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RESUMO

O coronavirus da sindrome respiratéria aguda grave 2 (SARS-CoV-2) foi
identificado pela primeira vez em Wuhan-China, como o agente causador da doenga do
coronavirus 2019 (COVID-19). Desde o surgimento do primeiro caso em Sao Paulo, em
26 de fevereiro de 2020, mais de 3.000.000 de casos e 106.000 mortes foram notificados
no Brasil. Na fase inicial da epidemia, o SARS-CoV-2 se espalhou localmente, no entanto,
com o tempo, esse virus se disseminou para outras regides do pais. Neste estudo, o
sequenciamento do genoma do SARS-CoV-2 e anélises filogenéticas foram realizados a
partir de sequencias obtidas do processamento de 20 amostras clinicas com diagndstico
para COVID-19, provenientes de 9 cidades de MG, a fim de avaliar a caracterizacdo
genética das variantes virais circulantes no estado, de marco a maio de 2020. As andlises
demonstraram a circulagdo da linhagem B.1 nos locais investigados e substituigdes
nucleotidicas foram observadas nas regides gendmicas relacionadas a importantes
estruturas virais. Além disso, as sequéncias geradas neste estudo agrupam
filogeneticamente com isolados do estado de Sao Paulo, sugerindo uma rota de
transmissao entre esses 2 estados. Alternativamente, grupos monofiléticos de sequéncias
de MG e de outros estados ou pais foram observados, indicando eventos de introdugao
independente do virus. Esses resultados reforcam a necessidade de vigilancia gendmica

para o entendimento da atual propagacdo de patégenos virais emergentes.

Palavras-chave: SARS-CoV-2, COVID-19, vigilancia gendmica, Minas Gerais,

sequenciamento gendmico , linhagem B1



ABSTRACT

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) was first
identified in Wuhan-China, as the causative agent of the coronavirus disease 2019
(COVID-19). Since notified in Sdo Paulo on 26™ February 2020, more than 3,000,000
cases and 106,000 deaths were reported in Brazil. In the early epidemic phase, SARS-
CoV-2 spread locally, however, over time, this virus was disseminated to other regions of
the country. Here we performed genome sequencing and phylogenetic analysis of SARS-
CoV-2 of 20 clinical samples of COVID-19 confirmed cases from 9 cities of MG, in order
to evaluate the genetic characterization of circulating viral strains in the state from March
to May 2020. Our analyses demonstrated the circulation of B.1 lineage isolates in the
investigated locations and nucleotide substitutions were observed into the genomic
regions related to important viral structures. Additionally, sequences generated in this
study clustered with isolates from Sao Paulo state, suggesting a dissemination route
between these 2 states. Alternatively, monophyletic groups of sequences from MG and
other states or country were observed, indicating independent events of virus introduction.
These results reinforce the need of genomic surveillance for understand the ongoing

spread of the emerging viral pathogens.

Keyword: SARS-CoV-2, COVID-19, genomic surveillance, Minas Gerais, genome

sequencing, B1 lineage



CAPITULO I

Fundamentacao Teorica

Coronavirus da sindrome respiratoria aguda
grave 2



INTRODUCAO
Historia e classificacao dos Coronavirus.

Em 1965, Tyrell e Bynoe identificaram um microorganismo desconhecido em
uma amostra de cultura de tecido traqueal de um paciente que apresentava um resfriado
comum (TYRRELL; BYNOE, 1966). Apds andlises, esse novo grupo de virus foi
denominado como Coronavirus (CoVs), devido a aparéncia de coroa da sua superficie
(TYRRELL et al, 1975). Os CoVs pertencem a ordem Nidovirales, familia
Coronaviridae e subfamilia Orthocoronavirinae, e sdo classificados em quatro géneros:
alphacoronavirus (a-CoV), betacoronavirus (B-CoV), gammacoronavirus, (y-CoV) e

deltacoronavirus (d-CoV) (WOO et al., 2012) (Figura 1).

Figura 1. Esquema de classificacio dos Coronavirus humanos

Ordem Nidovirales
Familia Arteriviridae Coronaviridae ‘ Mesoniviridae

Subfamilia Orthocoronavirinae Torovirinae

Género a-CoV p-CoV »CoV 5CoV

Subgénero [Sarbecovfrus _

Espécies HCoV-229E SARS-CoV-2 HCoV-0C43
(Humanas) | ycov-NL63 SARS-CoV
HCoV-HKU1

MERS-CoV

Adaptado de (MALIK,2020)

Os CoVs sdo os agentes causadores de uma variedade de doengas letais em
passaros e mamiferos, fator que gera impacto na industria agricola (LEE, 2015). Alguns
foram originalmente classificados como enzodticos, limitando a infeccdo a animais,

porém, progrediram para zoonoses, € atualmente também causam infec¢des em humanos
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(MALIK, 2020). Até o momento, sete espécies conhecidas sdo zoondticas, dentre elas, os
CoVs humanos 229E (HCoV-229E) e NL63 (HCoV-NL63), pertencentes ao género
alphacoronavirus, e os CoVs humano OC43 (HCoV-0C43), HKU1 (HCoV-HKU1), da
sindrome respiratéria aguda grave (SARS-CoV), da sindrome respiratdria aguda grave 2
(SARS-CoV-2) e da sindrome respiratéria do Oriente Médio (MERS-CoV), que
pertencem aos betacoronavirus (VAN BOHEEMEN et al., 2012). Quatro dessas espécies
(HCoV-229E, HCoVNL63, HCoV-OC43 e HCoV-HKUI1) causam infec¢des em
humanos, com sintomas similares a de um resfriado comum (Payne, 2017). No entanto,
SARS-CoV, MERS-CoV e SARS-CoV-2 sdo capazes infectar o trato respiratorio e
desencadear uma série de sintomas como febre, tosses, pneumonia e dispneia, sendo que
essas manifestacdes podem se agravar e levar o paciente ao 6bito (LAI et al., 2020).
Devido a possibilidade de apresentar manifestacdes mais severas e causar epidemias,

essas ultimas espécies tem despertado maior atencdo da sociedade.

Entre os anos de 2002 e 2003, os primeiros casos da Sindrome Respiratéria Aguda
Grave (SARS, Severe Acute Respiratory Syndrome) ocorreram na China, causada pelo
SARS-CoV (KSIAZEK et al., 2003). O virus se espalhou rapidamente para paises da
América do Norte, América do Sul, Europa e Asia. Entre 1 de novembro de 2002 ¢ 8 de
julho de 2003, mais de 8 mil casos e 812 mortes foram notificadas, entretanto, essa
epidemia foi controlada (KSTAZEK et al., 2003; WOO et al., 2009). Ainda ndo se sabe ao
certo como esse virus passou a circular em humanos, jia que os Civetas das palmeiras

asiaticas eram os reservatorios naturais de SARS-CoV (GUAN et al., 2003).

Em 2012 foi isolado no Oriente Médio outro CoV com caréter epidémico, distinto
do SARS-CoV, o MERS-CoV (ZAKI et al.,, 2012). Este virus foi o agente causador de
infec¢Oes do trato respiratorio com taxa de mortalidade entre 20 e 40% nas fases iniciais
do surto, com preocupagdes de que esse CoV se disseminasse globalmente (AZHAR et
al., 2019). Porém, embora casos esporadicos ocorreram por um periodo, o surto nao se
intensificou (MACKAY; ARDEN, 2015). Algum tempo apds o primeiro relato,
pesquisadores identificaram a presenca de MERS-CoV em aproximadamente 90% dos
Camelos da Arabia Saudita, sugerindo que esse animal possa ter sido o principal

reservatorio desse virus (ALAGAILI et al., 2014; MACKAY; ARDEN, 2015).

Em 31 de Dezembro de 2019, a Organizacio Mundial da Saiude (OMS) foi
reportada sobre a ocorréncia de casos de pneumonia de etiologia desconhecida, que

acometia a cidade de Wuhan, na provincia de Hubei, China (Organiza¢do Mundial da
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Saude, 2020). Em 11 de Fevereiro de 2020, a OMS nomeou essa nova pneumonia como
Doenca do Coronavirus 2019 (COVID-19, Coronavirus Disease 2019). Apesar de ndo ter
sido originado a partir do SARS-CoV, o novo CoV foi nomeado pela Comissdo
Internacional de Classificagdo Viral como SARS-CoV-2 (CORONAVIRIDAE STUDY
GROUP OF THE INTERNATIONAL COMMITTEE ON TAXONOMY OF, 2020),

visto que o sequenciamento do genoma desse novo patdégeno revelou maior similaridade
SARS-CoV do que com o MERS-CoV (MALIK, 2020). Até 25 de setembro de 2020
foram relatados pela OMS mais de 30 milhdes de casos e 970 mil mortes por COVID-19
no mundo (ORGANIZACAO MUNDIAL DA SAUDE, 2020) (Figura 2). Devido a sua
disseminagdo global e ao grande nimero de casos, em 11 de marco de 2020 a OMS
decretou situacdo de pandemia para o SARS-CoV-2. Devido a inexisténcia de antivirais
licenciados contra o SARS-CoV-2 (SANTOS et al., 2020) vérios paises t€ém usado
intervencoes nao farmacéuticas (INP) na tentativa de controlar a pandemia (CANDIDO
et al., 2020) para combater o COVID-19. No entanto, apesar dessas medidas apresentarem

efeitos positivos, estudos tém demonstrado que a transmissdo do SARS-CoV-2 de

individuos assintomadticos ou pré-sintométicos dificulta os esforcos da satide publica para
combater (ARONS et al., 2020; MIZUMOTO et al., 2020).

Figura 2. Nimero de casos notificados de SARS-CoV-2 no mundo

Adaptado de (ORGANIZACAO MUNIDAL DA SAUDE, 2020)
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Origem do SARS-CoV-2

Desde a descoberta do SARS-CoV-2, a origem desse novo CoV vem sendo
investigada (ANDERSEN et al., 2020; CIOTTI et al., 2020). A hip6tese de que o SARS-
CoV-2 seria resultado de procedimentos laboratoriais ndo foi sustentada, visto que os
dados de similaridade genética entre 0 SARS-CoV-2 e outros Covs demostraram que o
novo CoV ndo deriva de um virus previamente conhecido (ALMAZAN et al,, 2014). A
andlise do genoma viral demonstrou que o SARS-CoV-2 apresenta caracteristicas
genéticas especificas, como um sitio polibdsico nas subunidades da proteina spike (S1 e
S2,) permitindo que ocorra a clivagem por furinas e outras proteases. Essas proteases
concedem uma maior afinidade ao receptor da enzima conversora de angiotensina 2
(ACE2), presente em algumas células do hospedeiro. Essa otimizacdo da afinidade de
ligacdo ao receptor da célula do hospedeiro distingue o SARS-CoV-2 dos outros
coronavirus existentes (ANDERSEN et al., 2020; NAO et al., 2017). Foi observado que
0 SARS-CoV-2 ¢ altamente semelhante aos CoVs de morcegos, podendo esse animal ser
reservatorio desse virus (WU et al., 2020). Adicionalmente, outros CoVs de carater
epidémico como o MERS-CoV (ALAGAILI et al., 2014) e o SARS-CoV (GUAN et al.,
2003) apresentam animais como reservatorio, fato que reforca a hipdtese da origem desse

novo virus.

Estrutura da particula viral do SARS-CoV-2

Assim com os membros da familia Coronaviridae, o SARS-CoV-2 é um virus
envelopado, com genoma de RNA de fita simples com cerca de 30.000 pares de bases
(MALIK, 2020). As proteinas spike (S), de membrana (M), de envelope (E) e do
nucleocapsideo (N) sdo os principais constituintes da estrutura do virus (FEHR;
PERLMAN, 2015; MALIK, 2020) (Figura 3). O envelope viral € constituido por uma
bicamada lipidica, derivada das membranas da célula hospedeira, onde estdo inseridas as
proteinas S, M e E. O nucleocapsideo € formado por unidades da proteina N, que

envolvem o RNA viral (FEHR; PERLMAN, 2015; MALIK, 2020) (Figura 3).
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Figura 3. Estrutura da particula viral do SARS-CoV-2

Spike (S1 e 52)

Nucleocapsideo (N)
Membrana (E\.TI) _
)\/ Envelope (E)
ssRNA (+)

(SANTOS et al., 2020)

Além de desempenharem um papel fundamental na estrutura da particula do virus,
algumas proteinas estruturais também estdo envolvidas em outros processos relacionados
ao ciclo de replicacdo viral (MALIK, 2020). A proteina S (~150 kDa) auxilia a adsor¢ao
do virus aos receptores de superficie da célula hospedeira, resultando na fusdo da
membrana celular ao envelope viral, com consequente entrada do virus nas células
(GLOWACKA et al, 2011; MALIK, 2020). Para evadir a acdo dos anticorpos
neutralizantes, alguns CoVs utilizam, no momento da infec¢do, da estratégia de fusao da
célula infectada com as células adjacentes, formando células multinucleadas, estratégia
mediada pela proteina S (GLOWACKA et al, 2011; QIAN; DOMINGUEZ; HOLMES,
2013). Uma protease do hospedeiro, semelhante a furina, cliva a proteina S em dois

polipeptideos, S1 e S2 (ABRAHAM et al., 1990; MALIK, 2020).

A proteina M (~25-30 kDa) define a forma do envelope viral, sendo a mais
abundante dentre as proteinas citadas (ARMSTRONG et al., 1984; MALIK, 2020). Esta
proteina se apresenta em duas conformacdes diferentes, permitindo a curvatura da
membrana e, a0 mesmo tempo, a ligacio com o nucleocapsideo, deixando este mais

estdvel (NEUMAN et al., 2011). A associagdo entre as proteinas M e E compdem o

14



envelope viral, sendo essa interacdo suficiente para a producao e liberacdo de particulas

semelhantes a virus (VLPs, Virus-Like Particles) (MALIK, 2020).

