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RESUMO

TESE DE DOUTORADO EM BIOLOGIA CELULAR E MOLECULAR

Paola Cristina Resende Silva

A primeira detecc¢do do virus Influenza A (HLIN1)pdmOQ9 no Brasil aconteceu em maio de
2009, e foi seguida de uma extensa disseminacdo por toda a populacdo brasileira, com grande
impacto em morbidade e mortalidade. Para entender a dindmica molecular do Influenza A
(HIN1)pdmO09 no pais, a presente tese reuniu sete trabalhos que abordaram a analise filogenética
deste agente viral durante e apés o periodo pandémico (2009 a 2014) e buscou indentificar
polimorfismos virais associados a viruléncia e a resisténcia ao antiviral Oseltamivir (OST). Para isso,
as metodologias realizadas foram o sequenciamento dos genes de hemaglutinina (HA) e
neuraminidase (NA) utilizando a metodologia de Sanger e a metodologia de pirosequenciamento para
detectar polimorfismos de base Unica (SNPs).

Nossos resultados revelaram a circulagdo de nove grupos filogenéticos ao longo dos cinco
anos do estudo, indicando uma substituicAo temporal dos grupos e ocasionalmente uma
estratificacdo geografica. No entanto, nenhum dos grupos filogenéticos identificados foram
associados com um pior progndstico da infec¢ao por influenza. Ao contrario do que foi observado em
estudos anteriores, as mutacdes K-15E e Q310H no gene HA ndo se associaram ao aumento de
viruléncia, mesmo na infeccéo de individuos imunocomprometidos. Por outro lado, polimorfismos no
residuo 222 da HA, que caracterizaram a presenca de quasispecies virais, mostraram uma forte
associacdo com a gravidade da infeccdo, especialmente em gestantes. Nesta tese, também
realizamos a vigilancia de marcadores de resisténcia no gene NA. Entre as amostras analisadas
encontramos sete virus com a mutacdo H275Y e dois com S247N, esses marcadores estao
relacionados com a diminuicdo de sensibilidade ao antiviral OST. Entre as amostras resistentes, a
grande maioria foi detectada na regido Sul do Brasil, em pacientes que ndo receberam OST. Isto
sugere uma possivel transmisséo sustentada do virus resistentes no pais. Embora variantes H275Y
resistentes apresentem baixa aptidéo viral, a propagacdo deste virus pode ocorrer com o ganho de
mutagBes permissivas nos genes HA ou NA. No Brasil, o virus que circulam desde 2011
apresentaram mutages V241l e N369K no gene NA, que foram, teoricamente, associadas a uma
maior aptiddo viral da variante resistente.

Diante disso, cinco anos apés a pandemia observamos que o virus A (HIN1)pdmOQ9 esta
estabelecido na populacdo humana com varias substituicdes genéticas quando comparado com a
sequencia da cepa vacinal A/California/07/2009. A maioria destas substituicdes parecem nao
ocasionar uma maior gravidade da infeccdo, e esta pode ser atribuida a outros fatores, tais como
fatores genéticos do hospedeiro. Por fim, considerando o risco de surgimento e disseminacdo de
virus resistentes é importante reforcar o monitoramento viral e também realizar estudos para novas
drogas antivirais.
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MOLECULAR DYNAMIC OF INFLUENZA A (H1IN1) PANDEMIC VI RUSES FIVE YEARS OF
CIRCULATION IN BRAZIL

ABSTRACT

THESIS IN CELLULAR AND MOLECULAR BIOLOGY

Paola Cristina Resende Silva

The Influenza A (HLN1)pdmOQ9 virus was first detected in May 2009 in Brazil and later resulted
in an extensive spread throughout the Brazilian population with a severe impact on morbidity and
mortality. To understand the molecular dynamic of (H1IN1)pdmQ9 virus in Brazil this thesis grouped
seven papers which approached the phylogenetic reconstruction of the virus during and after the
pandemic period (2009 to 2014) and the genomic identification of viral polymorphisms associated with
virulence or antiviral resistance to Oseltamivir (OST). For this, we performed genome sequencing,
focusing especially on the hemagglutinin (HA) and neuraminidase (NA) genes using conventional
Sanger sequencing and PyroMark 96ID to detect single nucleotide polymorphisms (SNPs).

