP (45).
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Figura 2: Principio da metodologia LAMP (a) identificacdo dos primers para
exemplificar e destacar as regifes de ligacdo com o DNA alvo chamados F1, F2, F3,
B1, B2, B3 e suas regides complementares F1c, F2c, F3c, Blc, B2c, B3c. (b) Etapa
inicial na formacao do grampo nao ciclico onde ocorre a ligacao dos primers formando
a primeira estrutura de fita simples de DNA. Fonte: Adaptado de Tomita, 2008.

Na etapa ciclica da reacéo ocorre a amplificacdo exponencial da sequéncia alvo
(formas em halter) através dos primers internos (Figura 3). Neste estagio, cada nova
fita complementar sintetizada servira como molde para a sintese de novas fitas,
formando assim, estruturas de diferentes tamanhos, sintetizadas a partir de repeticdoes

alternadas da sequéncia alvo (45).
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Figura 3: Principio da metodologia de LAMP (c) etapa chamada de ciclica, onde o os
primres FIP (Foward inner primer) e BIP (Backward inner prime) se ligam a estrutura
de grampo indicando a regido de interesse para a Bst polimerase. Ocorre a
polimerizacao da regido nos dois sentidos 5’ e 3' montando um produto continuo em
formato de escada. Fonte: Adaptado de Tomita, 2008

Para amplificacédo de alvos de RNA, € possivel a combinacdo das metodologias
de Transcricdo Reversa (RT) com o método de LAMP (RT-LAMP), adicionando a
enzima transcriptase reversa, responsavel pela sintese de cDNA, juntamente com a
Bst DNA polimerase, ao tubo de reacédo, permitindo assim a aplicagdo do teste de
LAMP ndo somente para alvos de DNA, mas também para a identificacdo de
moléculas de RNA (45).

Ao final da reagdo de LAMP, bilhGes de copias do DNA alvo séo geradas e o
resultado da reacdo pode ser observado através de eletroforese em gel, bem como
por turbidimetria, devido a formacdo de precipitados de pirofosfato proporcional a
quantidade de DNA sintetizado, ou até mesmo a olho nu, verificando a presenca ou
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auséncia de turvacéo na solucdo. Outras opgoes de leitura dos resultados incluem:
visualizagéo da mudanca de cor, geralmente vermelho para amarelo, de um indicador
de pH, devido a acidificacdo da solucdo que ocorre naturalmente quando ha
amplificacdo ocorrendo na reacao, e leitura de aumento de fluorescéncia, atraves da
adicéo de composto que geram fluorescéncia ao se intercalarem com as cadeias de
DNA formados na reacéo (46, 48).

A disponibilidade das sequencias genéticas do SARS-CoV-2, tornou viavel o
desenvolvimento de iniciadores para regides especificas do virus, como: N1, N2, N15,
S17,0117 e, assim utiliza-los para a amplificagcéo pela técnica de LAMP (41). Diversos
artigos mostraram uma alta especificidade na deteccdo de SARS-CoV-2 por LAMP
(97,6% a 100%). Por outro lado, a sensibilidade analitica variou amplamente entre os
estudos (63% a 100%). Valores de sensibilidade mais baixos foram relacionados a
ensaios LAMP que usaram amostras clinicas diretamente sem extracdo prévia do
RNA viral, e a amostras com carga viral de SARS-CoV-2 muito baixa, com valores de
CTs por RT-PCR acima de 35 (49-53).
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3. JUSTIFICATIVA

Considerando a pandemia do novo coronavirus, SARS-CoV-2, onde é observado o
quadropatoldgico da COVID-19 variando desde infec¢des assintomaticas até quadros
graves com desfechos fatais (27). Com a propagacdo rapida do virus entre a
populacdo, sobrecarregando os sistemas de salde mundiais, surge a necessidade
urgente de detectar e confirmar os casos suspeitos visando a contencdo da
disseminacéao viral (54). Diversos métodos diagnésticos foram sendo desenvolvidos
ao longo da pandemia para a confirmacao da infeccdo pelo SARS-CoV-2, sendo
testados rapidamente e utilizados para tentar diminuir o alastramento do virus nas
comunidades. Mesmo assim, a demora no diagnostico e o alto custo tornam dificil a
testagem em massa das populacbes com alto indice de transmissibilidade e
infecciosidade. A busca por novas metodologias mais viaveis, rapidas e custo-efetivas

aumentaram com o avango da pandemia.

A proposta deste trabalho foi validar e padronizar a técnica de RT-LAMP utilizando
como alvo o gene da polimerase viral, uma regido ainda ndo explorada para esta
metodologia, permitindo a deteccao rapida e com custo desta infeccdo, ampliando o
arsenal de métodos moleculares com potencial para uso em laboratérios sem 0s

recursos necessarios para a implantacdo de métodos baseados na RT-PCR.



4. OBJETIVOS
4.1. Objetivo geral

Validar e padronizar o teste LAMP para a regido da RNA Polimerase

(RP) em amostras positivas para SARS-Cov-2.

4.2. Objetivos especificos

- Comparar o método de LAMP em relacdo ao
custo operacional da RT-PCR.

- Utilizar a metodologia de LAMP diretamente
em amostras de nasofaringe, sem a utilizacao de extracao
prévia de RNA

- Demostrar a vantagem da utilizagcdo do teste
LAMP para a identificacdo do SARS-CoV-2 e suas
variantes ja encontradas diretamente em amostras de
nasofaringe

- Através de revisdo sistematica, comparar a
sensibilidade e especificidade do teste de LAMP para a

regido N do genoma viral do SARS-CoV-2.
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Abstract: SARS-CoV-2 emerged as a new respiratory virus spreading rapidly to all areas of the world.
A systematic review with meta-analysis concerning the use of Loop-Mediated Isothermal Ampli-
fication (LAMP) methodology targeting the SARS-CoV-2 nucleoprotein (N) gene was conducted.
The search resulted in 229 articles, of which 19 articles were selected to compose the final review.
In general, LAMP showed a high specificity in the detection of SARS-CoV-2 and a wide variation
of sensitivity values. The LAMP method was considered a fast and highly specific method for
SARS-CoV-2 detection; however, some variables may affect its sensitivity and overall performance.