Dentre as principais proteinas estruturais, a proteina E é a menor delas,
apresentando entre 8 al2 kDa (NIETO-TORRES et al., 2011; WANG, H. et al., 2020). E
uma proteina transmembranica que possui atividade de canal id6nico (NIETO-TORRES et
al., 2011; WANG, H. et al., 2020). Durante a replicacdo, a proteina E é abundantemente
expressa dentro da célula infectada, sendo parte incorporada ao envelope viral,
contribuindo para a montagem e brotamento do virus (NIETO-TORRES et al., 2011).
Estudos realizados com CoVs que ndo continham a proteina E demostraram que os titulos
virais obtidos foram reduzidos, sugerindo a producdo de progénie defectiva, e portanto,
demonstrando a importancia da proteina E na maturacdo e produgao do virus (ORTEGO

et al., 2002)

A tUnica proteina que se liga ao genoma do SARS-CoV-2 € a proteina N (DE
HAAN; ROTTIER, 2005), sendo composta por dois dominios separados, um dominio N-
terminal (NTD) e um dominio C-terminal (CTD). Sugere-se que ambos contribuam para
a ligacdo ideal ao RNA (CHANG et al., 2006). Essa proteina também esta envolvida na
montagem viral, resultando na formacao do virion (MALIK, 2020; TOOZE; TOOZE,;
WARREN, 1984).

Replicacao do SARS-CoV-2

Devido a identificagdo recente do SARS-CoV-2, o processo de replicacio no
hospedeiro ainda nio foi completamente elucidado. Os mecanismos gerais de entrada na
célula hospedeira, replicacdo e liberacao seguem caracteristicas que foram descritos para
outros CoVs e que foram parcialmente confirmados para SARS-CoV-2. A ligacido do
SARS-CoV-2 a célula hospedeira € iniciada pela interagdo entre a proteina viral S e o
receptor celular ACE-2, processo relacionado ao tropismo do virus pelos tecidos do
hospedeiro que expressam receptor, como o pulmonar, gastrointestinal, hepatico e o renal
(CHU et al., 2020; HOFFMANN et al., 2020). A interacdo entre 0 ACE2 e o dominio de
ligacdo ao receptor (RBD, Receptor Binding Domain) da proteina S desencadeia a
endocitose da particula viral, que € realizada através da formacdo de endossomos (RABI
et al., 2020). A proteina S € dividida em duas subunidades, S1 e S2 (MALIK, 2020), e

durante a endocitose a subunidade S2 € exposta, permitindo a fusdo do envelope viral
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com a membrana do endossomo e a consequente liberagdo do capsideo no citoplasma

celular (BELOUZARD; CHU; WHITTAKER, 2009) (Figura 4).

Figura 4. Esquema representativo do ciclo replicativo do SARS-CoV-2
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O ciclo de replicacdo segue para a préxima etapa, a de liberagdo do RNA viral. O
RNA do SARS-CoV-2, que possui sentido positivo, € traduzido a partir de duas regides
de leitura aberta (ORFs, Open reading frame), ORFla e ORF1b. A poliproteina ppla é
codificada pela ORF1a e posteriormente clivada em 11 proteinas nao-estruturais (nsps),

enquanto o ORF1b codifica a poliproteina pplab, que € clivada em 15 nsps (KIM et al.,
2020). O complexo replicase-transcriptase € responsdvel pela replicacao e transcri¢ao de
nove RNAs subgendmicos (sgRNAs), que atuam como mRNAs de genes acessorios e
estruturais (FEHR; PERLMAN, 2015). As proteinas estruturais S, E e M sdo direcionadas
para um compartimento intermedidrio entre o reticulo endoplasmético e o complexo de
Golgi, onde os genomas virais sao encapsulados pelas proteinas N e posteriormente
associados a outras proteinas estruturais, formando os virions (FEHR; PERLMAN, 2015;
LI, X. et al, 2020). Apds as proteinas M, E e N se ligarem e as proteinas S serem

incorporadas, os virions sdo transportados para a superficie da célula e liberados via

exocitose (KIM et al., 2020) (Figura 4).
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Variabilidade genomica do SARS-CoV-2

Os virus de RNA utilizamdurante o processo replicativo RNA polimerases virais
que ndo apresentam atividade corretiva, tornando frequente a ocorréncia de mutacdes e/ou
eventos de recombinacdo (DUFFY, 2018; UDDIN et al, 2020). Este fato pode
desempenhar um papel importante na evolu¢do do SARS-CoV-2. Em relacdo a
variabilidade do genoma viral, andlises filogenéticas demonstraram que as variantes de
SARS-CoV-2 se agruparam em dois subtipos principais, designados como L e S, que sdao
diferenciados por polimorfismo de nucleotideo, sendo que o tipo L foi encontrado em
aproximadamente 70% dos casos e foi observado como sendo a forma mais agressiva e
contagiosa em comparacdo ao subtipo S (TANG et al., 2020; UDDIN et al., 2020).
Andlises filogenéticas adicionais demonstraram que o virus parece estar se distinguindo
em 3 grupos, sendo o A e C encontrado principalmente nas Américas e na Europa e o B

na Asia Oriental (FORSTER et al., 2020).

Com o intuito de padronizar a nomenclatura das linhagens de SARS-CoV-2, mais
de 23 mil sequencias do genoma viral foram avaliados e resultaram na identificacdo de 3
grupos principais: A, B e B.1 (RAMBAUT et al., 2020). Dentre esses grupos, seis
linhagens derivam da linhagem A (A.1 a A.6) e duas de A.1 (A.1.1 e A.3) (RAMBAUT
et al., 2020). Também foram descritas 16 linhagens derivadas diretamente do grupo B
(B.1 aB.16) (RAMBAUT et al., 2020). Até o momento, B.1 ¢ a linhagem predominante
globalmente e foi subdividida em aproximadamente 70 sublinhagens. A linhagem B.2
apresenta seis sublineagens descendentes (RAMBAUT et al., 2020). Essa variabilidade
genética viral ocorre provavelmente devido as grandes introdugdes de casos importados,

seguidos por aumento exponencial na transmissdo local (RAMBAUT et al., 2020).

Estudos recentes desenvolvidos no Brasil mostraram que as sequéncias de SARS-
CoV-2 se agruparam em 3 clados, que se caracterizam por grupos de sequencias com
diferentes trocas nucleotidicas e regides de maior circulagdo. Como exemplos: 1)
sequencias agrupadas no clado 1 apresentam uma substitui¢do de guanina por timina na
regido codificante da proteina S (G25088T) e sdo mais encontradas na regido de Sao
Paulo; i1) sequéncias agrupadas no clado 2 apresentam duas substituicdes nucleotidicas
(T27299C e T28148C), referentes a ORF6 e a nucleoproteina, respectivamente, € estdo
distribuidas ao longo do paifs; iii) sequéncias agrupadas no clado 3 sdo mais encontradas
no Ceard (CANDIDO et al.,, 2020). Como ancestral comum mais recente, os clados

apresentam sequéncias datadas a partir de 28 de fevereiro (clado1), 22 de fevereiro
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(clado2) e 11 de margo (clado3). Esses dados sugerem que a transmissdo entre regioes ja

havia sido estabelecida no inicio de marco (CANDIDO et al., 2020).

Epidemiologia SARS-CoV-2 no Brasil

No Brasil, o primeiro caso confirmado de COVID-19 foi notificado no estado de
Sdo Paulo (SP) em 26 de fevereiro de 2020 (JESUS et al., 2020). Analise das duas
primeiras sequéncias do genoma completo do SARS-CoV-2, isoladas de pacientes
brasileiros que haviam retornado recentemente da Itdlia, demonstraram duas introducdes
independentes do virus no pais (JESUS et al., 2020). Durante a fase inicial da epidemia, o
SARS-CoV-2 foi disseminado localmente, no entanto, apesar das intervengdes para
prevenir a dispersdo do virus ao longo do tempo, grandes centros urbanos se tornaram
responsaveis pela disseminagdo do virus para outras localidades. De acordo com
estimativas recentes, mais de 100 introdugdes internacionais de virus foram observadas
no Brasil (CANDIDO et al., 2020). Atualmente, o SARS-CoV-2 € responsavel por causar
4.529.201 de casos de COVID-19 e mais de 106.000 mortes no Brasil (ORGANIZACAO
MUNDIAL DA SAUDE, 2020).

Minas Gerais (MG) € o segundo estado mais populoso e o quarto em relac@o a area
do Brasil, além de ser o terceiro estado que mais contribui para o crescimento do Produto
Interno Bruto (PIB) do pais (INSTITUTO BRASILEIRO DE GEOGRAFIA E
ECONOMIA, 2020). MG faz fronteira com SP, Bahia, Rio de Janeiro, Goids e Mato
Grosso do Sul (INSTITUTO BRASILEIRO DE GEOGRAFIA E ECONOMIA, 2020).
Belo Horizonte, a capital de MG, € o maior centro urbano e financeiro da América Latina
(INSTITUTO BRASILEIRO DE GEOGRAFIA E ECONOMIA, 2020). Devido ao seu
grande tamanho populacional, situagdo econdmica e acesso facilitado a outros estados
importantes para a economia, MG representa uma regido de disseminacido da SARS-CoV-
2, com potencial para agravar a situacdo (XAVIER et al., 2020). Até o momento, 278.701
casos e 6.983 mortes de COVID-19 foram relatados em MG (MINISTERIO DA SAUDE.
BOLETIM EPIDEMIOLOGICO DE MINAS GERAIS).

A doenca do Coronavirus 2019 e a transmissao do SARS-CoV-2 entre humanos

Pacientes com COVID-19 podem apresentar diferentes condi¢des clinicas, que

podem variar de assintomdticas a graves (CIOTTI et al., 2020). Os sintomas incluem
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febre, tosse, falta de ar, corrimento nasal (rinorréia) (WANG et al., 2020), vomito, diarreia
e dor abdominal, além da perda do paladar e olfato (CHEN, N. et al., 2020). Por causa da
baixa oxigenacdo no sangue, alguns pacientes podem apresentar confusdo mental,
irritabilidade, agitacdo, tonturas e desmaios, além de pneumonia acompanhada de uma
inflamacdo exacerbada do tecido, podendo levar a morte (CIOTTI et al., 2020; WANG et
al., 2020). Pacientes infectados com SARS-CoV-2 geralmente apresentam na radiografia
de térax multiplas manchas opacas e aumento do septo (WANG et al., 2020; ZHU et al.,
2020). Apesar de o principal alvo desse CoV ser o pulmio, a ampla distribuicdo de
receptores ACE2 em outros 6rgdos pode levar ao desenvolvimento de doencas
cardiovasculares, gastrointestinais, renais, hepdticas e danos oculares (CIOTTI et al.,
2020; HAMMING et al., 2004).A avaliacdo dos exames de sangue desses pacientes
demonstra uma queda na contagem de linfécitos e eosinéfilos, valores de hemoglobina
mais baixos, € o aumento da contagem de neutrdfilos e lactato desidrogenase (LIPPI;

PLEBANI, 2020) (Figura 5).

Figura 5. Esquema dos sintomas e alteracoes causadas pela COVID-19
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Apesar do 6rgdo alvo principal desse coronavirus ser o pulmdo, a ampla
distribuicdo de receptores ACE2 em outros 6rgdos pode levar ao desenvolvimento de
doencas cardiovasculares, gastrointestinais, renais, hepdticas e danos oculares (CIOTTI
et al., 2020; HAMMING et al., 2004).Alguns pacientes apresentam uma repentina piora
do quadro clinico, muitas vezes evoluindo a 6ébito, devido a faléncia dos 6rgaos (CIOTTI
et al., 2020). Geralmente esses pacientes apresentam a “tempestade de citoquinas”
(cytokine storm) (WANG et al., 2020). Esse processo se dd pelo aumento de varios
componentes do sistema imune, como as interleucinas IL-2 e IL-7, os granuldcitos e
fatores de necrose tumoral e estimulador de colonia (HUANG et al., 2020). Além disso,
niveis elevados de ferritina e IL-6 levam a um processo de hiperinflamacao induzida pelo

virus (RUAN et al., 2020).

A infeccdo pode ser caracterizada como sintomdtica, pré-sintomdtica ou
assintomatica (REF). A infeccao sintomdtica € definida pela presenga de sintomas, sendo
o principal modo de transmissao entre os individuos infectados e ndo infectados (MALIK,
2020). Infeccdo pré-sintomdtica ocorre quando o individuo ainda ndo apresentou
sintomas, porém, a disseminacao viral acontece. Casos documentados de transmissao em
pacientes pre-sintomaticos sugerem que a carga viral é suficiente para permitir a
transmissdo mesmo antes do aparecimento dos sintomas (MALIK, 2020; WEI et al.,
2020). Por fim, a infeccao assintomatica ocorre durante o periodo de incubacdo viral, que

pode durar até 14 dias (MALIK, 2020).

Assim como acontece com outros virus respiratérios, a transmissao do SARS-
CoV-2 ocorre principalmente pela via respiratéria (HAN et al., 2020; LEUNG et al.,
2020), que apresenta alta eficicia e infectividade (LEUNG et al., 2020). A infec¢do se da
quando ha contato com goticulas respiratorias expelidas por individuos infectados ou por
contato com objetos e superficies contaminadas (LI, Q. et al., 2020; LIU et al., 2020). A
via fecal-oral pode ser uma possivel rota de transmissao, ja que hé relatos da presenca de
RNA de SARS-CoV-2 em amostras de fezes de pacientes com COVID-19 (HOLSHUE
et al., 2020).