Our results showed that in Brazil nine (HLIN1)pdmOQ9 phylogenetic groups circulated along the
five years of the study, indicating a temporal replacement of groups and ocasionally a geographic
stratification. However, no phylogenetic group seemed to be associated with a worse clinical outcome.
The increased virulence observed in previous studies with a 2009 group bearing the genetic markers
K-15E and Q310H was not confirmed in our analyses, even evaluating an immunocompromised
population. On the other hand, polymorphysms at position 222 of HA gene, which characterized the
presence of viral quasispecies, showed an association with increased virulence in brazilian samples,
especially in pregnant women. In this study we also performed surveillance of resistance markers at
the NA gene. From the analysed samples we found seven viruses with H275Y and two with S247N
mutation, that diminish the sensibility to oseltamivir (OST). Among the resistant samples, the large
majority was detected in the Southern region of Brazil in patients that did not receive OST. This
suggests a possible sustained transmission of resistant virus in the country. Although resistant H275Y
variants have low viral fitness, the spread of this virus can occur with the gain of permissive mutations
in the HA or NA genes. In Brazil, viruses circulating since 2011 presented mutations V241l and N369K
in the NA gene, which were theoretically associated with greater viral fitness.

Five years after the pandemic we observed that A (H1N1)pdmO09 is established in the
population with genetic substitutions in all gene segments when compared to the vaccine strain
A/California/07/2009. We demonstrated that the majority of those substitutions did not increase the
severity of infection. The worst clinical outcomes may be attributed to other factors, such as genetic
host factors. Finally, considering the risk of emergence and spread of resistant viruses it is important
to strengthen viral surveillance and also carry out studies for new antiviral drugs.
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1 INTRODUCAO

Os virus Influenza A séo importantes patdbgenos humanos responsaveis por
epidemias sazonais e ocasionais pandemias que levam a taxas substanciais de
morbidade e mortalidade e a um consideravel impacto financeiro a cada ano
(Molinari et al., 2007, Simonsen, 1999). A gripe, como é popularmente conhecida a
infeccdo aguda causada pelos virus Influenza, € uma zoonose e em humanos
provoca desde infeccOes assintomaticas até doencas respiratérias graves, podendo
levar a morte (World Health Organization, 2014a). A doenc¢a gripal tem como
caracteristica epidemiolégica uma alta taxa de recorréncia e a capacidade de
acometer individuos em todas as faixas etarias (World Health Organization, 2014a).
Os sintomas mais comuns sédo febre alta (= 38°C), tosse, congestdo nasal, coriza,
cefaléia, mialgia e artralgia, que podem incapacitar temporariamente os individuos
(World Health Organization, 2014a). N&do é incomum, principalmente nos extremos
de faixa etaria, a necessidade de intervencdo meédica para evitar complicacdes,
como infeccbes respiratérias secundarias, pneumonia ou até mesmo insuficiéncia
respiratéria, com necessidade de ventilacdo mecéanica (Cox & Subbarao, 1999).
Estima-se que ocorram de 3 a 5 milhdes de infec¢des por Influenza ao ano, e que o
namero de Obitos esteja em torno de 250 a 500 mil em todo o mundo (World Health

Organization, 2014a).

1.1 Propriedades gerais dos virus Influenza A

1.1.1 Taxonomia e nomenclatura

Os virus Influenza pertencem a familia Orthomyxoviridae, que inclui além dos
trés géneros Influenzavirus A, B e C, outros dois géneros: Thogotovirus e Isavirus
(International Committee on Taxonomy of Viruses, 2010). Os géneros dos virus

Influenza séo divididos de acordo com as variagdes antigénicas na nucleoproteina
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(NP) e na proteina de matriz (M1) (Webster & Bean, 1978). Entre os trés géneros
dos virus Influenza, o género A é o responsavel pelos grandes eventos pandémicos
e epidemias sazonais, seus representantes sao considerados mais virulentos e
geneticamente mais variaveis, possuindo a capacidade de atingir um grande
espectro de reservatorios animais, entre mamiferos e aves (Cardona et al., 2009,
Hardelid et al., 2011, Tong et al., 2013, World Health Organization, 2014a). Por sua
vez, o género B contém, quase que exclusivamente, virus que causam infeccdes em
humanos (World Health Organization, 2014a). Os virus do género C sdo 0s menos
comuns e frequentemente causam somente uma infeccao leve em criancas (Salez et
al., 2014, World Health Organization, 2014a).