Keywords: reverse transcriptase-mediated isothermal amplification; LAMP; SARS-CoV-2; coronavirus
infections; nucleoprotein gene

1. Introduction

Starting in December 2019, the world went on alert with the announcement of a
new coronavirus in the province of Wuhan, China. The new coronavirus spread rapidly,
causing a variety of non-specific respiratory symptoms, in some cases progressing to fatal
outcomes [1]. In 2020, the World Health Organization (WHO) declared the state of a world
pandemic and several countries started research projects and investigations to better under-
stand the spread and pathogenicity of the so-called SARS-CoV-2 [2]. To contain the spread
of the virus, various protective measures have been applied, such as hand washing, wearing
face masks, containment, and social distancing. However, there have been thousands of
cases with the severe forms of COVID-19 and, as a result, a high number of deaths have
been reported worldwide [1]. During the pandemic, several diagnostic strategies were
proposed, mainly based on immunological and molecular biology methods [3,4].

The main methodology, considered the gold standard for SARS-CoV-2 detection, is
Reverse Transcription, followed by real-time Polymerase Chain Reaction (RT-PCR). RT-PCR
is considered extremely sensitive, allowing detection of the viral genome in respiratory
samples during the early infectious phase of COVID-19 [5]. However, even RT-PCR is
a time-consuming and expensive technique that requires dedicated equipment, which
often makes it unfeasible for some diagnostic centers, especially in countries with limited
resources [6].
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Developed in 2000, loop-mediated isothermal amplification (LAMP) is a fast molecu-
lar method, with target sequence amplification in approximately 30 min. The technique
requires only a simple heating block at a fixed temperature of around 65 °C for execu-
tion, maintaining a high sensitivity and specificity and at a lower cost compared to other
molecular methods [7,8]. The addition of a reverse transcription enzyme makes the am-
plification of RNA possible by LAMP [6]. Since then, the technique has been used in the
molecular identification of several pathogens, mainly in developing countries, affected by
endemic tropical diseases [9-12]. LAMP reactions can also be read by different methods,
including visual reading by color or turbidity changes, or using fluorophores to combine to
double-stranded DNA fragments allowing visualization under UV light or in a dedicated
instrument. This adds to the versatility of LAMP as compared to RT-PCR. Despite the
advantages, LAMP methods may suffer from a lack of sufficient sensitivity, may be more
prone to cross-contaminations and require more expertise to differentiate some positive
and negative reactions, especially when color changes are not clear enough.

SARS-CoV-2 is a single-stranded RNA virus with an approximate length of 30 kb.
The N gene, which encodes the nucleocapsid protein, was found at the 3’ end of the RNA
strand, thus being less vulnerable to the action of RNAses that degrade the viral RNA
from the 5 to 3’ sense during the extraction and purification processes, thus ensuring viral
amplification of SARS-CoV-2, even if it is partially damaged [6].

This study aimed to select and analyze published articles that used RT-LAMP method-
ology targeting the viral N gene, comparing its sensitivity and specificity through a system-
atic review with meta-analysis, to obtain insights into the performance of this methodology
and the utility of the N gene in the detection of SARS-CoV-2 for clinical applications.

2. Materials and Methods
2.1. Article Search and Selection Strategy

For the systematic review and meta-analysis, searches were performed for articles in
Medline (PubMed), Science Direct, LILACS and SciELO databases without language re-
strictions, published until 31 July 2021. The following keywords were used: [(SARS-CoV-2)
OR (coronavirus infections)] AND [(Reverse Transcriptase Loop-Mediated Isothermal Am-
plification) OR (LAMP)]. For each search, the same keywords were used, with strategies
compatible with the search tools of the respective databases, in addition to using full text
filters in the search in Medline and open access in Science Direct. After the search, the
articles found were added to the Rayyan program [13] to assist in article selection and
identification of duplicate files.

Two researchers individually selected eligible articles to compose the analysis and a
third researcher assisted with articles that received discordant opinions.

For the selection of articles, the researchers read the titles and abstracts separately. The
following inclusion criteria were used for the selection of articles in this study: original
(observational) diagnostic studies using the LAMP method targeting the N gene for the
detection of SARS-CoV-2 in human samples from symptomatic and non-symptomatic
patients and with demonstration of the percentage of sensitivity and specificity of the
method or the number of true and false positive and negative cases found in comparison
with the results obtained by RT-PCR.

Review articles were removed from the analysis, as well as articles that did not include
the LAMP method, articles that addressed regions other than the N region of the virus, and
articles that did not mention sensitivity and specificity, did not analyze clinical samples, or
did not compare the performance of the technique LAMP with RT-PCR.

2.2. Data Analysis

A Microsoft Excel spreadsheet was used to assist in data analysis, in which the follow-
ing information was extracted: sensitivity and specificity, target genes, type and number of
samples, type of reading of the results, execution time and limits of detection (LOD).
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The meta-analysis consisted of sensitivity and specificity data, and construction of the
forest graph plot was performed using RevMan version 5.4 [14]. For this, the number of
true positive and false negative cases, referring to the sensitivity and the number of true
negative and false positive cases, referring to their specificity, were used for the construction
of the graph.