Diagnéstico da COVID-19

Para detecgdo do SARS-CoV-2, as primeiras abordagens escolhidas sdo as que

envolvem a detec¢do molecular do virus, como o teste dareacdo em cadeia da polimerase
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(PCR), que € considerada a técnica de padrdo ouro no diagndstico desse patdgeno (AHN
et al., 2020; CORMAN et al., 2020). A OMS recomenda que as amostras de pacientes
com suspeita de SARS-CoV-2 utilizadas para o teste molecular sejam de isolados de
espécimes do trato respiratério (incluindo nasal e esfregacos faringeos, escarro ou lavado
broncoalveolar) (AHN et al., 2020). A sequéncia isolada do primeiro caso SARS-CoV-2
foi utilizada para producdo de primers e sondas especificos para detectar o SARSCoV-2,
0s quais usam como alvos as regides virais das ORFs la e 1b, E e N (AHN et al., 2020;

CORMAN et al., 2020).

Testes sorolégicos que detectam anticorpos anti- SARS-CoV-2 também sdo
métodos diagndsticos importantes com um curto tempo de resposta para o diagndstico da
COVID-19 (FEHR; PERLMAN, 2015). Diversos testes sorologicos vem sendo
desenvolvidos e comercializados desde o inicio da pandemia, como o ensaio de
imunoabsor¢do enzimatica (ELISA) e ensaios de quimiluminescéncia, dentre eles, o teste
de ELISA € o mais utilizado (CHEN, Y. et al,, 2015; CIOTTI et al., 2020). Os testes de
ELISA podem detectar anticorpos da fase ativa da infec¢do (IgM) e\ou da fase pos
infec¢do (IgG) (AHN et al., 2020; CHEN, Y. et al., 2015), geralmente utilizando antigenos
de proteinas recombinantes das proteinas S e N (CIOTTI et al., 2020).

Estudos comparativos entre o teste de RT-PCR e o teste de ELISA demostraram
que, quando utilizados em amostras coletadas na primeira semana de sintomas, o PCR se
mostrou 66.7% mais sensivel do que o teste de ELISA (ZHAO et al., 2020). Entretanto, a
sensibilidade dos testes imunoenzimaticos aumentaram quando aplicados nas amostras

coletadas no periodo de 8-12 dias (ZHAO et al., 2020).

Importancia da vigilancia genémica

A avaliagcdo dos genomas virais tem potencial para fornecer informagdes valiosas
sobre a evolucdo continua e epidemioldgica do virus durante pandemias e epidemias e
desempenham um papel importante na vigilancia e no controle dessas doencas. Caso haja
uma incapacidade de diagnosticar infec¢Oes empiricamente, devido a velocidade das
epidemias ou a falta de insumos para realizar os testes, a epidemiologia gendmica pode
ser usada para estimar a taxa de replicacdo do virus na populacdo, bem como carga de
infec¢do, permitindo aos profissionais de saude alcangar decisdes para desacelerar o

contdgio (UDDIN et al., 2020). Um exemplo disso € a sugestdao que Candido e
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colaboradores (2020) fizeram sobre o inicio da dispersdo de SARS-CoV-2 no Brasil.
Segundo dados obtidos nesse estudo, quando a medida que restringia viagens
internacionais foi estabelecida, o virus ja havia se disseminado no pais (CANDIDO et al.,

2020).

O sequenciamento € o passo inicial para a continuidade das pesquisas que visam
o tratamento ou a prevencao das infeccdes. As informagdes genéticas desses virus podem
auxiliar no desenvolvimento de firmacos e/ou vacinas. Além disso, é possivel saber qual
a rota de transmissao viral através do sequenciamento gendmico e andlises filogenéticas,
epidemioldgicas e de filogeografia. Sendo assim, comparando virus de populagdes
diferentes, se torna possivel tracar sua rota de dispersdo e buscar meios de evita-las. O
monitoramento continuo das eventuais alteragdes que esses virus possam sofrer se faz
necessario com o objetivo de compreender os rumos da epidemia e assim evitar os

problemas causados por sua disseminacao.
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OBJETIVOS

O presente trabalho teve como objetivo avaliar a variabilidade gendmica de
SARS-CoV-2 de amostras coletadas em cidades localizadas ao sul do estado de Minas

Gerais, a fim de investigar as variantes circulantes nessas regioes.

Objetivos especificos
e Sequenciar amostras de SARS-CoV-2 provenientes de regides de Minas Gerais

com poucas ou nenhuma sequéncia depositada no banco de dados, com o objetivo
de avaliar quais linhagens de SARS-CoV-2 estdo circulando nos municipios
localizados ao sul do estado;

e Investigar a presenca de possiveis substituicdes nucleotidicas nas variantes
circulantes dessas regides;

e Avaliar o padrdo de agrupamento das sequéncias geradas em relacdo a sequéncias
referentes a amostras coletadas no estado de MG, e de outras localidades do Brasil
e do mundo

e Analisar o estabelecimento e propagacdo do SARS-CoV-2 em alguns municipios
ao sul de Minas Gerais, para o melhor entendimento da circulagao das variantese

linhagens do virus.
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Abstract

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) was first identified
in Wuhan-China, as the causative agent of the coronavirus disease 2019 (COVID-19).
Since notified in Sdo Paulo on 26* February 2020, more than 3,000,000 cases and 106,000
deaths were reported in Brazil. In the early epidemic phase, SARS-CoV-2 spread locally,
however, over time, this virus was disseminated to other regions of the country. Here, we
performed genome sequencing and phylogenetic analysis of SARS-CoV-2 of 20 clinical
samples of COVID-19 confirmed cases from 9 cities of MG, in order to evaluate the
genetic characterization of circulating viral strains in the state from March to May 2020.
Our analyses demonstrated the circulation of B.1 lineage isolates in the investigated
locations and nucleotide substitutions were observed into the genomic regions related to
important viral structures. Additionally, sequences generated in this study clustered with
isolates from Sao Paulo state, suggesting a dissemination route between these 2 states.
Alternatively, monophyletic groups of sequences from MG and other states or country
were observed, indicating independent events of virus introduction. These results
reinforce the need of genomic surveillance for understand the ongoing spread of emerging

viral pathogens.

Keyword: SARS-CoV-2, COVID-19, genomic surveillance, Minas Gerais, genome

sequencing, B.1 lineage.
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Introduction

The World Health Organization (WHO) was informed on 31 December 2019 of the
occurrence of unknown etiology respiratory disease cases in Wuhan, China'. Chinese
authorities isolated and identified this pathogen as a novel coronavirus, the Severe Acute
Respiratory Syndrome Coronavirus 2 (SARS-CoV-2), the causative agent of the
coronavirus disease 2019 (COVID-19)%. Based on phylogenetic analysis, SARS-Cov-2
have been classified as a Betacoronavirus with a 30 kb genome and divided in two
lineages, SARS-CoV-2 A and B, according to the recent proposed lineage
nomenclature®*>, Results from next-generation sequencing analysis have shown that
SARS-Cov-2 has homology to others coronaviruses (CoVs) such as SARS-CoV and
Middle East respiratory syndrome coronavirus (MERS-CoV)>39.

SARS-Cov-2 was declared a public health emergency of international concern in January
20207 and later in September, COVID-19 caused over 21,000,000 cases and more than
761,000 deaths around the world®. The case fatality rates of this disease ranges from 1,2
to 1,6%, although, in over 60s that ratio considerably increases®!®!!. While there is no
licensed antiviral for SARS-CoV-2, several countries have used non-pharmaceutical
interventions (NPIs) in an attempt to control the pandemic'>!®. However, despite these
measures have presented positive effects, studies have demonstrated that SARS-CoV-2
transmission from asymptomatic or pre-symptomatic individuals complicates public

health efforts to combat COVID-19'>14.15,

In Brazil, the first confirmed case of COVID-19 was reported in Sdo Paulo state (SP) on
26 February 2020'6. Analysis of the first two whole-genome sequences of SARS-CoV-2,
isolated from Brazilian patients who recent returned from Italy, demonstrated two
independent introductions of the virus into the country and local spread during initial
stages of transmission'®. In Brazil COVID-19 is responsible for causing 3,000,000 cases
and more than 106,000 deaths®. During the early epidemic phase, SARS-CoV-2 spread
locally, however, despite interventions to prevent the virus dissemination over time, large
urban centers have become responsible for spreading the virus to other locations.
According to recent estimates, over 100 international introductions of virus has been
observed in Brazil, and most of Brazilian strains are classified in three clades'?> Clade 1
circulates predominantly in SP state and presents a nucleotide substitution in the spike

protein, clade 2 is a widespread lineage, found in a several brazilian states and is
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characterized by two nucleotide substitution (ORF 6 and nucleoprotein) and clade 3 was

found concentrated in Cear4 state!.

Minas Gerais (MQG) ranks as the second most populous state and the fourth largest area in
Brazil, as well as is the third position in the Gross Domestic Product (GDP) values. MG
shares borders with SP, Bahia, Rio de Janeiro, Goids and Mato Grosso do Sul. Belo
Horizonte, the capital of MG is the major urban and finance center in Latin America'’.
Due to its large population size, economic situation and facilitated access to other
economy important states, MG represented a potential region to spread SARS-CoV-2 and
potentially aggravated the current pandemic'®. To date, 222.046 cases and 5.505 deaths
of COVID-19 have been reported in MG'®. According to recent studies, most of sequences
analyzed from samples collected in MG were classified as SARS-Cov-2 lineage B.1,
which contains sequences from the USA, Australia, China and other countries'®. Here,
we performed genome sequencing analysis of SARS-CoV-2 from 20 clinical samples of
COVID-19 confirmed cases in 9 municipalities of MG, in order to evaluate the genetic

characterization of circulating viral strains in the state from March to May 2020.

Materials and methods
Ethics statement and samples

Samples used in this study were collected via nasopharyngeal swab and tested positive
for SARS-CoV-2 by RT-qPCR, obtained from private medical diagnostic laboratories.
Ethical approval for this study was obtained from the National Ethical Review Board with
approval number CAAE 30127020.0.0000.0068.

Twenty SARS-CoV-2 samples with RT-qPCR positive results, collected between March
25 and May 27 2020 from patients attended in private laboratories of diagnosis of 9 cities
of the state of Minas Gerais (MG), Brazil, were selected to this study. Samples were
processed for genome sequencing at the Institute of Tropical Medicine University of Sdo
Paulo. Metadata related to the samples of this study included information on samples (date
and municipality of collection and cyclethreshold (Ct) of SARS-CoV-2 detection by RT-
qPCR) and data from patients (gender and age).
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c¢DNA synthesis and virus multiplex PCR amplification

Viral RNA was used for cDNA transcription using Protoscript II First Strand cDNA
synthesis Kit (New England Biolabs, UK) and random hexamers (Thermo Fisher
Scientific, USA). Whole genome amplification was performed by multiplex PCR using
SARS-CoV-2 primers described previously (https://artic.network/ncov-2019) and Q5
High-Fidelity DNA polymerase (New England Biolabs, UK)?°. PCR conditions have been

previously reported (https://artic.network/ncov-2019). Amplified PCR products were

cleaned-up using the 1x AMPure XP beads (Beckman Coulter, United Kingdom) and
quantified using fluorimeter with the Qubit dsDNA High Sensitivity assay on the Qubit
3.0 instrument (Life Technologies, USA).

Whole genome sequencing and genome assembly

The 20 samples selected to this study contained sufficient DNA (> 1ng\uL) to proceed to
library preparation. Amplicons from each sample were normalized and pooled in an
equimolar fashion and barcoded using the EXP-NBD104 (1-12) and EXPNBD114 (13—
24) Native Barcoding Kits (Oxford Nanopore Technologies, UK), following a previously
published protocol?’. After barcoding ligation, libraries were loaded on a flow cell and
sequenced by MinlON during 8-24 hours using SQK-LSK109 Kit (ONT, UK). To
monitor sequencing in real-time and estimate the depth of coverage (target of 200-fold)

across the genome for each barcoded sample (https://artic.network/rampart), RAMPART

software from the ARTIC Network (https://artic.network/ncov-2019) was used. After

generated reads, fastS files were basecalled, demultiplexed, and trimmed using Guppy
software v2.2.7 (ONT, UK). Minimap2 v2.28.0 was used to obtain the consensus
genomes by mapping the fastq files to the reference genome of SARS-CoV-2 isolate
Wuhan-Hu 1 (GenBank Accession Number MN908947) and SAMtools was used to
converted these files in a sorted BAM file*!. The quality test and length filtering were

performed for each barcode using guppyplex (https://artic.network/ncov-2019/ncov2019-

bioinformatics-sop.html). Bioedit was used to build a multiple sequence alignment of the

resulting dataset??.
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Collation of SARS-CoV-2 global datasets

Our dataset contains 20 sequences of SARS-CoV-2 genomes from 9 MG municipalities
produced in this study. We annexed 31 sequences from other regions of MG, available in

GISAID, to this data® (https://www.gisaid.org), generating a dataset of 51 sequences of

the whole genomes from 16 municipalities of MG. The datasets from MG represent
approximately 1 sequence for every 157 cases (0.63%) notified up to 27" May 2020 in
the state®* Juiz de Fora is the third city in MG of our dataset with the highest number of
SARS-CoV-2 notified cases, including 3,18% of all notified cases in this city during the

period of samples collection, representing approximately 1 sequence for every 31 cases?.