O virus Influenza A pode ser ainda classificado em subtipos através das
propriedades antigénicas das duas glicoproteinas de superficie viral, Hemaglutinina
(HA) e Neuraminidase (NA). Atualmente sdo conhecidos 18 subtipos de HA (H1 —
H18) e 11 de NA (N1 — N11) (Fouchier et al., 2005, Tong et al., 2012, Tong et al.,
2013). Isso faz com que existam 198 formas diferentes de combinagdes, entretanto
nem todas parecem ser viaveis na natureza e algumas sao restritas a alguns
hospedeiros (Cardona et al., 2009). Historicamente, trés subtipos de HA (H1, H2 e
H3) adquiriram a abilidade de serem transmitidos eficientemente entre humanos, co-
circulando atualmente com maior frequéncia os subtipos sazonais H1 e H3
(Schrauwen et al., 2013, World Health Organization, 2014a). Entretanto, outros
subtipos, como H5, H6, H7 e H9, ocasionalmente acometem humanos e sé&o
considerados possiveis ameacas para uma futura pandemia (Beigel et al., 2005,
Gao et al., 2013, Shen et al., 2015, Wang et al., 2014).

O sistema atual de nomenclatura dos isolados do virus influenza A é dado na
seguinte ordem: tipo (A, B ou C); hospedeiro (omite-se no caso dos humanos); local
de isolamento; nimero da amostra; ano de isolamento; seguido pela descri¢cdo entre
parénteses do subtipo de HA e NA (Wright et al., 2007). Como exemplo, podemos
citar o isolado A/goose/Guangdong/1/96 (H5N1) - virus influenza tipo A, subtipo

H5N1 — isolado de um ganso em Guangdong (China) no ano de 1996; ou ainda a
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cepa isolada de humanos, A/California/07/2009 (H1N1) — virus influenza tipo A,
subtipo H1N1, detectada na Califérnia no ano de 2009.

Os subtipos de origem aviaria ainda recebem uma classificagdo adicional em
relacdo a patogenicidade da cepa, sendo denominados como influenza aviario de
baixa patogenicidade (LPAI, low pathogenic avian influenza) ou como, influenza
aviario de alta patogenicidade (HPAI, high pathogenic avian influenza) baseado na
estrutura do sitio de clivagem da HA viral (Schrauwen et al., 2013).

Além da classica nomenclatura, algumas terminologias especiais na descricao
dos subtipos HIN1l e H3N2 foram adotadas recentemente para se referir e
diferenciar algumas importantes variantes, como: o virus pandémico do subtipo
H1N1, que ficou estabelecido como A (H1N1)pdmQ9; e a variante do subtipo H3N2
que emergiu em 2011, a qual denomina-se A(H3N2)v por conter o gene da matriz
(M) do virus pandémico A (HIN1)pdmQ09 (Centers for Disease Control and
Prevention, 2012, World Health Organization, 2011a).

1.1.2 Morfologia e estrutura genémica

Em relacdo a sua morfologia, as particulas do virus Influenza A apresentam-
se como estruturas pleomorficas (Figura 1.1), podendo variar de um formato esférico
a filamentoso, e medem cerca de 100 a 120 nandmetros de diametro (Calder et al.,
2010, Itoh et al., 2009).

% ~-Zonm 2 “‘%
Figura 1.1 — Virions de Influenza A subtipo H3N2 ap resentando formas

esféricas e filamentosas visualizados por criomicro scopia eletronica.
Adaptado de Calder et al, 2010.
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Estes virus sdo envelopados, com membrana proveniente da membrana
celular do hospedeiro (Palese & Shaw, 2007). Como mostra esquematicamente a
Figura 1.2, no envelope viral estdo inseridas as glicoproteinas de superficie HA e
NA, e ainda canais de prétons formados pela proteina M2 (Palese & Shaw, 2007).
Abaixo do envelope viral encontramos um arranjo de proteinas M1 que delimitam a
porcdo interna da particula viral e reveste o material genético fragmentado em 8
complexos de ribonucleoproteinas (RNPs) (Eisfeld et al.,, 2015). As RNPs sé&o
estruturas compostas pelo complexo de polimerase viral — polimerase béasica 2
(PB2), polimerase basica 1 (PB1) e polimerase acida (PA), ligado a NP e a cada um
dos segmentos do genoma viral (Eisfeld et al., 2015). O genoma viral
octasegmentado é composto por acido ribonucleico (RNA — ribonucleic acid) de fita
simples e polaridade negativa com cerca de 13.5 kilobases, sendo que os
segmentos individuais variam de 890 a 2341 nucleotideos (Palese & Shaw, 2007).
Estes podem codificar até 16 proteinas estruturais e nao estruturais que
desempenham diferentes fun¢des na arquitetura e na dindmica do cliclo replicativo
viral (Eisfeld et al., 2015, Medina & Garcia-Sastre, 2011, Schrauwen et al., 2013,
Wise et al., 2009).