3. Results

As a result of the initial search, we identified 229 articles in all searched databases. The
search in Medline (PubMed) resulted in 196 articles, in Science Direct 25, in LILACS 4 and
in SciELO 4. Of these, 22 articles were promptly excluded because they were duplicates. In
the first selection round, which included reading the title and abstract, 165 articles were
excluded for not meeting the pre-defined eligibility criteria. After this initial selection,,
42 articles were considered eligible and read in full. Of these, 23 articles were still excluded
because they did not present all the necessary information, defined in the present study, for"
the meta-analysis, and because they did not compare with RT-LAMF, did not use clinical
samples, or did not target the N gene. Finally, the search resulted in 19 articles to compose
this review (Figure 1).

Identified records: 229

Pubmed (n= 196) _— Duplicate records
Science Direct (n = 25) =

T =) removed (n = 22)
Scielo (n= 4)

A

o —— | Records deleted after
Selected records (n = 207) (n = 165)

Reports deleted after full-text
Reports evaluated for i3y
eligibility (n = 42) ———— | screening’ 23
Primer for another gene (n = 8)
l Nosensity and speciity
n=
Did not compare performance with RT-
= = PCR(n=4)
Studies included in the Did not use clinical samples (n = 4)
review (n = 19)

Figure 1. Selection of articles for systematic review and meta-analysis.

A listing containing the 19 articles that make up the review is shown in Table 1.
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Table 1. Summary of data from articles that used the LAMP methodology to identify SARS-CoV-2 in
symptomatic and asymptomatic patients included in this review.

= Sample Sensitivity % Specificity % Reading the
. Taaget Gene N®ofSamples  TypeofSample b mreatment  (CI88.0-921)  (CLo7. 9-99.2) Results
Swab NP and .
3 3 - 93.1% (purified)
N1y OIS sopeiyag )  eBafwikor  ENAsstiidhs 65.5% not 100.0% Colorimetric
ssay le without and direct assay ifed
purification) pect
Swab NP,
Baek, 2020 [16] N 154 (14+/140-) sputum and RNA extraction 100.0% 98.7% Colorimetric
tears
Ganguli2021[17]  Orfla,S,0rf8,N  20(10+/10-) Swab NP we“*"’“‘ g 100.0% 100.0% Finacsics
Hagq, 2021 [18] Orf-1ab, N, S 297 (124+/173-) Swab NP RNA extraction 91.5% 90.0% Colorimetric
Swab NP,
Jang, 2021 [19] RARP N, E 292(130+/162—)  Oropharyngeal RNA extraction 93.9% 100.0% Fluorescence
smears, sputum,
saliva
Swab NP,
Jiang, 2020 [20] N 260 (47+/213—-) sputum and RNA extraction 91.4% 99.5% Fluorescence
tears
Kitagawa, 2020 [21] N 76 (30+/46—) Swab NP RNA extraction 100.0% 97.6% Turbidimetry
_— " Swab NP and . Turbidimetry
Kitajima, 2021 [22] 151 (79+/72-) sputum RNA extraction 88.6% 98.6% and Fluo: 2R
Pre-treated
Lalli, 2021 [23] N, E 30 (20+/10-) Saliva without RNA 85.0% 90.0% Colorimetric
extraction
Lee, 2020 [24] N 157 (107+/50-) Swab NP RNA extraction 87.0% 100.0% Fluorescence
Li, 2021 [25] N 45 (15+/30-) Swab NP w;‘*“’“‘ .'3;“‘ 100.0% 100.0% Colorimetric
Manzano, 2021 [26] N 183 (127+/56—) Swab NP RNA extraction 91.0% 100.0% Fluorescence
Roumani, 2021 [27] ORFS, N, ORF3a 152 (49+/103-) Swab NP RNA extraction 63.3% 99.0% Fluorescence
- RdRP Respiratory Without RNA
Radel, 2020 [28] M E N 73 (38+/35-) Secreti . e 81.6% 100.0% Fluorescence
Schellenberg, Without RNA y i .
2021 [29] N 101 (50+/51—) Swab NP = S 77.0% 100.0% Colorimetric
Dao Thi, 2020 [30] N 235 (354/200—) Swab NP PN RNA 86.0% %9.5% Colorimetric
573 (278 Pre-treated
Yang, 2021 [31] N, ASIE Saliva without RNA 74.8% 100.0% Colorimetric
+/295-) i oy
No RNA
extraction
Zhang 2021 [32] ORFlab, N 12(8+/4-) Swab NP (pre-treatment 100.0% 100.0% katcraltgux;'
with NAOH -
solution)
Nanoparticle-
§ Oropharyngeal ® ’ based lateral
Zhu, 2020 [33] ORFlab, N 129 (33 +/96—) e RNA extraction 100.0% 100.0% 7Sy il
(LFB)

Nasopharyngeal swabs collected with swab (Swab NP); Lateral Flow Assay (LFA);
Nanoparticle-based lateral flow biosensor (LFB); Confidence Intervals (CI).

Using the specificity and sensitivity data extracted from the selected articles, it was
possible to build a forest graph plot using the RevMan 5.4 software [14]. The sensitivity
and specificity of the different studies are shown in Figure 2.
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Sensibility  Specificity Odds Ratio Odds Ratio