Phylogenetic analysis of SARS-CoV-2 in Minas Gerais

The dataset with 1637 sequences of whole genomes of SARS-CoV-2 globally distributed
were generated. In this dataset, 57,73% (945/1637) of the sequences are from Brazilian
isolates and 47,27% (692/1637) are sequences of isolates from other countries. Among
sequences from Brazil, 51 were generated from samples collected in MG, being 20 of
those new sequences generated by this study. Sequences used for analysis had the genome
coverage > 65%. MAFFT was used to build a multiple sequence alignment of dataset,
which was edited with AliView and used to the phylogenetic reconstruction. A maximum
likelihood phylogenetic tree was estimated using Hasegawa-KishinoYano nucleotide
substitution model®! with a gamma distributed rate variation among-site?” in IQTree v.22°.

Finally, SARS-CoV-2 lineages were identified using Phylogenetic Assignment of Named

Global Outbreak LINeages tool (https://github.com/cov-lineages/pangolin).

Results

Samples from clinically suspected cases of COVID-19 collected at the private laboratory
Diagnosis of Brazil (DB) in 9 cities of Minas Gerais (MG) were screened for the detection
of SARS-CoV-2 by RT-PCR. Received samples had cyclethreshold (Ct) values that
ranged from 9,96 to 25.59 (average of 18.41) (Table 1). Twenty samples (DNA > 1 ng\uL)
were selected for whole genome sequencing using a combination of multiplex PCR

amplification (https://artic.network/ncov-2019) and Nanopore sequencing. We obtained

an average reference coverage of 85,10% related to the reference genome
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NC_045512.2. Selected samples were collected from women (8/20, 40%) and men
patients (12/20, 60%) (Table 1), the average age was 53.4 years old. Of the 20 sequenced
samples, 35% were from Juiz de Fora, the remaining samples were from Uberlandia
(10%), Uberaba (5%), Santos Dumont (5%), Pouso Alegre (10%), Formiga (5%),
Extrema(10%), Cambui (15%) and Barbacena (5%) and the collection dates ranging from
25 March 2020 to 25 May 2020 (Figure 1). As shown in the Figure 1, the samples
investigated in this study were obtained in the most southern region of MG state, an area
which shares borders with SP. Due to the proximity and the fact that Sdo Paulo is a great

economic pole, the movement of people between these locations is quite common.

Phylogenetic trees were reconstructed from the 20 full-length genome sequences
generated in this study and additional 1617 sequences deposited in GISAID? up to 25
May 2020 as described in the Methods section (Figure2). Sequences clustered according
to lineages A and B, representing the Wuhan/WHO04/202 and Wuhan-Hu-, respectively,
as the recently proposed SARS-CoV-2 lineage nomenclature’. Additionally, lineage B is
divided into sublineages, and our phylogenetic analysis revealed that sequences from MG
grouped to the lineages B.1 and B.1.1 (Figure 2). Pangolin analysis also demonstrated the
similarity between isolates analyzed in this study and those identified in countries as

China, the USA, Australia, Portugal, United Kingdom and Brazil (Table 1).

Concerning the 20 sequences generated in this study, phylogenetic analysis demonstrated
that sequences of isolates from 6 cities (Cambui [1], Extrema [1], Formiga [1], Juiz de for
a [3], Pouso Alegre [2] and Barbacena [1]) were grouped in clusters with isolates from SP
(Figure S1), suggesting a route of dissemination of the virus between these two states.
Otherwise, some sequences from this work grouped with isolates from other Brazilian
states as Santa Catarina (SC; 1), Para (PA; 2) and Rio Grande do Sul (RS; 1), and with
another country, France (1), suggesting independent introductions. Additionally,
sequences from Juiz de Fora (MG21) and Santos Dumont (MG19) grouped in the same
monophyletic groups, which is sustained by the proximity of these cities (approximately
48km) (Figure 1). A sequence generated in this study from sample of Juiz de Fora grouped
with GISAID dataset sequences from the same locality, suggesting a locally circulating

of SARS-CoV-2.

The topology of the 20 sequences generated in this study demonstrated that the viral
isolates grouped in 3 main monophyletic groups (Figure 3). Sequences from Juiz de Fora

(MG42 and MG21), Uberaba (MG6) and Santos Dumont (MG19) (Figure 4A) were
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characterized by a nucleotide substitution in the spike protein (A23403G) (Figure 4B).
Cluster with sequences from Juiz de Fora (MG22 and MG54), Cambui (MG10) and
Extrema (MG18) (Figure 4C) presented two nucleotide substitutions: in the ORF6
(T27299C) (Figure 4D) and in the nucleoprotein (T29148C) (Figure 4E). Sequences from
Cambui (MG9 and MG10) and from Juiz de Fora (MG22, MG38, MG52 and MG54)
demonstrated three nucleotide substitution on nucleocapsid phosphoprotein (G28881A,
G28882A and G28883C) (Figure 4F). As described in table 2, some sequences showed
nucleotide substitution in viral non-structural proteins (nsps) 2, 3, 4, 7, 8, 12 and in the

structural protein S (Table2).

Discussion

This study presents the preliminary situation of COVID-19 epidemic in 9 cities of the
most southern region of Minas Gerais (MG). Until 25 May 2020, MG reported 6.962 cases
of COVID-19'. Due to its proximity to the city of Sao Paulo and as a result of the intense
industrialization that some cities have recently undergone, such as Pouso Alegre and
Extrema, the most southern region of MG has a representative role to understand the
progress of SARS-CoV-2 in Brazil. In addition, there are currently not many sequences
from this region in the GISAID dataset, compromising the understanding of the epidemic.
The data presented here was obtained though sequencing of 20 samples of SARS-CoV-2
infection confirmed by RT-qPCR along with others 1617 sequences previously deposited
in GISAID?,

Characterization of circulating viral lineages is realized through genetic analyses and
surveillance. SARS-CoV-2 lineage A can be defined by Wuhan/WHO04/2020 sequence
and lineage B is characterized by Wuhan-Hu-1 sequence, however, lineage B can be
divided in sublineages?®. The 20 whole genome sequences generated in this study and
further 1617 from GISAID composed the dataset of study and the reconstruction of the
phylogenetic tree demonstrated that 20 sequences was grouped to the lineage B.1 and
B1.1 clusters. As well as in others studies'®, we demonstrated the prevalence of SARS-
CoV-2 lineage B.1.1 circulation in Minas Gerais. The B.1.1 strain also circulates in
countries such as Portugal, Australia, United Kingdom and the USA, showing that, at
some point of pandemic, international introductions of SARS-CoV-2 occurred in Brazil,

as well as Minas Gerais, a well-connected state where these introductions occurred'?.
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Our results demonstrated that sequences generated in this work of samples from 6 cities
(Cambui, Extrema, Formiga, Juiz de fora, Pouso Alegre and Barbacena) clustered with
sequences of isolates from Sdo Paulo (SP). During the initial of the epidemic in Brazil,
COVID-19 cases were mainly reported in Sao Paulo!?, a state that shares border withthe
most southern regions of MG. Since some isolates from these 2 states were grouped in
the same monophilletic groups, it migh suggest a possible transmission route between
these municipalities. Our data also demonstrated the clustering of sequences from this
work with isolates from other Brazilian states, other country and with an isolated from
the same location. All these findings support either, the dissemination of the virus among

nearby geographical areas or independent introductions from other locations.

Nucleotide substitutions in the genomic regions of the spike protein, ORF6, nucleoprotein
and nucleocapsid phosphoprotein were observed in our analysis. In the beginning of the
pandemic in Brazil, viral strains with substitution in the spike protein regions was shown
to predominantly circulate in SP state'?, however, substitutions of nucleotides in the ORF6
and nucleoprotein genomic regions were found to be spatially wide spread in Brazil'2. It
suggests that over time, with flexibility of social isolations measures and due to the easy
access of the cities studied with SP, the viral strains that mostly circulated in Sdo Paulo

have spread to others states.

SARS-CoV-2 contains open reading frames (ORFs) which encode the four main
structural proteins (Spike, Envelope, Nucleocapsid and Membrane)®. The spike protein
interacts with cell host receptor controlling viral tissue tropism?®. In SARS-CoV-2 case,
spike protein attaches to the host receptor Angiotensin-converting enzyme 2 (ACE2)*°.
This protein is absolutely essential in the early stages of SARS-CoV-2 infection,

therefore, is important to track differentiations in the genetic sequences that encode this

protein.

In summary, we demonstrated the predominance of a circulating lineage in the regions
investigated, several nucleotide substitutions in important regions of virus genome and
the phylogenetic relationship between the newly generated sequences and sequences from
the global dataset Some substitutions were initial found in others states of Brazil, which
suggests that over time and with flexibilization of social distance measures, virus has
spread to other regions of the country. Despite the samples cover up about 60 days of the
MG epidemic, these findings provide very relevant information to better understand the

impacts that the genetic variability of SARS-CoV-2 may cause in the future and reinforce
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the need for genomic surveillance for understand the ongoing spread of emerging viral

pathogens.
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Table 1. Data from samples of this study.

CADDE Sample Ct Collection Ce Lineage Most commom
D value date Age Gender State Municipality countries
MG1 ™ 95559 050320 58 Male MG Extrema B.LL - USA, Portugal, United
ingdom
MG4  SWa 996 300320 80  Male MG Uberlandia Bl BraZﬂi(.Chma’ United
ingdom
MG6  SWab 5058 310320 73 Male MG Uberaba B.1  USA, ’?g.s“aha’ United
ingdom
MG7 W& 1990 01/0420 46 Male MG Cambui B.l  USA, Australia, United
Kingdom
MG8 O™ 2000 020420 63 Female MG  PousoAlegre 'l USA Porsal United
ingdom
MG9  SWab g0 02/0420 32 Female MG Cambuf B.l  USA, ’?g.s“aha’ United
ingdom
MG10 W& 1904 02/0420 79  Female MG Cambuf B.1  USA, Australia, United
Kingdom
MG13 5™ 1999 070420 82  Male MG  Uberlandia O USA.Tortuzal United
ingdom
MG15 % 1687 070420 25  Female MG Formiga B.I.1 - USA, Portugal. United
ingdom
MG18  S™ 1898 08/04/20 62  Female MG Extrema B.L.T - USA, Portugal, United
Kingdom
MG19 Wb ysoe 09/0420 75  Male MG  Santos Dumont B0 USA /?g.maha’ United
ingdom
MG20 O™ 1489 09/0420 25  Female MG PousoAlegre D1 USA Porgal United
ingdom
MG21  SWab g7 150420 31 Male MG Juiz de Fora B.1  USA, Australia, United
Kingdom
MG22  SWab o 5500 15/04/20 46 Male ~ MG JuizdeFora  B-1-1 USA, Portugal, United
Kingdom
MG24  SWab 533 470420 61 Male MG Barbacena B.1.1  USA, Portugal, United
Kingdom
MG34  SWab o sss o y7/0520 38 Male MG JuizdeFora ~ B-1-1 USA, Portugal, United
Kingdom
MG38  SWab 461 180520 69 Male MG JuizdeFora  B-1-1 USA, Portugal, United
Kingdom
MG42  SWab 1599 19/0520 56  Male MG Juiz de Fora B.l  USA, Australia, United
Kingdom
MGSI  SWab 689 23/0520 30  Female MG JuizdeFora  B-1-1 Brazil China, United
Kingdom
MG 54 Swab 17,70 25/05/20 37 Female MG Juiz de Fora B.1.1 USA, Australia, United
Kingdom
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Table2: Nucleotide substitutions.

Nucleotide Product Samples ID
Substitution
Co20T nsp2 MG6
C1059T nsp2 MG6
T5804C nsp3 MG42
C6286T nsp3 MGS8
C6726T nsp3 MG54
C8047T nsp3 MG20
C8266T nsp3 MG38
C9967T nsp4 MGI8
C12651T nsp7 MG7, MG8, MG51
C12651T nsp8 MGI10
G14028T nspl12 MGS
A14271G nspl12 MG6
C23422T S protein MG20
C23683T S protein MG10
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FIGURE 1. Area under investigation. Map of the MG state showing the percentage of new
SARS-CoV-2 sequences by municipality and the incidence per 100,000 population.
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FIGURE 2. Phylogenetic tree of the predominant lineages in MG. All samples from
MG belong to lineage B, varying between B1, B1.1 and B.1.47. Blue markers represent
samples from Minas Gerais; The red circles mark the SARS-CoV-2 sequences generated
in this study; The circle along the tree represents the lineages.
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FIGURE 3. Phylogenetic tree. The phylogenetic tree demonstrates sequences grouped into monophylethic groups. The colored circles represent
the sequences generated in this study and their respective municipalities.
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Brazil currently has one of the fastest growing SARS-CoV-2 epidemics in the world. Owing to limited avail-
able data, assessments of the impact of non-pharmaceutical interventions (NPIs) on virus spread remain
challenging. Using a mobility-driven transmission model, we show that NPIs reduced the reproduction
number from >3 to 1-1.6 in Sdo Paulo and Rio de Janeiro. Sequencing of 427 new genomes and analysis of
a geographically representative genomic dataset identified >100 international virus introductions in Brazil.
We estimate that most (76%) of the Brazilian strains fell in three clades that were introduced from Europe
between 22 February-11 March 2020. During the early epidemic phase, we found that SARS-CoV-2 spread
mostly locally and within-state borders. After this period, despite sharp decreases in air travel, we esti-
mated multiple exportations from large urban centers that coincided with a 25% increase in average trav-
elled distances in national flights. This study sheds new light on the epidemic transmission and
evolutionary trajectories of SARS-CoV-2 lineages in Brazil and provides evidence that current interven-
tions remain insufficient to keep virus transmission under control in the country.