Envelope lipidico derivadao das
celulas do hospedeiro

Proteinas nao
=" | estruturais
(FA-NIBZ)
MNA s

Complexoda polimerase

Figura 1.2 — Estrutura esquematica da particula vir al e suas proteinas
estruturais e ndo estruturais.
Adaptado de Medina et al, 2011.
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Na Tabela 1.1 estdo listados o0s oito segmentos génicos dos virus Influenza A
e uma breve descricdo das func¢des das proteinas que estes genes codificam.

Tabela 1.1 — Segmentos génicos dos virus Influenza A e uma breve descrigdo
das func¢bes das proteinas que estes genes codificam

Gene Funcéo da proteina viral

(1) PB2 | PB2: Componente do complexo da polimerase viral; participa do processo de transcricdo,
com o reconhecimento e captura de Cap e também no processo de replicacéo.

(2) PB1 | PB1: Componente do complexo da polimerase viral, possui atividade de endonuclease e
alongamento
PB1-F2: Fator de viruléncia; inducédo de apoptose
N40: proteina nao essencial, mas interage com PB2 e melhora a eficiéncia da replicacéo
viral

(3) PA PA: Componente do complexo da polimerase viral e participa no processo de transcrigdo
e replicacéo
PA-X: Regula o desligamento da célula do hospedeiro
PA-N155: Funcéo ainda desconhecida
PA-N182: Funcéo ainda desconhecida

(4) HA HA: importante fator de tropismo viral; receptor de ligacao; atividade de fusao; e maior
antigeno viral

(5) NP NP: Ligagédo e sintese de RNA viral

(6) NA NA: Glicoproteina de superficie; atividade de sialidase

(MM M1: Proteina da matriz; interacdo com as RNPs virais e glicoproteinas

M2: Proteina de membrana; forma o canal i6nico e responsavel pela montagem
(8) NS NS1: Proteina ndo-estrurural multifunctional, antagonista de Interferon
NEP/NS2: Proteina ndo-estrurural de exportacéo nuclear dos RNPs virais

Entre estas proteinas, as glicoproteinas de superficie HA e NA sao os
principais antigenos virais e sdo estas particulas que compdem a vacina anti-
influenza reformulada anualmente (Carrat & Flahault, 2007, Yewdell et al., 1986).

A glicoproteina HA é uma proteina trimérica distribuida em grande quantidade
(aproximadamente 80%) na superficie viral (Nayak et al., 2009). Ela é codificada
pelo quarto segmento génico dos virus Influenza com aproximadamente 1778
nucleotideos, o qual codifica uma proteina de 550 aminoacidos (Palese & Shaw,
2007). ApoOs sua sintese no reticulo endoplasmatico rugoso, ocorre o0 seu
processamento que envolve a adicdo de acgucares (glicosilacéo) e acidos graxos e a
clivagem do precursor HAO por proteases celulares em duas subunidades

monoméricas HAL1 (328 aa) e HA2 (222 aa) que permanecem unidas por pontes
23



dissulfeto (importante na infecciosidade e patogenicidade do virus) (Gamblin &
Skehel, 2010, Schrauwen et al., 2013, Sriwilaijaroen & Suzuki, 2012). Como mostra
a Figura 1.3, a subunidade HA1 é a extremidade aminica e hidrofilica, onde ocorrem
as glicosilacdes, e nela estdo localizados os dominios de ligagdo aos receptores
celulares e os cinco sitios antigénicos, Sa (residuos 128-129, 156-160, 162-167), Sb
(residuos 187-198), Cal (residuos 169-173, 206-208, 238-240), Ca2 (residuos 140-
145, 224-225) e Cb (residuos 74-79) (Sriwilaijaroen & Suzuki, 2012). A subunidade
HA2, parte hidrofébica da HA, constitui a maior parte da haste contendo o dominio

fusogénico (Bouvier & Palese, 2008, Sriwilaijaroen & Suzuki, 2012).