or Subgro Events Total Events Total M-H, Random, 95% CI Random, 95% C!
Alvarez, et al, 2021 rig 29 30 30 59% 0.13 [0.01,3.92)
Baek, et al. 2020 " 14 138 140 59% 052[0.02, 11.44)
Gangull, et al. 2020 10 10 10 10 Not estimable
Haq, et al, 2021 "7 124 147 183 93% 1.820.72,4.57]
Jang, et al. 2021 122 130 162 162 62% 0.04 0.00, 0.78) &
Jiang, et al. 2020 46 47 212 213 BI% 0220.01,353) ——————————
Kitagawa, et al. 2021 2 xR a4 46 59% 365[017,78.65)
Kitajima, et al. 2021 7 78 T2 75% 0.11 [0.01, 0.89)
Lal, et al. 2020 17 20 8 10 70% 0.63 [0.06, 6.96] —_—
Les, ot al. 2020 9 107 50 50  63% 0.06[0.00,109) ¢
L, et al. 2021 15 15 B 0 Not estimatie
Manzano, et al. 2021 116 127 56 56 62% 009 [0.01,156) ¥——————
Roumani. et al. 2021 n a8 102 103 76% 0.020.00,0.13) &~
Rodel, el @ 2020 31 38 35 35 62% 0.06 {0.00, 1.08) 1
Schallenberg. ot al. 2021 39 50 5 51 62% 0.03{0.00,058) ¢
Thi, et al. 2020 30 35 199 200 73% 0030.00,027) &
Yang, et al. 2021 208 278 295 286 63% 0.01 {0.00,0.08) ——
Zhang, et al. 2021 8 8 4 4 Not estimable
Zhu, et al. 2020 3 ; %6 96 Nol estimable
Total (95% C1) 1225 1766 100.0% 0.12 [0.04, 0.40) B
Total events 1058 1741
Heterogenedty: Tau® = 3,68; Ch = 51.90, df = 14 (P < 0.00001 ) 1? = 73% =M11 o 7 1’0 100‘
Test for overall effect: Z = 3.50 (P = 0.0005) Favors Specificty Favors Sensibility

Figure 2. Forest plot graph showing sensitivity and specificity of RT-LAMP methods for SARS-CoV-2.
The leftmost column “Study or Subgroup” comprises the 19 studies evaluated in the graph, which
include Alvarez, et al., 2021 [15], Baek, et al., 2020 [16], Ganguli, et al., 2020 [17], Haq, et al., 2021 [18],
Jang, et al., 2021 [19], Jiang, et al., 2020 [20], Kitagawa, et al., 2021 [21], Kitajima, et al., 2021 [22],
Lalli, et al., 2020 [23], Lee, et al., 2020 [24], Lj, et al., 2021 [25], Manzano, et al., 2021 [26], Roumani,
etal, 2021 [27], Rodel, et al., 2020 [28], Schellenberg, et al., 2021 [29], Thi, et al., 2020 [30], Yang, etal.,,
2021 [31], Zhang, et al., 2021 [32] and Zhu, et al., 2020 [33]; “Events” represents the number of samples
that were true positives and true negatives under “sensibility and sensitivity”, respectively; “Weight”
indicates the influence an individual study had on the pooled result; “Odds Ratio” consists of a
measure of association between an exposure and an outcome.

4. Discussion

Although the LAMP test results can be evaluated in a variety of ways, for the purpose
of this study, the performance of the LAMP methods described in the selected studies
was evaluated in terms of sensitivity and specificity when using the N gene region as the
molecular target, thus providing indication of the utility of this region for LAMP-based
methodologies for the detection of SARS-CoV-2 from clinical samples.

In general, all retrieved articles showed high specificity for the detection of SARS-
CoV-2 using RT-LAMP (97.6% to 100%). Analytical sensitivity, however, varied widely
between studies (63% to 100%). Lower sensitivity values were related to RT-LAMP assays
that used clinical samples directly, without prior RNA extraction, and to samples with very
low SARS-CoV-2 viral load, usually with RT-PCR CT values above 35 [15,23,27,29,31]. Only
one study using clinical samples directly, without prior RNA extraction, showed 100%
RT-LAMP sensitivity compared to RT-PCR, but the total number of analyzed samples was
only 45, which may have overestimated the overall performance of the test [25].

Most of the selected articles in this study showed promising results for the amplifica-
tion of SARS-CoV-2 by RT-LAMP, with excellent specificity, as demonstrated in the forest
graph plot (Figure 2). However, only Kitagawa et al. and Haq et al., out of the 19 selected
articles, pointed to a more sensitive than specific RT-LAMP test [18,21].

The study by Kitagawa et al. had an excellent overall performance, with 100% and
97.6% sensitivity and specificity, respectively, in just 35 min of reaction time, along with an
easy reading of the results by visual inspection of turbidity. However, the authors warned
of a possible bias, related to variations in the concentration of RNA in different extracts,
given the inconsistency found in two samples, whose results for RT-LAMP were positive,
while the RT-PCR showed negative results [21].

The study by Haq et al. used 297 samples from Pakistani repatriated patients with
suspected COVID-19, tested with both RI-LAMP and RT-PCR methods. The colorimetric
RT-LAMP assay developed by the authors had a sensitivity of 91.45% and a specificity of
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90% [18]. Reiterating the performance demonstrated by previous articles, it showed high
sensitivity and specificity. This may be due to the concentration of RNA in the samples or
their degradation.

In contrast, Roumani et al. showed excellent agreement in terms of specificity (99%),
but a slightly lower sensitivity (63.3%), compared to RT-PCR. The authors argued that
the false-negative results of RT-LAMP, with positive RT-PCR, were due to a low viral
load among these samples, suggesting that these may represent potentially non-infectious
samples, and thus the negative result of RT-LAMP should not affect the management of
these patients [27]. Similar outcomes were reported by Schellenberg et al., Kitajima et al.
and Thi etal., who demonstrated that the sensitivity of RI-LAMP tests compared to RT-PCR
in clinical specimens is dependent on the samples viral load. In general, samples with a
detection limit around a cutoff threshold (CT) of 30 to 36 cycles by RT-PCR correlated with
a low viral load, generating false-negative results in RI-LAMP [22,29,30].

Baek et al. further evaluated the specificity of the primers, targeting the SARS-CoV-2
N region and used their RT-LAMP test against other coronaviruses such as SARS-CoV and
MERS-CoV, in addition to other respiratory viruses. The authors reported no amplification
in the RT-LAMP assay for any of the tested viruses; therefore, no cross-reactivity of the
developed primers was observed with other respiratory viruses [16].