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
2) is a novel betacoronavirus with a 30-kb genome that was
first reported in December 2019 in Wuhan, China (7, 2).
SARS-CoV-2 was declared a public health emergency of inter-
national concern on 30 January 2020. As of 12 July 2020,
coronavirus disease 2019 (COVID-19) has caused over 12.5
million cases and 561 thousand deaths globally (3). The virus
can be classified into two main phylogenetic lineages, namely
A and B, that spread from Wuhan before strict travel re-
strictions were enacted (4, 5) and now co-circulate around the
world (6). The case fatality ratio of SARS-CoV-2 infection has
been estimated between 1.2 and 1.6% (7-9) with substantially
higher ratios in those aged above 60 years (8). Some esti-
mates suggest that 18-56% of SARS-CoV-2 transmission is
from asymptomatic or pre-symptomatic individuals (10-13),
complicating epidemiological assessments and public health
efforts to curb the pandemic.

Challenges of real-time assessment of transmission

While the SARS-CoV-2 epidemics in several countries includ-
ing China, Italy, and Spain have been brought under control
through non-pharmaceutical interventions (NPIs) (3), the
number of SARS-CoV-2 cases and deaths in Brazil continues
to increase (I14) (Fig. 1A). As of 12 July 2020, Brazil has now
reported 1,800,827 SARS-CoV-2 cases, the second largest
number in the world, and 70,398 deaths. Over a third of the
cases (34%) in Brazil are concentrated in the southeast region
which includes Sdo Paulo city (Fig. 1B), the world’s fourth
largest conurbation, where the first case in Latin America
was reported on 25 February 2020 (15). Diagnostic assays for
SARS-CoV-2 molecular detection were widely distributed
across the regional reference centres of the national public
health laboratory network from 21 February 2020 onwards
(16, 17). However, several factors, including delays in report-
ing, changes in notification, and heterogeneous access to test-
ing across populations, obfuscate the real-time assessment of
virus transmission using SARS-CoV-2 case counts (75). Con-
sequently, a more accurate measure of SARS-CoV-2 transmis-
sion in Brazil is provided by reported deaths due to severe
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acute respiratory infections (SARI), provided by the Sistema
Unico de Satade (SUS) (Z8). Changes in the opportunity for
SARS-CoV-2 transmission are strongly associated with
changes in average mobility (I8—-20), and can typically be
measured by calculating the effective reproduction number,
R, defined as the average number of secondary infections
caused by an infected person. R >1 indicates a growing epi-
demic while R <1 is needed to achieve a decrease in transmis-
sion.

We used a Bayesian semi-mechanistic model (21, 22) to
analyze SARI mortality statistics and human mobility data to
estimate daily changes in R in Sao Paulo city (12,2 million
inhabitants) and Rio de Janeiro city (6,7 million inhabitants),
the largest urban metropoles in Brazil (Fig. 1, C and D). NPIs
in Brazil consisted of school closures implemented between
12 and 23 March 2020 across the country’s 27 federal
units/states, and store closures implemented between 13 and
23 March 2020. In Sdo Paulo city, schools started closing on
16 March and stores closed four days later. At the start of the
epidemics, we found R >3 in Sdo Paulo and Rio de Janeiro,
and that concurrent with the timing of state mandated NPIs,
R values fell close to 1.

Mobility driven reproduction number changes

Analysis of the reproduction number after NPI implementa-
tion highlights several notable mobility-driven features.
There was a period immediately following NPIs, between 21
and 31 March 2020, when R was consistently <1 in Sdo Paulo
city (Fig. 1C). However, after this initial decrease, the R value
for Sdo Paulo rises >1 and increases through time, a trend
associated with increased population mobility. This can be
seen in the Google transit stations index, which rises from -
60% to -52%, and by a decrease in the social isolation index
from 54% to 47%. By 4 May 2020, we estimate R = 1.3 (BCI
95%: 1.0-1.6) in both Sao Paulo and Rio de Janeiro cities (table
S1). However, we note that there were instances in the previous
7 days when the 95% credible intervals for R included values be-
low 1, drawing attention to the fluctuations and uncertainty in
the estimated reproduction number for both cities.
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Early sharing of genomic sequences, including the first
SARS-CoV-2 genome, Wuhan-Hu-1, released on 10 January
(23), has enabled unprecedented global levels of molecular
testing for an emerging virus (24, 25). However, despite the
thousands of virus genomes deposited on public access data-
bases, there is a lack of consistent sampling structure, and
limited data from Brazil (26-28), which hampers accurate re-
constructions of virus movement and transmission using
phylogenetic analyses. To investigate how SARS-CoV-2 be-
came established in the country, and to quantify the impact
of NPIs on virus spatiotemporal spread, we tested a total of
26,732 samples from public and private laboratories using
real-time PCR assays and found 7,944 (29%) to be positive for
SARS-CoV-2. We then focused our sequencing efforts on gen-
erating a large and spatially representative genomic dataset
with curated metadata in order to maximise the association
between the number of sequences and the number of SARS-
CoV-2 confirmed cases per state.

Spatially representative sequencing efforts

We generated 427 new SARS-CoV-2 genomes with >75% ge-
nome coverage from Brazilian samples collected between 5
March and 30 April 2020 (figs. S1to S3 and data S1). For each
state, the time between the date of the first reported case and
the collection date of the first sequence analyzed in that state
was only 4.5 days on average (Fig. 2A). For eight federal
states, genomes were obtained from samples collected up to
6 days before the first case notifications. The genomes gener-
ated here were collected in 85 municipalities across 18 of 27
federal units spanning all regions in Brazil (Fig. 2A and fig.
S2). Sequenced genomes were obtained from samples col-
lected on average 4 days (median, range: O to 29 days) after
onset of symptoms and were generated in 3 laboratories us-
ing harmonized sequencing and bioinformatic protocols (ta-
ble §2). When we include 63 additional available sequences
from Brazil deposited in GISAID (29) (see data S1 and S2), we
find the data set is representative of the spatial heterogeneity
of the Brazilian epidemic. Specifically, the number of ge-
nomes per state strongly correlates with SARI SARS-CoV-2
confirmed cases and SARI cases with unknown aetiology per
state (n = 490 sequences from 21 states, Spearman’s correla-
tion, p = 0.83; Fig. 2A). This correlation varied from 0.70 to
0.83 when considering SARI cases and deaths caused by
SARS-CoV-2, and SARI cases and deaths from unknown aeti-
ology (fig. S4). Most (n = 485/490) Brazilian sequences belong
to SARS-CoV-2 lineage B, with only 5 strains belonging to lin-
eage A (2 from Amazonas, 1 from Rio Grande do Sul, 1 from
Minas Gerais and 1 from Rio de Janeiro; data S1 and fig. S5
show detailed lineage information for each sequence). More-
over, we used an in-silico assessment of diagnostic assay
specificity for Brazilian strains (n = 490) to identify potential
mismatches in some assays targeting Brazilian strains. We
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find that the forward primers of the Chinese CDC and Hong
Kong University nucleoprotein-targeting RT-qPCR may be
less appropriate for use in Brazil than other diagnostic assays,
for which few or no mismatches were identified (fig. S6 and
table S3). The impact of these mismatches on the sensitivity
of these assays should be confirmed experimentally. If sensi-
tivity is affected, the use of duplex RT-qPCR assays that con-
currently target different genomic regions may help the
detection of viruses with variants in primer or probe binding
regions.

Phylogenetic analyses and international introductions
We estimated maximum likelihood and molecular clock phy-
logenies for a global dataset with a total of 1,182 genomes
sampled from 24 Dec 2019 to 30 Apr 2020 (root-to-tip genetic
distance correlation with sampling dates, r2 = 0.53; Fig. 3A
and fig. S7). We inferred a median evolutionary rate of 1.13 x
1072 (95% BCI: 1.03-1.23 x 107%) substitutions per site per year
(s/s/y), using an exponential growth coalescent model, equat-
ing to 33 changes per year on average across the virus ge-
nome, This is within the range of evolutionary rates
estimated for other human coronaviruses (30-33). We esti-
mate the date of the common ancestor (TMRCA) of the SARS-
CoV-2 pandemic to around mid-Nov 2019 (median = 19 Nov
2019, 95% BCI: 26 Oct 2019-6 Dec 2019), in line with recent
findings (34, 35).

Phylogenetic analysis revealed that the majority of the
Brazilian genomes (76%, n = 370/490) fell into three clades
hereafter named as Clade 1 (n = 186/490, 38% of Brazilian
strains), Clade 2 (n = 166, 34%) and Clade 3 (n = 18/4.90, 4%;
Fig. 3A and figs. S8 and S9), which were largely in agreement
with those identified in a phylogenetic analysis using 13,833
global genomes. The most recent common ancestors of the
three main Brazilian clades (Clades 1 to 3) were dated from
28 February (21 Feb to 4 Mar 2020) (Clade 1), 22 February (17
to 24 Feb 2020) (Clade 2) to 11 March (9 to 12 Mar 2020)
(Clade 3) (Fig. 3A and fig. S10). This indicates that commu-
nity-driven transmission was already established in Brazil by
early March, suggesting that international travel restrictions
initiated after this period would have had limited impact.
Brazilian Clade 1 is characterized by a nucleotide substitution
in the spike protein (G25088T, numbering relative to Gen-
Bank reference NC_045512.2) and circulates predominantly
in Sao Paulo state (n = 159, 85.4%; figs. S9 and S11). Clade 2
is defined by two nucleotide substitutions in ORF6 (T27299C)
and nucleoprotein (T29148C); this is the most spatially wide-
spread lineage, with sequences from a total of 16 states in
Brazil. Clade 3 is concentrated in Ceard state (n = 16, 89%)
and falls in a global cluster with sequences mainly from Eu-
rope. In the Amazon region, where the epidemic is expanding
rapidly (14, 22), we find evidence for multiple national and
international introductions, with 37% (n = 7/19) of sequences
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from Para and Amazonas states clustering in Clade 1 and 32%
(n = 6/19) in Clade 2.

Time-measured phylogeographic analyses revealed at
least 102 (95% BCI: 95-109) international introductions of
SARS-CoV-2 in Brazil (Fig. 3A and figs. S8 and S12). This rep-
resents an underestimate of the real number of introductions,
as we have sequenced, on average, only 1 out of 200 con-
firmed cases. Most of these estimated introductions were di-
rected to internationally well-connected states (36) such as
Sdao Paulo (36% of all imports), Minas Gerais (24%), Ceara
(10%) and Rio de Janeiro (8%) (fig. S12). We further assessed
the contribution of international vs. national virus lineage
movement events through time (Fig. 3B). In the first phase of
the epidemic, we find an increasing number of international
introductions until 10 Mar 2020 (Fig. 2B). Limited available
travel history data (15) suggests that these early cases were
predominantly acquired from Italy (26%, n = 70 of 266 un-
ambiguously identified country of infection) and the USA
(28%, n = 76 of 266). After this initial phase, we find that the
estimated number of international imports decreased con-
comitantly with the decline in the number of international
passengers travelling to Brazil (Fig. 3, B and C, and S13). In
contrast, despite the declines in the number of passengers
travelling on national flights (Fig. 3C), we detected an in-
crease in virus lineage movement events between Brazilian
regions at least until early April 2020.

Modelling spatiotemporal spread within Brazil

To better understand virus spread across spatiotemporal
scales within Brazil, we use a continuous phylogeographic
model that maps phylogenetic nodes to their inferred origin
locations (37) (Fig. 4). We distinguish branches that remain
within a state versus those that cross a state to infer the pro-
portion of within versus between state observed virus move-
ment.

We estimate that during the first epidemic phase, SARS-
CoV-2 spread mostly locally and within-state borders. In con-
trast, the second phase was characterized by long-distance
movement events and the ignition of the epidemic outside
the southeast region of Brazil (Fig. 4A). Throughout the epi-
demic, we find that within-state virus lineage movement was,
on average, 5.1-fold more frequent than between-state move-
ment. Moreover, our data suggests that within-state virus
spread, and to a lesser extent, between-state virus spread, de-
creased after the implementation of NPIs (Fig. 4B). However,
it is useful to note that the more limited sampling after April
6 2020 (see fig. S2) decreases inferred virus lineage move-
ment toward present (Figs. 3B and 4B).

Interestingly, we find that the average route length trav-
elled by passenger increased by 25% during the second phase
of the epidemic (Fig. 4C), despite a concomitant reduction in
the number of passengers flying within Brazil (Fig. 3C). The
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increase in the average route length post-NPI implementa-
tion results from a larger reduction in the number of air pas-
sengers flying on shorter distance journeys compared to
those flying longer distance journeys. For example, we find
an 8.8-fold reduction in the number of passengers flying in
flight legs < 1000 km, compared to a 4.4-fold reduction in
those flying >2000 km (fig. S15). These findings emphasize
the roles of within and between-state mobility as a key driver
of both local and inter-regional virus spread, with highly pop-
ulated and well-connected urban conurbations in the south-
east region acting as main sources of virus exports within the
country (fig. S12).