€ H'AU' 3
- 1 HAZ -
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[l 5itio de glicosilacdo de quase todos os subtipos de H1 .
M sitio de glicosilac8o somente do subtipo H1 sazonal = Stt::?s__ i
— antigenicos
B Sitic de glicosilacio somente do subtipo H1 pandémico 8 RB
[ sitios antigénicos
B Residuos altamente conservados j~ Cal
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i sitic de clivagem
i Cominic transmembrana E
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A. Cadeia linear de HAO, composta por HA1 e HA2, mostrando os trés dominios: dominio de fusao (F)
com F terminal de HA1 e HA2; dominio de esterase (E); e dominio de ligacdo com os receptores
(RB). B. Estrutura tridimensional da HA mostrando a localiza¢éo dos cinco sitios antigénicos e o sitio
de ligacdo com os receptores celulares.

Figura 1.3 — Representacdo esquematica da organizag &o linear de um
mondmero da HA do subtipo H1 e sua estrutura tridim ensional.
Adaptado de Bouvier & Pelese (2008) e Sriwilaijaroen & Suzuki (2012).

A glicoproteina HA apresenta duas func¢des primordiais para 0 processo

replicativo: ela reconhece e se liga aos receptores de acido sialico (AS) da superficie
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celular e permite a fusdo do envelope viral com a membrana interna do endossomo,
possibilitando a liberagéo final das RNPs no citoplasma celular (Gamblin & Skehel,
2010, Palese & Shaw, 2007). Anticorpos neutralizantes s&o direcionados a esta
estrutura protéica (Yewdell et al., 1986), que apresenta consequentemente
apresenta uma grande variabilidade genética (Wiley & Skehel, 1987). Desta forma,
mutacdes na HA é a peca chave para a emergéncia de novas variantes virais (Wiley
& Skehel, 1987).

Por sua vez, a glicoproteina NA tem 454 aa, € codificada pelo sexto segmento
génico dos virus influenza e é a segunda proteina mais abundante
(aproximadamente 17%) do envelope viral (Nayak et al., 2009). Ela se organiza em
espiculas tetraméricas em forma de cogumelo que ficam ancoradas no envelope
viral pela extremidade hidrofébica (29 aminoéacidos) (Bouvier & Palese, 2008,
Gamblin & Skehel, 2010). Os sitios ativos da NA estéo localizados no centro de cada
uma das 4 subunidades protéicas e sdo conservados para manter a atividade da
molécula (Figura 1.4) (Nguyen et al.,, 2012). A NA, além de ser uma estrutura
antigénica, participa na liberacdo de novos virions da superficie da célula
hospedeira, permitindo assim a disseminacao viral devido a sua atividade sialidasica
(Bouvier & Palese, 2008, Nayak et al., 2009).
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Figura 1.4 - Representacdo esquemética do tetramero da NA visualizado de
cima com destaque para os residuos altamente conser  vados de um dos quatro
sitios ativos da molécula.

Adaptado de Nguyen et al, 2012.

1.1.3 Ciclo replicativo dos virus Influenza A

Os receptores primarios dos virus influenza no organismo humano estao
localizados nas células epiteliais do trato respiratorio superior e inferior (Palese &
Shaw, 2007). A membrana citoplasmatica destas células é rica em acido N-acetil
neuraminico, também conhecido como residuos de AS, e tanto a HA quanto a NA
viral possuem alta afinidade com estes residuos (Gamblin & Skehel, 2010, Palese &
Shaw, 2007). O tecido do trato respiratério superior humano é revestido
predominantemente por células contendo AS com liga¢Ges do tipo a2,6 (AS-a2,6),
enquanto as ceélulas do trato respiratorio inferior possuem majoritariamente AS-a2,3
como pode ser observado na Figura 1.5 (de Graaf & Fouchier, 2014, Medina &

Garcia-Sastre, 2011).
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Diferentes padrbes de expressdo de receptores de &cido sialico (AS) em diferentes hospedeiros.
Residuos de AS-02,6 (estrelas vermelhas), AS-02,3 baseado no reconhecimento de Maackia
amurensis agglutinin isotipo I, MAA-I (estrelas azuis), e Maackia amurensis agglutinin isotipo Il, MAA-
Il (estrelas amarelas), no epitélio do trato respiratério de humanos (cavidade nasal, traqueia,
brénquios, bronquiolos e alvéolos), furBes, suinos e aves (sistema digestorio e respiratorio). O
tamanho das estrelas corresponde a abundancia de determinado receptor.