In the final selection of 19 articles, 4 resulted in “not estimable” according to the forest
plot, as they presented 100% concordant RT-LAMP and RT-PCR results. Only a limited
number of samples was used in these studies to compare with RT-PCR, which may have
interfered with the calculation of the actual specificity and sensitivity values, whose results
are questionable.

Considering the reaction time required for SARS-CoV-2 detection by RT-LAMP, we
found a time variation ranging from 30 to 60 min, which, in any case, makes RT-LAMP
an extremely fast method, even when compared with RT-PCR, which, in general, requires
about 120 to 160 min to be completed, depending on the protocol being used [6,32].

The observed limit of detection (LOD) across the studies showed a wide range of
values with the different LAMP assays, with LOD ranging from 2 to 500,000 copies of viral
RNA per reaction [15,29]. This may be evidence of deficient standardization for some of
these tests, since some studies used synthetic SARS-CoV-2 RNA to determine the LOD,
whereas others did so using clinical samples with a viral load estimated by RT-PCR. In
line with this observation, a similar result was reported from a meta-analysis report that
compared the performance of the RT-LAMP methodology with digital PCR and quantitative
PCR, where the authors found LAMP LOD values ranging from 80 to 10,000 copies per mL,
indicating a rather lower analytical sensitivity for this methodology [34].

Two studies analyzed saliva as clinical samples for the LAMP colorimetric assay,
pointing out a bias that could be a potential problem in the interpretation of LAMP results.
According to the authors, naturally acidic saliva can lead to false-positive results with RT-
LAMP due to changes in the pH indicator by an acidic ample, and not by the acidification
of the reaction solution due to the amplification of the target sequence [15,31]. To correct
the pH, sodium hydroxide (NaOH) was used by the authors, raising the pH of the buffer
solution, thus correcting this problem, resulting in a test with 85% sensitivity and 100%
specificity for the N gene, demonstrating that saliva can be a good alternative sample for
detection of SARS-CoV-2 [31]. Using saliva, Lalli et al. observed that the 1:2 dilution of the
sample in buffered saline, associated with pretreatment with RNase inactivation reagents,
guanidine and thermal incubation at 65 °C for 15 min, potentially reduced the reaction
inhibitors present in the saliva [23].

The development of new, fast, and low-cost molecular methods, while maintaining
excellent sensitivity and specificity, is highly desirable, but rigorous standardization and
investigation should be performed to identify the best gene targets, limit of detection,
reproducibility, and potential application to different samples. One of the advantages
highlighted for LAMP is the use of four to six primers, which recognize six to eight distinct
targets of the SARS-CoV-2 viral RNA, making this method extremely specific.
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5. Conclusions

Although it appears less sensitive than RT-qPCR, the RT-LAMP assay is a simpler
option, which has been shown to be extremely specific for the amplification of SARS-CoV-2.
Despite the reduction in the sensitivity of RT-LAMP in samples with a very low viral
load, the method is a suitable tool for investigating SARS-CoV-2 infection in symptomatic
patients. The utility of very low viral loads is debatable, with some authors arguing that
individuals presenting with this situation may not transmit the virus; thus, a negative result
would not affect the management of these patients, although it may represent an early
infection stage, with patients becoming symptomatic thereafter. Nevertheless, another
advantage of RT-LAMP demonstrated in some studies is the fact that it does not require
prior nucleic acid extraction, reducing sample handling and processing costs. As itis an
easy-to—perform molecular method, with the possibility of visual detection, RT-LAMP
methodology can be an interesting alternative for laboratories with few resources and real
time PCR equipment, or even, as a field methodology, in distant locations and large centers,
providing fast results, which can be very useful for the management of infected patients.

In summary, we concluded that there is a need to include more samples in the val-
idation of the tests in order to increase their reliability, in addition to new studies that
seek to improve the sensitivity of RT-LAMF, using, for instance, combinations of primers
for different target regions of the viral RNA or different clinical specimens. Constant
improvements in the LAMP technique are indispensable for the consolidation of this test
as a robust technique for the detection and identification of SARS-CoV-2 and other viruses
of clinical interest.
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Abstract: In 2020, a global pandemic caused by SARS-CoV-2 was decdlared. Different institutes
proposed diagnostic molecular methods to detect the virus in dinical samples. This study aims to
validate and standardize the use of a loop-mediated isothermal amplification (LAMP)-based
methodology targeting the viral RP gene, as a faster and low-cost diagnostic method for SARS-CoV-2
infections. The results obtained with RT-LAMP (Reverse Transcriptase) were compared fo the results
of real-time polymerase chain reaction (RT-PCR) to assess its sensitivity and specificity. In total, 115
samples (nasopharyngeal samples) were used for detecting SARS-CoV-2 by RT-LAMP, with 43
positives and 72 negatives. The study showed a positive predictive value (PPV) of 90.7% and a negative
predictive value (VPN) of 100%. The LAMP assay also demonstrated a high sensitivity of 90.7% and a
specificity of 100% (confidence interval 77.9-97.4%) when using the lower detection limit of 40
copies/uL. The RT-LAMP described here has the potential to detect even the new variants of SARS-
CoV-2, suggesting that it may not be significantly affected by gene mutations. The RT-LAMP targeting
the RP wviral region is faster and less expensive than other molecular approaches, making it an
alternative for developing countries.

Keywords: reverse transcriptase-mediated isothermal amplification; LAMP; SARS-CoV-2;
coronavirus infections; RP gene

1. Introduction

At the beginning of the SARS-CoV-2 pandemic, the virus was initially imported into
Brazil from Europe, where it quickly found a vulnerable environment due to the lack of
proper protective measures. This allowed the virus to spread rapidly within the country,
resulting in a devastating outcome. Consequently, multiple variants of concern, such as the
P.1 variant, emerged and contributed to the already alarming death toll, which currently
stands at over 687 thousand people [1]. The number of COVID-19 cases in Brazil has reached
a staggering 35 million to date.