Discussion

We provide a comprehensive analysis of SARS-CoV-2 spread in
Brazil that shows the importance of community and nation-wide
measures to control the COVID-19 epidemic Brazil. Although
NPIs initially reduced virus transmission and spread, the contin-
ued increase in the number of cases and deaths in Brazil high-
lights the urgent need to prevent future virus transmission by
implementing rapid and accessible diagnostic screening, contact
tracing, quarantining of new cases and coordinated social and
physical distancing measures across the country (38). With the
recent relaxation of NPIs in Brazil and elsewhere, continued mo-
lecular, immunological and genomic surveillance are required
for real-time data-driven decisions. Our analysis shows how
changes in mobility may impact global and local transmission of
SARS-CoV-2, and demonstrates how combining genomic and
mobility data can complement traditional surveillance ap-
proaches.
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Fig. 1. SARS-CoV-2 epidemiology and epidemic spread in Brazil. (A) Cumulative number of SARS-CoV-2 reported
cases (blue) and deaths (grey) in Brazil. (B) States are colored according to the number of cumulative confirmed
cases by 30 April 2020. (C and D) Reproduction number (R) over time for the cities of Sdo Paulo (C) and Rio de
Janeiro (D). R were estimated using a Bayesian approach incorporating daily number of deaths and four variables
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number of within state (or within a given federal unit) and between-state (or between federal units) virus migrations
over time. Dashed lines indicate estimates obtained during period of limited sampling (fig. S2). (C) Average distance
in kilometres travelled by an air passenger per day in Brazil. Number of daily air passengers is shown in Fig. 3B. Light
grey boxes indicate starting dates of NPIs across Brazil.
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2. Abstract

Hepacivirus C (HCV) is responsible for more than 180 million infections worldwide. Therapy is based
on the administration of interferon (INF), ribavirin (RBV) or more recently Direct-Acting Antivirals
(DAAs). However, amino acid substitutions associated with resistance (RAS) have been extensively
described and can contribute to treatment failure but requires infrastructure to determine, not
always locally available. Dried blood spots (DBS) sampling is an alternative specimen collection
method, recommended by World Health Organization (WHOQO) testing guidelines, which embeds
drops of blood onto filter paper, that can then be transported by posting to a centralized laboratory,
where testing can take place. Here, we assessed feasibility of genotypic analysis of HCV from DBS in
a cohort of 80 patients from Sao Paulo state Brazil, by international ambient shipment to a
partnering institution in the UK. HCV RNA was detected on DBS specimens in 66 out 80 subjects with
chronic hepatitis C, representing 83 % success rate. We performed genetic and phylogenetic analysis
of the palm domain of NS5B region, compared the response to the treatment among patients and
characterized the RAS identified in these sequences. The assays allowed determination of HCV
genotype, 1a, 1b, 2a, 2c and 3a, and identification of RAS C316N/Y, Q309R and V321l in HCV 1b
infected samples. One patient that presented RAS (V321l) was classified as non-responder.
Concerning therapy outcome, 75 % of the patients who used INF+RBV as a previous protocol of
treatment did not respond to treatment with DAAs, and 25 % were end-of-treatment responders.
Based on this data, therapy with INF plus RBV may contribute for non-response to a second
therapeutic protocol with DAAs and combination of RAS C316N and Q309R does not necessarily
imply in resistance to treatment in this cohort of patients, however, the study of viral variants
circulating in the region is important for a better understanding of HCV variability and resistance to
the therapy. In this context, the feasibility of carrying out genotyping and RAS phenotyping analysis
by using DBS card for the potential of informing future treatment interventions could be relevant to
overcome the limitations of processing samples in several location worldwide.
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3. Introduction

Hepatitis C is an infectious disease caused by the hepacivirus C (HCV), a globally prevalent pathogen
which has infected nearly 180 million people worldwilde (1,2). Currently, over 50% of HCV infected
people are unaware of their clinical condition and infection can result in either, acute or chronic
hepatitis, ranging in severity from a mild to severe lifelong illness (3-5). Persistent HCV infection may
initiate a chronic inflammatory disease process that can progress to liver fibrosis, cirrhosis,
hepatocellular carcinoma, and death (3,6).

HCV is an enveloped, icosahedral, positive sense single-stranded RNA virus belonging to the
Flaviviridae family, genus Hepacivirus (7,8). The viral genome is composed of approximately 9,600
nucleotides and represents an uninterrupted open reading frame (ORF) encoding a polyprotein
precursor of approximately 3,000 amino acids (9,10). The HCV polyprotein is co- and post-
translationally processed by a combination of cellular and viral proteases into three structural
proteins (Core, E1, and E2) and seven non-structural (NS) proteins (P7, NS2, NS3, NS4A, NS4B, NS5A,
and NS5B). Phylogenetic analysis of globally strain diversity resulted in the distinction of eight HCV
genotypes (1 to 8) and 86 subtypes (a, b, c etc.), based on the nucleotide sequences of the Core/E1
and NS5B regions (2,3,9,11-13). NS5B is the viral RNA-dependent RNA-polymerase (RdRp)
responsible for HCV RNA replication (9,14). The HCV RdRp enzyme lacks proof-reading activity and is
error-prone, leading to the emergence of intrahost diversity of viral populations circulating in the
blood of an individual as a mosaic of highly related sequences (9). The variability and dynamism of
viral infection in the host organism are related to the progression of antiviral treatments, which can
result in selective pressure for the emergence and spread of drug-resistant viral strains (9,15).The
initial therapies used against HCV were interferons-based (IFN), resulting in several collateral effects.
In 2015, Food and Drug Administration (FDA) approved the administration of IFN-free direct-acting
antivirals (DAAs) (3,16), classified as NS3/4A protease inhibitors, NS5A viral replication complex
inhibitors and NS5B polymerase inhibitors (NI - nucleoside inhibitor, or NNI - non-nucleoside
inhibitor). Treatment with DAAs presents high levels of sustained virologic response (SVR) rates,
typically > 90%, contributing to both the control of HCV epidemics and also improving patients’
quality of life, notably during treatment with reduced side effects compared to IFN (3). However,
under treatment, resistance-associated substitutions (RAS) might occur in to the genomic regions
related to the viral proteins targeted by anti-HCV drugs, which may confer resistance to the DAA
classes (3).

The three-dimensional structure of the viral NS5B polymerase contains 3 domains: Palm, Fingers,
and Thumb (17-19). Structural analyzes of this protein and its active site in the palm domain
demonstrated that, close to the catalytic triad of HCV NS5B polymerase, occurred substitutions that
interfere with the effectiveness of antivirals. The most common RAS that interferes in the activity of
NS5B inhibitors are L159F, D244N, S282T/R, Q309R, D310N, and A333E (20-22). Due to this,
supervising the viral evolution and identification of RAS in the NS5B of HCV is a relevant approach.
Especially in Brazil, since it is estimated that around two million people are infected with HCV
(23,24), but there still are difficulties in detecting new ones and in monitoring the treatment (23,25).

Identification and genotyping of RAS can be a challenge in many locations. The use of dried blood
spots (DBS) may facilitate the monitoring of it in remote settings, with limited access to laboratory
services, reaching vulnerable populations (26-29). In that way, DBS sampling is an alternative
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specimen collection method, which embeds drops of blood onto filter paper, that can then be
transported by posting to a centralized laboratory, where testing can take place (30). Also, the use of
this method may reduce costs associated with sample collection, preparation, storage and
transportation, as it avoids the need for plasma separation within a specified time period, and cold
chain storage (26). World Health Organization (WHO) testing guidelines recommend the use of DBS
specimens as an option for HCV testing and analysis as well, especially in settings where there are no
facilities (31). Here we assessed the suitability of dried blood spots for genetic and phylogenetic
analyses the HCV NS5B palm domain variability and treatment response in a cohort of chronically
infected patients from Sao Paulo state, Brazil.

4. Methods

4.1 Clinical Samples:

The studied population was composed of 80 patients chronically infected with Hepacivirus C (HCV),
which 66 have been successfully amplified using dried blood spots (DBS) sampling. Samples were
collected in eight specialized centres of the northwest region of the state of Sdo Paulo, Brazil, in the
cities of S3o José do Rio Preto, Catanduva, Votuporanga, Fernandépolis, Jales, and Santa Fé do Sul
(Figure 1A), between 2010 and 2017. Patients data, including age, gender, location, and clinical
situation, were obtained during sample collection. This study was approved by the Ethical Clearance
Committee on Human Rights Related to Research Involving Human Subjects from Institute Adolfo
Lutz, as per resolution 196/96 National Health Council.

All samples were obtained for routine diagnostic investigation of HCV in the Laboratory of Molecular
Biology of HCV, HBV, and HIV Viruses, Adolfo Lutz Institute in the city of Sdo José do Rio Preto, Sdo
Paulo, Brazil. Thirty microliters of serum were spotted onto a DBS Protein Saver™ 903 Card
(Whatman Cardiff) air-dried at room temperature for 1 hour before packaging for shipment to
University of Nottingham, UK, or storage at -70 °C, for extraction and sequence analysis. Samples
varied in virus titer from 1.1 x 10° to 1.1 x 107 infectious units (IU)/ml.

4.2 NS5B Amplification and Sequencing:

The entire 12mm punch from each DBS was collected into 300 ul PBS and incubated with agitation at
room temperature for 10 minutes. The punching tool was cleaned by punching a blank card between
samples. Viral RNA extraction was performed with 140 plL of PBS spot eluate using a viral RNA mini
extraction kit (QIAGEN) according to manufacturer’s protocol. Extracted HCV RNA was eluted into 50
ul elution buffer (QIAGEN) and stored at -70 °C. cDNA was obtained from 20uL of extracted RNA
using RNA to cDNA EcoDry Premix, Random Hexamers kit (Takara), according to manufacturer’s
protocol. Reactions were thoroughly mixed then incubated at 42 °C for 1 hour and 70 °C for 10 mins
then stored at -20 °C.

PCR and nested PCR reaction were performed using HotStarTaq (QIAGEN, Hilden, Germany),
according to manufacturer’s instruction. Primers qHCV_NCRf (5'-GCGCAACCGGTGAGTACA-3’) and
gHCV_NCRr (5’-ACTCGCAAGCACCCTATCAG-3’)(32) were used to amplify the 5’ non coding region;
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and Sn755 (5’-TATGAYACCCGCTGYTTTGACTC-3’) and Asn1121 (5'-GCNGARTAYCTVGTCATAGCCTC-
3’)(33) for NS5b. Reactions were performed using the following conditions: 94 2C/ 15min enzyme
activation; 55 cycles of denaturation 95 °C/ 20s, annealing 55 °C/ 20s and extension 72 °C/ 20s; and
final extension 72 °C/ 10min. Expected amplicon is 388 bp, confirmed by electrophoresis. PCR
products were diluted 1 in 10 with water and shipped direct for Sanger sequencing (Source
BioScience, Nottingham, UK) (Figure 1B).

4.3 Sequence Analysis, RAS identification and Phylogeny Reconstruction:

The NS5B sequences generated were analyzed with the BLAST algorithm (National Center for
Biotechnology Information - NCBI)(34) and compared with HCV sequences available in the GenBank
and Los Alamos databases (Los Alamos National Lab - LANL)(35), for confirmation of the sequenced
region and genotypes. For the analysis of viral genetic diversity, the sequences were grouped in
datasets according to the respective genotypes, and aligned using the program Clustal W, BioEdit
(version 7.0.5.3) (36,37).

After alignment, nucleotide sequences were translated using BioEdit software, and then, NS5B
inhibitors RAS screening was performed. The translated region comprised a fragment between
amino acids 240 and 342 of the polymerase, where the active site of the enzyme in the palm domain
was localized, between positions 287 and 371 (38). The investigated RAS were selected based on the
substitutions described in the literature in the NS5B palm domain genomic region (Table 1).

Maximum-likelihood phylogeny reconstruction with bootstrap evaluation was conducted in MEGA X
program, using the GTR nucleotide substitution model and gamma (I) distribution of rate variability
among sites (GTR + gamma)(39). All the substitutions in the NS5B and the RAS were identified using
Geno2Pheno, a web service for rapidly identifying drug resistance in HCV samples (40).

5. Results

5.1 Clinical Characteristics of the Patients:

Studied population characteristics are shown in table 2. The patients were chronically infected with
Hepacivirus C (HCV) genotypes 1a, 1b, 2a 2c, or 3a, submitted or not to treatment for 12 weeks with
DAAs. Considering the distribution of patients according to gender, men were the most prevalent
group, comprising 56 % of the samples. Also, the group in middle age, between 40s and 50s, was the
most prevalent, comprising, respectively, 29 and 23 % of those infected, and the most prevalent
infection route was the transmission of the virus through inhalable or injectable drugs and
medication (23%). Regarding the degree of liver damage, infection in 4 patients progressed to
cirrhosis, more than half of the group presented some degree of fibrosis and 20% of all patients
were co-infected with HIV and/or HBV.

About the treatment profile of the patients, 23 % of the analyzed samples were from naive patients,
which means they had not undergone previous treatment against HCV. Patients undergoing therapy
with DAAs presented three distinct patterns of response to treatment, classified as: i) the sustained
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virological response (SVR), meaning that blood tests of the patient continue to show no detectable
RNA 12 weeks or more after treatment; ii) end-of-treatment virological responders (ETR), when
there is no detectable hepatitis C virus in the blood at the completion of HCV treatment but it
reappears in the blood test after the treatment finished; iii) or non-responders (NR), when HCV RNA
is detectable during and after the treatment. Nineteen percent of the patients were previously
treated with interferon and ribavirin, and 58 % of them submitted to a second protocol of treatment
with direct-action antivirals (DAAs). Among patients who used sofosbuvir and daclatasvir, or
simeprevir, as the second therapeutic approach, 75 % did not respond to treatment and 25 % were
ETR, representing 0 % of SVR. Therefore, therapy with DAAs followed by a previous IFN-based
protocol demonstrated reduced SVR. Patients who received DAAs as the first therapeutic approach
represented 39 % of the patients, with an SVR rate of 96 % (Table 2).