Figura 1.5 — Distribuicdo global de receptores de @ cido sialico a2,6 e a2,3 nas
células do trato respiratério de humanos, furdes, s uinos e no sistema
disgetorio e respiratorio de aves.

Adaptado de Graaf & Fouchier, 2014.

O processo replicativo viral se inicia com o reconhecimento dos residuos de
AS pela HA viral, o que permite o desencadeamento de diferentes etapas até a
liberacdo da particula viral recém-formada. Na Figura 1.6 podemos observar atraves
de uma representacdo esquematica um resumo das etapas do ciclo replicativo dos

virus Influenza A.
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A interacao do virus influenza a célula se da por residuos de acido sidlicos (AS) presentes na
superficie celular. Entdo, ocorre a internalizagéo do virus por endocitose. O baixo pH no endossomo
desencadeia a fusdo das membranas viral e endossomal, liberando as ribonucleoproteinas (RNPs)
virais para o citoplasma. Estas sdo importadas para o nucleo, onde servem como modelo para a
traducao e transcricdo do genoma viral. Novas proteinas séo sintetizadas a partir do RNA mensageiro
(RNAm) viral e o genoma viral é replicado por meio de um RNA complementar (RNAc) de sentido
positivo. As RNPs recém-sintetizadas sédo exportadas do nucleo para o local de montagem no
citoplasma, entéo protegidas pela proteina M1 migram até a membrana celular, onde sao recobertos
por um envelope lipidico contendo as glicoproteinas da superficie virais HA e NA e a proteina M2. A
NA é responsavel pela liberagdo da particula viral recém sintetizada, pois cliva os AS da superficie
celular, impedindo assim sua aglomeragdo ou retencdo na superficie da célula devido a interacdo da
HA com os residuos de AS.

Figura 1.6 — Representacédo esquematica do ciclo rep licativo do virus Influenza.
Adaptado de Medina et al, 2011.

Apds o0 reconhecimento, ocorre o0 processo de endocitose que pode ser
mediado através de quatro mecanismos, como: 1) vesiculas revestidas por clatrina;
2) através de caveolina; 3) através de vias sem clatrina e sem caveolina; ou 4)
através de macropinocitose (Edinger et al., 2014). Contudo, a endocitose mediada
por clatrina parece ser o modelo mais comum para a entrada dos virus Influenza na
célula (Edinger et al., 2014). A fusdo das membranas viral e endossomal é pH-
dependente. O baixo pH permite que ocorra uma alteracdo conformacional na HA
viral e que o percursor HAO seja clivado em duas subunidades, HA1l e HA2

(Sriwilaijaroen & Suzuki, 2012). O dominio fusogénico HA2 é inserido na membrana
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endossomal, criando um poro por onde o conteudo viral passa para o citoplasma. O
processo de desnudamento da particula viral depende também da proteina M2, que
atua como um canal de prétons, possibilitando uma maior acidificacdo do meio.
Assim, ocorre a desestabilizacdo da matriz, e consequentemente a liberacdo das
RNPs no citoplasma (Palese & Shaw, 2007).

Os virus influenza sdo uma excecao ente os virus de RNA, pois seu material
genético é replicado e transcrito no nucleo celular (Palese & Shaw, 2007) pela acéo
do complexo das polimerases virais (PB2, PB1 e PA). Assim, as RNPs ao serem
liberadas no citoplasma precisam ser direcionadas ao nucleo. Todo complexo de
RNP possui um sinal de localizagdo nuclear (SLN) na por¢cdo NP que interage com a
maquinaria de importacdo nuclear. O transporte de proteinas através do poro
nuclear ocorre por um mecanismo dependente de energia com reconhecimento do
SLN pela importina-a, a qual se liga a importina-B, que por sua vez permite a
interacdo com proteinas do poro nuclear e a internalizacdo da molécula (Palese &
Shaw, 2007).