To combat the widespread dissemination of the wirus, various measures were
suggested, including sodial isolation and other containment protocols. However, as reports
from countries across the globe started pouring in, it became evident that the viral spread
and severe respiratory diseases were not limited to Brazil alone. As a result, the total number
of COVID-19 cases worldwide has climbed to a startling 657 million, with an alarming death
toll of 6.9 million (as of May 2023).
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Numerous diagnostic methods have been proposed by different institutions in various
countries, each striving to tackle the challenges posed by SARS-CoV-2. The Centers for
Disease Control and Prevention (CDC) in the United States, among others, initially
advocated for molecular methods such as PCR-based assays, which were later followed by
immunological assays as the pandemic progressed [2].

Among the diagnostic techniques, reverse transcription real-time polymerase chain
reaction (RT-qPCR) emerged as the primary method for detecting SARS-CoV-2 due to its
exceptional sensitivity and ability to identify even minute amounts of viral genetic material
in clinical samples. Nonetheless, RT-qPCR does have its drawbacks. It is a time-consuming
and expensive technique, making its implementation challenging in certain diagnostic
centers, particularly those in low- and mid-income countries.

In an effort to address these limitations, an alternative method called loop-mediated
isothermal amplification (LAMT) gained attention. LAMP is an isothermal amplification
technique developed by Notomi and colleagues in 2000 [3]. One of its key advantages is the
ability to generate billions of DN A copies at a constant temperature, eliminating the need for
complex thermocyclers and significantly reducing the overall cost of the test. Additionally,
LAMFPF demonstrates high specificity by targeting up to eight distinct regions of the DNA,
making it a reliable and accurate diagnostic method. Furthermore, LAMF can be combined
with a reverse transcription step, allowing it to be applied to RNA-based pathogens such as
SARS-CoV-2, This suggests the possibility of using LAMP alongside RT-qPCR to enhance
diagnostic capabilities [4].

The objective of this study was to develop a colorimetric loop-mediated isothermal
amplification assay preceded by a reverse transcription step (RT-LAMF). The target for
amplification in this assay was the SARS-CoV-2 polymerase gene. To evaluate the
performance of the proposed method, the sensitivity and specificity, as well as the negative
and positive predictive values, were calculated using RT-qPCR as the reference method.

2. Discussion

In total, 115 nasopharyngeal samples were used for the detection by RT-LAMP. Among
the samples tested, a total of 43 samples were determined to be positive for SARS-CoV-2,
while 72 samples yielded negative results. These findings were previously established
through the utilization of a validated RT-qPCR method targeting the N1 and N2 viral
regions. When comparing the results obtained from the RT-LAMP assay with those obtained
from RT-qPCR, a total agreement exceeding 96.5% was observed. Furthermore, the RT-
LAMF method exhibited a remarkable specificity of 100% and a sensitivity of 90.7%. These
values were calculated based on a limit of detection (LOD) of 40 copies/uL.

The negative predictive value (NPV) of the RT-LAMP assay was determined to be
94.7%, indicating a high degree of confidence in identifying true negative cases. Conversely,
the positive predictive value (PFV) was found to be 100%, underscoring the reliability of the
RT-LAMP assay in accurately detecting positive cases. Notably, the LOD observed for this
particular method was 40 RNA copies/uL, which consistently yielded positive results in over
95% of the test runs (as depicted in Figure 1). To ensure robust test validation, these runs
were performed in triplicate over 3 days.
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Figure 1. Determination of lower detection limit using RT-LAMP in nasopharyngeal samples. Legend:
NTC = No template control. The numbers at the top are copies/uL. Red/pinkish color is a negative
reaction. Positive reactions in yellow color.

It is worth mentioning that the LOD observed with the RT-LAMFP assay corresponded
to an RT-PCR CT value of less than 27, emphasizing the comparable sensitivity and accuracy
of the two diagnostic methods in detecting SARS-CoV-2 infections.

The RT-LAMP assay was employed to analyze a set of positive samples, each witha CT
value below 30 in the RT-PCR analysis. These samples encompassed the predominant SARS-
CoV-2 variants that were drculating in the specific region under investigation, including the
gamma (F.1), delta, and omicron wariants. Each wvariant was represented by five
nasopharyngeal samples previously genotyped by a reference laboratory, which were
collected in February 2021 and subsequently subjected to the RT-LAMF assay. Notably, the
assay successfully and accurately detected all tested variants, implying that the selected
primers remained effective even in the presence of potential gene mutations.

This observation provides valuable insight into the robustness and reliability of the RT-
LAMP assay, suggesting that the primer sequences employed in the assay were not
compromised by the presence of genetic variations within the targeted regions of the SARS-
CoV-2 genome. The ability to detect and identify the different variants using the RT-LAMP
assay strengthens its applicability as a valuable diagnostic tool capable of accommodating
the dynamic nature of the virus. In our setting, the calculated cost of the RT-LAMP is USD
2.5 compared to USD 10 for the current RT-qPCR assay used in our lab.

The RT-LAMF proposed in this study has emerged as a promising alternative to RT-
PCE for the detection of SARS-CoV-2 directly from nasopharyngeal swabs, offering
numerous advantages and potential applications. One notable advantage is the simplicity of
the reaction, which can be performed using a water bath maintained at a fixed temperature
of 63 °C. This eliminates the need for expensive equipment, making the RT-LAMF assay a
more cost-effective solution compared to RT-PCR, which typically requires specialized
thermal cyclers [1].