5.2 HCV NS5B Sequences Show Important RAS Presence in Individuals Inside Analysed
Population:

To determine the feasibility of carrying out genotyping and resistance-associated substitutions (RAS)
phenotyping analysis in a different country for the potential of informing future treatment
interventions, we took HCV positive samples collected in Sdo Paulo State, Brazil, and conveyed them
by dried blood spot (DBS) card to the University of Nottingham, United Kingdom, for analysis (Figure
2). The samples had previously not been genotyped, although viral load was available (Table 2).
Samples varied in virus titer from 1.1 x 10° to 1.1 x 107 infectious units (IU)/ml. HCV RNA was
recovered from 66 of the 80 samples, representing 83 % success rate.

The 66 recovered samples were amplified and sequenced, as described previously. The NS5B
sequences (nt 8256-8644) were evaluated for quality and similarity using the BLAST and LANL
algorithms (Table 2). Following a simple workflow with commercially available reagents and freely
available online tools we determined that it was feasible to have genotype and phenotype data
within 7 — 10 days of blood sample collection (Figure 2). The NS5B amplicon sequences were
subjected to online HCV genotyping tools (LANL HCV database, Oxford HCV subtyping tool, ViRP
database and Geno2Pheno) and showed 100% agreement in genotype prediction across all 66
samples (Table 2). Genotype 1a was the most prevalent in this group (53 %) followed by genotypes
1b (25 %), 3a (18 %), 2a (2 %) and 2c (2 %).

NS5B region of the study samples was evaluated for RAS by subjecting the sequences to the
Geno2Pheno software tool. The amino acid sequence in this analysis overlaps 240-342 fragment.
This segment was well characterized and was used for the analysis (Table 1). About HCV 1a
sequences, both RAS C316Y and Q309R were observed in the sequences of patients (Table 3).
Among genotype 1b sequences, patients 51, 52 and 53 presented RAS Q309R and C316N, previously
described for the amplified region (Table 1); and patients 35 and 45 presented RAS V321l (Table 3).
Regarding the genotypes 2a, 2c and 3a, no RAS was identified among the sequences. Other
substitutions not yet described as RAS are listed on table 2.
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5.3 Phylogenetic Analysis Disclose Proximity Among Sequences Harboring the Identified
RAS:

The tree from the phylogenetic reconstruction with the 66 analyzed sequences can be seen in figure
3. Genotypes 1la, 1b, 2a, 2c and 3a are grouped in different monophyletic branches strongly
sustained by the bootstrap values of 99%, 99%, 100%, 99%, and 100%, respectively, confirming
previous genotyping analyzes (Figure 3). The HCV 1b genotype sequences 51, 52 and 53, which
presented RAS C316N and Q309R, grouped in the same monophyletic branch, with 94 of bootstrap
support value. Additionally, sequences 52 and 53 grouped in a clade strongly sustained by the
highest bootstrap value (Figure 3). Also, the HCV 1b sequences 35 and 45 presented RAS V321l, and
grouped in a clade sustained by the bootstrap value of 80%.

6. Discussion

The worldwide prevalence of hepacivirus C (HCV) infection and its relation to chronic liver disease
made it the subject of constant research. The lack of a vaccine to prevent infections has resulted in a
significant advance in antiviral treatment against HCV in recent years. The substitution of interferon-
based therapy by direct-acting antivirals (DAAs) has significantly improved the quality of life of
patients since it interferes mainly in the viral replicative cycle, generating reduced side effects (41).

The new findings on HCV viral replication allowed a better understanding of non-structural 5B
(NS5B) activity, resulting in the polymerase inhibitors implementation. The DAAs of this class act
mainly in the NS5B palm domain, between the amino acids at positions 287 and 371, which is the
most well-conserved domain and contains the catalytic residues. Therefore, resistance associated
substitutions (RAS) to these antivirals are concentrated in this HCV region (20). Until now, there are
few studies in Brazil associating the effectiveness of DAA therapeutic regimens and the role of RAS in
a flaw treatment outcome (42). Monitoring the identification and circulation of the variants in
Brazilian population, and worldwide, is relevant to measure the possible impact in therapeutic
failure with DAAs (43). One reason for the lack of data on the circulation of RAS in several countries
is the difficulty in testing patients infected with HCV (23,25). The dried blood spots (DBS) sampling is,
however, an reliable alternative specimen collection method that may facilitate the monitoring of
ongoing RAS into vulnerable populations (26-29). In this study, we highlight that 83 % of the samples
had HCV RNA recovered, and all the subsequent analyses came from them.

According to the data, patients who previously undergone therapy with interferon (INF) and ribavirin
(RBV) were submitted to a second therapeutic approach, using DAAs (sofosbuvir and daclatasvir, or
simeprevir). These patients did not achieve sustained virological response (SVR), suggesting that
previous therapy with INF and RBV could interfere in the effectiveness of subsequent therapy with
DAAs. Additionally, patients who received DAAs as the first therapeutic approach presented SVR rate
of 96%. Treatments with INF and RBV present many side effects and, the RBV mechanism action is
still unclear. It is known that RBV is a purine analog, and it is involved in several cellular pathways
acting synergistically with INF(41). Although, within the antiviral action of RBV, an important
mechanism is the inhibition of HCV replication, which interferes with both the NS5B polymerase and
the NS5A multifunctional protein (44). The action of RBV as a purine analog, associated with the lack
of corrective activity of NS5B, results in high rates of mutations in the viral variants of chronically
infected patients undergoing this therapeutic protocol (45). It could potentially cause the failure of



259
260
261
262
263
264
265
266

267
268
269
270
271
272
273

274
275
276
277
278
279
280
281
282

283
284
285
286
287
288
289
290
291
292
293
294
295
296

297
298
299
300

the first treatment and could also result in a bottleneck effect in the viral population. In that way,
previous treatment with INF and RBV could select resistant variants, which could explain why
patients did not respond to the treatment DAAs as a second therapeutic approach. Jardim and
coworkers suggested in a study that evaluates intrahost viral diversity in HCV chronically infected
patients that the composition of quasispecies population at the beginning of the treatment, followed
by an increase in some predominant quasispecies after treatment of non-responders (NR) and end-
of-treatment responders (ETR) patients, represented an advantage for the virus remains in the
organism (46).

Treatment resistance is associated with several factors. The resistance mechanism associated with
RAS is still not well described, therefore the presence of an isolated substitution may not confer
resistance to the treatment. It is known that the combination of RAS L159F and L320F or C316N, for
example, directly interferes in the action of sofosbuvir, targeting the palm domain of NS5B (20,47).
Furthermore, a study by Uchida and colleagues demonstrated that patients with previous treatment
with RBV had a lower frequency of C316N replacement than those who did not treat with this drug
(48).

The RAS C316N /Y, Q309R and V321l are also associated with DAA resistant variants. The spread of
these mutations in the northwest region of Sdo Paulo, Brazil, is worrisome, as it may be associated
with an increase in the number of individuals resistant to the available treatment. Therefore,
surveillance of circulating variants in the infected population should be done regularly. A recent
study by Costa et al. evaluated more than 100 HCV-infected patients in Rio de Janeiro, Brazil, proving
the presence of amino acid substitutions in positions 159 and 316 of the NS5B of genotype 1b.
Although the majority of Brazilian patients with HCV are susceptible to therapeutic regimens with
DAAs, the presence of these RAS in the variants of this region opens the possibility for the
implementation of resistant viral variants (43).

In the present study, both RAS C316N and Q309R located in the NS5B palm region were observed in
the sequences from patients 51, 52, and 53. These sequences were grouped in the same
monophyletic branch, showing the high similarity between the viral variants of these patients.
Despite these patients having presented SVR after therapy with DAAs, the identification of the RAS
in these samples is an important indicator that substitutions that are circulating in the region.
Mutations in the amino acid C316 have been frequent in Asian variants, moreover, they have been
reported in many analyzes in Brazil (49). Additionally, a second monophyletic branch was presented
in the reconstruction of the topology of the phylogenetic tree, grouping sequences 52 and 53,
demonstrating that these are closer genetically than to sequence 51. Interestingly, patients 52 and
53 were examined and diagnosed in Votuporanga, unlike patient 51 who was examined in Sdo José
do Rio Preto. Besides that, the RAS V321l was present in only two sequences, 35 and 45, and both
also grouped in a separated clade. One of them is from a patient diagnosed in Fernandédpolis, and
the other, from Jales, is the only non-responder patient that presents a target RAS in the hole
studied population.

The routes of transmission of the virus within the population studied were similar to the national
standard notified by the Brazilian Ministry of Health, since in its latest epidemiological bulletin on
Hepatitis C it was disclosed that the highest percentage of probable source of infection was related
to the use of drugs, with 13 % of cases (50). In this study, the amount related to the use of inhalable
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or injectable drugs medicaments comprised 23 % of the reported cases, this being the main route of
transmission of the virus. The transmission of HCV through the sharing of needles, syringes, and
other material related to drug abuse leads to risk factors in the country, mainly affecting truck
drivers, people who have been in prison, and homeless people (51). This demonstrates the
importance of monitoring viral variants within the population, especially those who had contact with
the virus through this route of transmission, and the DBS method, by its facilities, is a favorable
approach to reach this population. Patients who did not present the probable source or mechanism
of infection, or had it as "ignored", comprised 30 % of cases. Despite still being a high number, it is
much smaller than the reality in Brazil in which the lack of information to characterize the
transmission routes accounted for 54 % of the reported cases (50).

The use of DBS sampling in testing on HCV RNA, despite of been recommended by the World Health
Organization (WHO) testing guidelines, especially in difficult situations (31), still not so common.
There are few studies that prioritize low- and middle-income countries and people in a vulnerable
situation, as homeless and with historic of drug abuse, for example. Nguyen and collaborators
evaluate HCV RNA and HCV antigen testing on DBS in HIV/HCV co-infected people who inject drugs
in Vietnam. The group were tested positive for HCV RNA in serum, and HCV RNA was detected on
DBS specimens in 79 out 86 subjects with chronic hepatitis C. According to their data, detection of
HCV RNA on DBS showed a higher analytical sensitivity compared to quantification of HCVcAg on the
same method. Finally, clinical management of HCV requires accurate diagnosis, genotyping and
resistance phenotyping. In some countries limited facilities are available to genotype and perform
resistance associated substitution (RAS) analysis. Therefore, the feasibility of carrying out genotyping
and RAS phenotyping analysis in a different country by using dried blood spot (DBS) card for the
potential of informing future treatment interventions could be relevant to cover a higher number of
samples analyzed and might be the only possibility for some countries.
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9. Figures and tables

9.1 Figure legends:

Figure 1: (A) Location of the samples collection distributed by percentage according to the city in the
northwest region of the state of Sdo Paulo (SP). (B) Schematic representation of the HCV genome, its
polyprotein and the primers used in the fragment amplification.

Figure 2: Remote genotyping workflow: duration between conveyed samples by dried blood spot
(DBS) card until final results.

Figure 3: Phylogenetic tree not rooted with 66 sequences of 308 nucleotides from the NS5B region
from samples from patients infected with HCV genotypes 1a, 1b, 2a, 2c and 3a. Red highlights
indicate the clade of sequences 51, 52, and 53, which contains RAS C316N and Q309R, and the clade
of sequences 35 and 45, with V321l. Bootstrap values obtained with 1000 replicates. The figure
shows the bootstraps with values above 60.
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9.2 Table legends:

Table 1: Substitutions in the NS5B polymerase palm region related to resistance to direct-acting

antivirals.
RAS GENOTYPE REFERENCE
Donaldson et al. (2014); Svarovskaia et al. (2014); Tong et al. (2014); Lontok et al. (2015);
L159 F 1a, 1b, 3a
Noble et al. (2017) (20,22,52-54)
D 244N 3a Asahina et al. (2005); Castilho et al. (2011)(21,45)
S282T/R 1a, 1b Donaldson et al. (2014); Tong et al. (2014); Svarovskaia et al. (2016)(20,53,55)
Q309R 1a, 1b, 3a Hamano et al. (2005); Castilho et al. (2011)(21,56)
D310N 1b, 3a Asahina et al. (2005); Castilho et al. (2011)(21,45)
Shi et al. (2008), McCown et al. (2009); Castilho et al. (2011); Donaldson et al. (2014);
C 316 H/N/Y 1a, 1b

Lontok et al. (2015); Noble et al. (2017)(20-22,54,57,58)
L320F 1a, 1b, 3a Tong et al. (2014); Svarovskaia et al. (2016)(53,55)
Donaldson et al. (2014); Svarovskaia et al. (2014); Lontok et al. (2015); Noble et al. (2017);
Hezode et al. (2018)(22,52,54)
A333E 1a Hamano et al. (2005); Castilho et al. (2011)(21,56)