A significant bottleneck in molecular testing lies in the nucleic acid extraction step,
which is not only time-consuming, but also adds to the overall cost of testing. Extraction-free
molecular methods, such as the RT-LAMP assay described here, have the potential to
significantly reduce the time and costs associated with testing procedures [5]. By bypassing
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the extraction step, the RT-LAMF assay not only streamlines the workflow, but also
minimizes the impact on test sensitivity, further contributing to its cost-effectiveness [6,7].
In the specific setting of this study, the RT-LAMF assay demonstrated robust
performance, as indicated by its calculated negative predictive value (NFV) of 100% and a
positive predictive value (PPV) of 90.7% (as presented in Table 1. These findings underscore
the potential of the RT-LAMF assay as a reliable diagnostic tool for SARS-CoV-2 detection.

Table 1. Sensitivity and speaificity of LAMP compared to RT-PCR.

LAMP Positive LAMP Negative
RT-PCR Positive 39 4
RT-PCR Negative 0 72

Numerous studies investigating the application of RT-LAMP for SARS-CoV-2 detection
have consistently reported high sensitivity, with a range of 91% to 100%, even when using
different genetic targets and detection strategies [6—15,20]. While the RT-LAMP assay may
occasionally yield false-negative results, especially in cases of extremely low viral loads near
the limit of detection (LOD), it is unlikely that such false negatives in this study resulted from
Bsf enzyme inhibition. Bsf polymerase, the key enzyme used in the RT-LAMT assay, exhibits
tolerance to various inhibitors that could potentially impact the performance of RT-PCR
assays [16]. It is important to note that low viral loads, particularly during the early or late
stages of the symptomatic phase of COVID-19, pose a challenge for all detection methods,
including RT-PCR, and may result in missed detections [16].

Sensitivity at LOD 40 copies/uL = 100 x (39/39 +4) = 90.7% Specificity = 100 x (72/0 + 72) = 100%

Recent meta-analyses encompassing large-scale studies involving thousands of SARS-
CoV-2-infected patients have revealed that initial false-negative results via RT-PCR can be
prevalent, with rates reaching up to 58% [17]. Rapid antigen tests, which have been utilized
as an alternative to RT-PCR, also exhibit reduced sensitivity during the earlier stages of
COVID-19, with an overall reported sensitivity of approximately 65% [18]. In contrast, the
RT-LAMF assay described in this study demonstrates high specificity (100%), which can be
attributed to the utilization of six specific primers targeting the selected region, as supported
by previous studies [10,13,15,19,20]. This multiple-primer approach enhances the assay’'s
specificity and further reinforces its reliability for SARS-CoV-2 detection.

According to OPAS [2], one potential drawback of colorimetric LAMP methods,
including the RT-LAMP assay, is their susceptibility to acidic samples, such as saliva, which
can lead to false-positive results due to the color change of the pH indicator [2]. However, it
is crucial to note that in such cases, the appearance of a vellow color upon sample addition
to the LAMP mix should prompt the interpretation of the reaction as invalid, mitigating the
impact of false positive results. Therefore, as an alternative, turbidity or fluorescence-based
tests could be utilized. This emphasizes the importance of following proper protocols and
recognizing the limitations of the assay when interpreting the results, particularly in the
presence of acidic samples.

In summary, the RT-LAMPF assav presented in this study offers a simple, efficient, and
cost-effective method for the detection of SARS-CoV-2 in nasopharyngeal samples. By
eliminating the need for nucleic acid extraction and utilizing a water bath at a fixed
temperature, the assay not only reduces the time and cost associated with testing, but also
demonstrates comparable sensitivity to RT-PCR and superior specificity. The ability to
complete the assay within 45 min further enhances its appeal, allowing for a rapid and timely
detection of the virus [2].

The RT-LAMF assay holds great promise as a valuable tool in resource-limited settings,
where access to sophisticated laboratory infrastructure and equipment may be limited. Its
user-friendly nature and minimal requirements make it accessible to a broader range of
healthcare facilities, facilitating the confirmation of COVID-19 infections in a timely and cost-
effective manner.

However, it is essential to acknowledge that the field of SARS5-CoV-2 research is
continuously evolving, with new viral variants emerging. Further studies are necessary to
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evaluate the performance of the RT-LAMP assay in the context of these evolving viral
genomes. Additionally, expanding the sample size and conducting comparative studies
against established diagnostic methods would provide additional validation and strengthen
the evidence supporting the efficacy of the RT-LAMT assay for SARS-CoV-2 detection.

In conclusion, the RT-LAMFP assay described in this study represents a significant
advancement in the field of molecular diagnostics for SARS-CoV-2. Its ability to detect the
virus directly from nasopharyngeal swabs, without the need for nucleic acid extraction,
coupled with its cost-effectiveness, rapidity, and accuracy, positions it as a valuable
alternative to conventional RT-PCR methods. As the global battle against COVID-19
contimues, the RT-LAMF assay holds immense potential for widespread implementation,
espedially in resource-limited settings, contributing to improved patient management and
disease control.

4. Materials and Methods
4.1. Nasopharyngeal Samples

Nasopharvngeal samples employved in this investigation were obtained utilizing a
sterile swab and transferred into a tube containing 2 mL of saline solution. The samples were
collected at a private laboratory, located in Novo Hamburgo, Brazil, in response to medical
requests for RT-qPCR to diagnose COVID-19. The collection period spanned from June 2020
to August 2020, and the samples were promptly frozen and preserved until the time of
testing, with a maximum storage time of 24 h. Subsequently, after undergoing RT-qPCR
analysis (Promega Corporation, Madison WI, USA) an aliquot of approximately 1 mL of the
remaining sample was transterred to a new sterile tube and then stored at a temperature of
-20 °C for a maximum of 48 h prior to RT-LAMFP testing. It should be noted that during the
thawing process, the aliquots were promptly processed to minimize any potential
degradation of viral RNA. All samples utilized in this study were handled anonymously and
exclusively identified by an internal numerical code, thereby ensuring the confidentiality of

patient information, which remained inaccessible and unused throughout the study (as
depicted in Figure 2).

Figure 2. Schematic view of sample collection, transportation, and RT-LAMP analysis. A—
Nasopharyngeal sample collection. B—Sample is transferred to a tube containing 2 ml of sterile saline.
C—A 1 ml aliquot was transferred to a cryotube and kept frozen until RT-LAMP analysis. D—Thawed
sample added directly to the RT-LAMP mix (New England Biolabs® Ipswich, MA, USA). E—Tubes
were incubated at 63 °C for 45 min. F — After incubation, the vellow color indicates positivity for SARS-
CoV2, while the red color indicates a negative test.

In total, the study encompassed a comprehensive set of 115 nasopharyngeal samples.
Among these, 43 samples exhibited positive results (with a CT value below 30) for SARS-
CoV-2, as determined by RT-qPCR, which served as the benchmark methodology for
method comparison [20].
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This project was approved by the Ethical Committee of Universidade Federal de
Ciéncias da Saiide de Porto Alegre (UFCSPA-Porto Alegre-Brazil) under the identification
number 4,769,584,

4.2, Primers for RT-LAMP

Oligonucleotide primers were designed using the online software PrimerExplorer
version 5 (https://primerexplorer.jp/ef (accessed on 22 of February 2020) using the consensus
RNA polymerase (RP) gene sequence from SARS-CoV-2 as the template. Table 1 shows the
chosen primer set designed for this study.

Table 2. LAMP primer set used in this studv (in bold) and their properties.

Label Length Tm 5'dG 3'dG GC Rate Sequence
F3 21 55.33 -4.9 -4.18 0.38 ACTGACTTAACAAAGCCTTAC
B3 20 56.19 -3.53 —4.55 0.4 ACTAGTGGTCCAAAACTTGT
FIP 0 GGTGGTATGTCTGATCCCAATATTT-
GGGATTTGTTAAAATATGACTTCAC
BIP 45 TTGTGTTAACTGTTTGGATGACAGA-
AGTGGGAACACTGTAGAGAA
F2 25 56.51 -4.85 —-4.51 0.32 GGGATTTGTTAAAATATGACTTCAC
Filc 25 60.56 -6 -2.28 0.4 GGTGGTATGTCTGATCCCAATATTT
B2 20 57.27 -5.84 -4.1 0.45 AGTGGGAACACTGTAGAGAA
Bic 25 60.88 -4.72 -4.76 0.36 TTGTGTTAACTGTTTGGATGACAGA
LF 25 60.92 -6.19 -4.1 0.4 CGGTCAAAGAGTTTTAACCTCTCTT
LB 21 60.35 -4.96 —5.17 043 TGCATTCTGCATTGTGCAAAC
4.3. RT-LAMP

The RT-LAMP reaction was carried out utilizing the WarmStart® Colorimetric LAMP
Kit, a product manufactured by New England Biolabs®(Ipswich, MA, USA). The laboratory
had previously validated the following protocol for the detection of other pathogens,
ensuring its reliability and effectiveness. The final reaction volume was set at 10 uL,
comprising 5 pL of WarmStart® Colorimetric LAMP MIX, 1 pL of RP primers MIX (with a
final concentration of 200 nM for F3/B3 primers, 1600 nM for FIF/BIF primers, and 400 nM
for LE/LB primers), 2.0 uL of nuclease-free water, and 2 uL of the sample or controls.

Upon preparing the reaction mixtures, the tubes were promptly subjected to an
isothermal reaction at a temperature of 63 °C for a duration of 45 min. Following the
incubation period, the reactions were visually examined, and a discernible change from the
original red/pinkish color to a distinct yellow color was deemed indicative of a positive
result. To ensure the validity of the results, positive controls (known positive samples) and
non-template controls (NTCs) were included in each new run, serving as reference points
for comparison.

It is important to note that for the sample preparation, a brief vortex homogenization
step was employed to ensure proper mixing. Subsequently, 2 uL of the homogenized sample
was directly used without undergoing any nucleic acid extraction procedures, simplifying
the workflow and reducing processing time.

To determine the limit of detection (LOD) for the RT-LAMP assay, a series of 10-fold
dilutions were prepared from a pooled positive sample, which had previously been
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quantified using RT-qPCR. These dilutions were tested in triplicate on multiple occasions.
The lowest viral load that consistently produced a clear and repeatedly positive result in the
RT-LAMP runs was considered the LOD for this assay. For the concordance analysis, the
acceptance criterion was used as a global concordance greater than or equal to 95%.
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8. CONCLUSAO

O uso de RT-LAMP tendo como alvo a regido da polimerase viral demonstrou ser
um meétodo viavel, rapido e de menor custo quando comparado ao teste padrdo-ouro
de RT-PCR. O teste apresentou excelente especificidade e adequada sensibilidade
para a deteccdo do SARS-CoV-2 diretamente em amostras de nasofaringe, sem a
necessidade de extracdo de acidos nucleicos, o que contribui para o reduzido custo
da reacédo de RT-LAMP. Apesar de apresentar um limite de detec¢éo ao redor de 40
copias/[Jl, podendo ndo detectar algumas amostras com cargas virais muito baixas,
esta também é uma limitacdo conhecida das metodologias de RT-PCR e dos testes
de deteccao rapidos de antigenos disponiveis comercialmente. As analises realizadas
sugerem que o teste de RT-LAMP proposto ndo € afetado pelas mutacdes genéticas
B.1.1.28, B.1.1.33, P1, P2, Omicron, podendo ser utilizado mesmo dentro de um
cenario de constante mudancas do SARS-CoV-2. Entretanto, o nimero limitado de
amostras utilizados neste estudo ndo permite uma conclusédo definitiva acerca das
limitacbes do método, sendo necessario a ampliacdo do n amostral, incluindo de
novas variantes, para aprimorar o diagnéstico da COVID-19 com utilizacdo desta
técnica de RT-LAMP em escala mundial.
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