V321 A/l 1b, 3a

Table 2: Clinical information of the studied population. About the cities, CATAN = Catanduva; FERPO
= Fernandépolis; JALES = Jales; STSUL = Santa Fé do Sul; SJRPR = S3o José do Rio Preto; and VOTUP =
Votuporanga. Referring to gender, F means Female and M, Male. Regarding the institutions, SAE =
“Specialized Care Service”; HEC = “Emilio Carlos Hospital”; AMHV = “Municipal Ambulatory of Viral
Hepatitis”; CADIP = “Care Center for Infectocontagious and Parasitic Diseases”. On medication,
PEGINF = Pegylated Interferon; RBV = Ribavirina; SFB = Sofosbuvir; SMV = Simeprevir; and DCV =
Daclatasvir. Clinical Response, NR = Non-Responders; ETR = End-of-Treatment Virological
Responders; SVR = Sustained Virological Response; and ABD = Abandonment. Notes: (1) Biopsy
performed to assess liver function. The METAVIR scale is used, which is exclusive for patients with
chronic hepatitis C. The letter "F" informs the degree of fibrosis or cirrhosis and the letter "A", the
necroinflammatory activity. FO - liver in perfect condition; F1 - with minimal fibrosis; F2 - the
existence of moderate fibrosis; advanced fibrosis; F4 - cirrhosis or very advanced fibrosis. AO -
minimal or nonexistent inflammatory activity, progressing to A3 - high inflammatory activity, faster
progression to fibrosis.
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Viral

Age at the

Beginning

Sample Load ;gz BIaLsI:r':HI-\I{:BI RAS RefNeSrseice Institution/City time .of Gender Probab;i:;\fection c(::\rx:c:\(;;‘ of Medication Retreatment MZZ?;:?M Biopsy' R(e:lsi:(i)c:sle
(Ul/mL) sampling Treatment
1 281959 POS 1b(96%) 1262V, S300T EU781827 SAE JALES 38 F Ignored - Naive F2/F3 -
2 935461 POS 3a(95%) K304R, N307G, A335S D17763 SAE JALES 44 M Sexual HIV Naive - -
3 713209 POS 1b(96%) A252V, 1262V, S335A EU781827 CADIP FERPO 42 M Ignored - 09/09/2015 INF + RBV 24/05/2017 SFB + DCV F2/F3 NR
4 4831469 POS 1a(98%) R300Q, D310G H77 CADIP FERPO 38 F Ignored - - - - - F2/F3 -
5 277962 POS 1a(97%) - H77 SAE JALES 48 F Sexual - Naive F2/F3 -
6 2788440 POS 3a(95%) N307G, A335T D17763 AMHV SIRPR 56 F Mani-Pedi - Naive F2/F3 -
7 1477204 POS 1a(97%) C335S HQ850279 HEC CATAN 48 F Ignored - - - - - - -
8 563520 POS 1a(97%) R300Q, Q309R*, V329l H77 HEC CATAN 76 F Blood Transf. - - - - - - -
9 481619 POS 1a(97%) V2511, N273S, R300Q, Q309R* H77 SAE VOTUP 80 F Blood Transf. - Naive - -
10 2973469 POS 1a(98%) K254R, R300Q, Q309R*, C311Y H77 AMHV SIRPR 40 F Glass Syringe - Naive F2/F3 -
11 5301299 POS 1a(98%) N291K, R300Q, Q309R*, S335N H77 CADIP FERPO 55 F Ignored - - - - - F3 /F4 -
12 688201 POS 1a(99%) K254R, R300Q, Q330R H77 CADIP FERPO 30 M Ignored HIV + HBV 21/11/2012 INF + RBV 06/11/2017 SFB + DCV F1 NR
13 275985 POS 1b(97%) A246V, R254K, S335N EU781827 AMHV SIRPR 52 M Blood Transf. - 10/10/2015 INF + RBV - - F1/A1 -
14 5339278 POS 1b(97%) - EU781827 SAE VOTUP 46 F Parenteral - 22/06/2017 SFB + DCV - - F2/F3 -
15 962557 POS 3a(96%) K304R, N307G, D327A D17763 AMHV SIRPR 51 M Tattoo - ABD - - - - -
16 1477204 POS 3a(97%) K304R, N307G D17763 SAE VOTUP 58 F Parenteral - 04/08/2017 SFB + DCV + RBV - - F2/F3 -
17 2316089 POS 3a(95%) K304R, N307G D17763 SAE VOTUP 74 F Hemodialysis - 22/06/2017 SFB + DCV - - F3/F4 -
18 11542707 POS 1a(98%) R300Q H77 CADIP FERPO 38 M Ignored HIV + HBV 01/08/2007 INF + RBV - - - -
19 575718 POS 3a(95%) K304R, N307G, D330S D17763 SAE JALES 43 M Ignored - ABD - - - - -
20 570663 POS 1a(96%) Q309R* H77 AMHV SIRPR 46 M Inhalable Drugs - Naive Cirrhosis -
21 841176 POS 1b(97%) 1262V, K307R EU781827 AMHV SIRPR 67 M Cutting Material - 23/06/2017 SFB+ DCV + RBV - - F3 -
22 1729132 POS 1a(97%) R300Q, S326N H77 AMHV SIRPR 48 F Surgery - 12/06/2015 SFB+DCV+RBV  16/08/2017 SFB + SMV F2/A1 NR
23 266308 POS 1b(97%) - EU781827 SAE STSUL 63 M Ignored - Naive - -
24 2345450 POS 1a(98%) K254R, R300Q H77 AMHV SIRPR 45 M Inject. Drugs HIV 09/09/2017 SFB + DCV + RBV - - - -
25 3554424 POS 1a(99%) - H77 HEC CATAN 51 M Inject. Drugs - - - - - - -
26 655482 POS 1b(97%) - EU781827 AMHV SIRPR 46 M Inject. Drugs - 01/12/2016 SFB + DCV + RBV ABD - Cirrhosis -
27 547426 POS 1a(98%) - EU781827 HEC CATAN 63 M Ignored - - - - - - -
28 384472 POS 1a(98%) R300Q H77 CADIP FERPO 47 M Ignored - - - - - F2/F3 -
29 163965 POS 1b(97%) - EU781827 HEC CATAN 68 F Ignored - - - - - - -
30 11463009 POS 3a(97%) Q273H, K304R, N307G D17763 HEC CATAN 32 F Inject. Drugs - - - - - - -
31 141762 POS 1a(98%) K254R, R300Q, Q309R*, A327E H77 SAE SIRPR 44 M Sexual HIV Naive - -
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Viral

Age at the

Beginning
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32 384472 POS 1a(97%) R300Q, Q309R*, S335N H77 CADIP FERPO 46 F Ignored - - - - - F2/F3 -
33 1840388 POS 1a(98%) K254R, R300Q, Q309R H77 CADIP FERPO 43 F Ignored - 18/08/2017 SFB + DCV - - F2/F3 -
34 118393 POS 1a(98%) R300Q, Q309R* H77 SAE JALES 42 M Sexual - Naive F4 -
35 463563 POS 1b(95%) R254K, V321I*, S335N EU781827 SAE JALES 56 M Sexual - 30/06/2014 INF + RBV 20/07/2017 SFB + DCV A2/FO NR
36 412055 POS 1b(98%) 1262V EU781827 SAE JALES 64 F Ignored - 05/03/2015 INF + RBV 07/09/2017 SFB + DCV F2/F3 ETR
37 10920318 POS 1a(97%) R300Q, Q309R* H77 AMHV SIRPR 54 M Inhalable Drugs HIV ABD - - - F2/A1 -
38 1328875 POS 3a(97%) N244D, K304R, N307G D17763 HEC CATAN 45 F Surgery - - - - - - -
39 271902 POS 3a(97%) K304R, N307G D17763 HEC CATAN 66 F Surgery - - - - - - -
40 125141 POS 2c(94%) K300R, V329A D50409 HEC CATAN 71 M Inject. Medication - - - - - - -
41 966202 POS 1a(97%) K254R, R300Q, Q309R*, S335N H77 HEC CATAN 54 M Ignored - - - - - - -
42 6631071 POS 3a(95%) N244D, K304R, N307G D17763 HEC CATAN 32 M Sexual - - - - - - -
43 1231359 POS 2a(99%) R241Q, H250R, 1309V D00944 SAE JALES 71 M Ignored - Naive F2/F3 -
44 7408469 POS 1a(97%) Q309R* H77 SAE JALES 54 M Inject. Drugs - Naive F2/F3 -
45 1319700 POS 1b(95%) R254K, V3211*, S335N EU781827  CADIP FERPO 69 F Ignored - - - - - F3/F4 -
46 2297201 POS 1a(98%) R300Q, Q309R* H77 AMHV SIRPR 62 M Inhalable Drugs - 29/07/2017 SFB+ DCV + RBV - - F3/F4 -
47 1164963 POS 3a(96%) N307G, R333K, A334S D17763 SAE VOTUP 65 M Parenteral - 30/03/2017 SFB + DCV - - F2/F3 -
48 5386569 POS 1a(98%) R300Q H77 SAE VOTUP 53 M Tattoo - Naive F1 -
49 286014 POS 1a (97%) V251M, R300Q, Q309R* H77 SAE VOTUP 46 M Parenteral HIV Naive - -
50 30403 POS 1b (97%) 1262V EU781827 AMHV SIRPR 57 M Sexual HIV 15/06/2017 SFB + DCV + RBV - - Cirrhosis -
51 2234879 POS 1b (97%) R254K, Q309R*, C316N*, S335N EU781827 AMHV SIRPR 36 M Inject. Drugs HIV 15/07/2017 SFB + DCV + RBV - - F2/A1 -
52 115520 POS 1b (96%) 1262V, Q309R*, C316N*, S335N EU781827 SAE VOTUP 54 F Parenteral - 31/01/2017 SFB + DCV - - - -
53 1317761 POS 1b (96%) 1262V, Q309R*, C316N*, S335N EU781827 SAE VOTUP 34 F Parenteral HIV 14/08/2017 SFB + DCV - - - -
54 4111112 POS 1a (97%) - H77 SAE VOTUP 46 F Ignored - 2005 PEGINF + RBV - - - -
55 75988 POS 1a (97%) C335S HQ850279 AMHV SIRPR 60 M Blood Transf. - ABD - - - F2/F3 -
56 829600 POS la (97%) R270K H77 AMHV SIRPR 47 M Glass Syringe - 30/08/2008 PEGINF + RBV 28/10/2017 SFB + DCV + RBV F3/F4 NR
57 2445009 POS 1b (97%) A246AT, T329PT EU781827 AMHV SIRPR 65 F Blood Transf. HIV 21/08/2007  PEGINF + RBV 06/07/2017 SFB + DCV F2 ABD
58 214835 POS 1a (96%) R300Q H77 AMHV SIRPR 67 F Surgery - 24/06/2017 SFB + DCV - - Cirrhosis -
59 473299 POS 1a (96%) C316Y*, Q327A, C335S HQ850279 AMHV SIRPR 62 F Blood Transf. - 11/07/2017 SFB+ DCV + RBV - - F3/F4 -
60 2378178 POS l1a (95%) Q248QR, V251MV, R300Q, Q309R* H77 SAE VOTUP 33 F Inject. Drugs HIV Naive - -
61 297529 POS 1b (97%) - EU781827 SAE STSUL 70 F Blood Transf. - 01/10/2017 SFB + DCV - - - -
62 426580 POS 1a (97%) R300Q, Q309R* H77 AMHV SIRPR 38 M Inject. Drugs HIV 15/07/2017 SFB + DCV + RBV - - F2/A1 -
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63 225511 POS 1a (97%) R300K H77 CADIP FERPO 50 F Ignored - - - - - - -
64 76517 POS la (96%) R300Q H77 HEC CATAN 53 F Inject. Medication - 20/05/2015 PEGINF + RBV - - F2/A1 -
65 376563 POS 3a (98%) N307G, A334T D17763 HEC CATAN 45 M Inject. Drugs - - - - - - -
66 870827 POS la (96%) C335S HQ850279  CADIP FERPO 68 M Ignored - ABD - - - - -
67 128576 NEG CADIP FERPO 38 M Sexual - Naive - -
68 673620 NEG HEC CATAN 28 M Sexual HIV 17/01/2018 SFB + DCV - - F2/A1 -
69 39312 NEG SAE STSUL 33 M Parenteral - Naive - -
70 571623 NEG AMHV SIRPR 28 M Inject. Drugs - 1995 - - ABD F3/F4 -
71 143741 NEG AMHV SIRPR 48 M Syringe - 23/12/2016 SFB + DCV - - F3/F4 -
72 266308 NEG CADIP FERPO 36 M Ignored HIV - - - - - -
73 213351 NEG SAE JALES 61 M Blood Transf. - 02/04/2018 SFB + DCV - - - -
74 99563 NEG SAE JALES 41 F Ignored - Naive - -
75 889118 NEG HEC CATAN 55 M Inject. Drugs - 25/06/2018 INF + RBV - - F2/F3 -
76 450892 NEG SAE STSUL 33 M Inject. Drugs HIV 18/07/2017 SFB + DCV - - - -
77 979684 NEG SAE JALES 69 F Ignored - 09/02/2018 SFB + DCV + RBV - - - -
78 125141 NEG AMHV SIRPR 38 F Inject. Drugs - 05/12/2017 SFB + SMV - - F2/F3 -
79 126011 NEG HEC CATAN 50 F Blood Transf. - 29/11/2017 SFB+ DCV + RBV - - F3 -
80 1265962 NEG AMHV SIRPR 52 M Acupuncture - 22/11/2004  PEGINF + RBV 25/10/2016 SFB+DCV +RBV  Cirrhosis NR

20



594  Table 3: NS5B Resistance associated substitution (RAS) analysis. NS5B sequences generated for 66
595 samples were analysed with Geno2Pheno software for the presence of described RAS by genotype
596  to DAAs.

Number of  Patients Amino acid position associated with NS5B RAS

Genotype . .
patients  WithRAS | 159F D244N $282T/R Q309R D310N C316H/N/Y L320F V321A/I A333E
la 35 16 15 1-C316Y
1b 17 5 3 3-C316N 2-V3211
2a 1 0
2c 1 0
3a 12 0
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