Uma vez no nudcleo celular, o RNAv sentido negativo é transcrito em RNAmM
por um mecanismo dependente de iniciador. Esses produtos de RNAmM séo copias
incompletas do RNAv, pois sdo capeados e poliadenilados em suas extremidades 5
e 3’, respectivamente. A replicacdo, por sua vez, ocorre em duas etapas: na primeira
€ produzida uma coépia completa do molde de RNAv, tendo como produto um RNAc
sentido positivo e, na segunda, esse RNAc é utilizado como molde para a producéo
de novos RNAv. Todas as reagdes RNAv-RNAmM, RNAv-RNAc e RNAc-RNAv sao
catalizadas pelo mesmo complexo de polimerses virais, com distintas funcdes para
cada subunidade (Palese & Shaw, 2007).

A sintese do RNAm viral depende da atividade da RNA polimerase celular do
tipo Il e de um iniciador capeado 57, o qual é capturado da célula hospedeira. O
inicio da transcricdo se da pela ligacdo da extremidade 5 do RNAv com a
subunidade PBL1. Isso induz uma mudanca conformacional na polimerase e permite
que a proteina PB2 reconheca e se ligue a estrutura Cap do pré-RNAm do

hospedeiro. A mudanca na polimerase também aumenta sua afinidade pela
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extremidade 3° do RNAv, que por sua vez também se liga em PB1. A ligacdo na
extremidade 3" estabiliza o complexo da polimerase e serve para ativar a funcéo de
endonuclease de PB1, que cliva a ligacdo pré-RNA 10 a 13 nucleotideos apos a
ligacdo com Cap. O residuo de guanina da sequéncia ligada ao Cap se liga ao
penultimo nucleotideo da extremidade 3° do molde do RNAv iniciando, assim, o
alongamento da cadeia de RNA catalizado pela PB1l. Segue-se a extensdo do
RNAmM, que continua até o sinal de poliadenilagédo localizado 16 nucleotideos antes
da extremedade 5 do RNAv. A poliadenilacdo é vital para a expressado génica,
mutacles introduzidas na extremidade 5 do RNAv podem inibir o processo
poliadenilagdo, impedindo a exportacdo dos RNAm do nucleo para o citoplasma
(Palese & Shaw, 2007).

Vale ressaltar que alguns genes dos virus Influenza A e B, como 0s
segmentos 7 e 8 (Influenza A) e 8 (influenza B) codificam duas proteinas a partir de
uma uUnica sequencia, e que a expressdo de tais proteinas € possivel via um
mecanismo de splicing alternativo do RNAm utilizando a maquinaria celular (Palese
& Shaw, 2007).

Diferente da sintese do RNAmM (dependente do mecanismo de iniciador Cap),
na primeira etapa da replicacdo, a extremidade 5" do RNAv, ao se ligar a PB1, ativa
a enzima PA. Essa ativagdo conduz a uma fosforilagdo que inicia a sintese da
cadeia de RNAc (antigenoma, polaridade positiva). Esse processo, no qual séo
obtidas copias completas da molécula de RNAv, depende da NP recém-sintetizada.
Na segunda etapa do processo de replicagdo o RNAc serve como molde para
sintese de novas copias de RNAv sentido negativo, ap6s a ligacdo da sua
extremidade 5 ao PB1, fosforilacdo e ativacdo de PA, num mecanismo tambéem
dependente de NP (Palese & Shaw, 2007).

A montagem dos componentes virais inicia-se no nucleo, onde € formado um
complexo de RNAv recém sintetizado com o complexo de polimerase, NP e M1, que
apos a traducado nos ribossomos, apresentam um SLN estrutural que permitem que
estas sejam direcionadas para o nucleo. O processo de exportacdo do complexo

RNA-polimerases-NP-M1-NEP/NS2 para o citoplasma celular requer o envolvimento
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direto de duas proteinas virais, M1 e NEP/NS2. Existem evidéncias que M1 interage
com nucleossomos, 0 que leva a hipétese de que a interacdo de M1 causa a
dissociacdo da RNP da matriz nuclear. NEP/NS2 interage com o receptor de
exportacao e varias nucleoporinas, e ainda forma o complexo RNP-M1-NEP/NS2 no
nacleo, sendo NEP/NS2 o responsavel por recrutar a maquinaria e direcionar o
complexo de exportacéo (Palese & Shaw, 2007).

Apés a sintese de outras proteinas especificas do virus, oligomerizacao e
glicosilacdo de algumas delas no reticulo endoplasmatico e aparelho de Golgi,
respectivamente, é formada uma estrutura que se aproxima da membrana celular
para que a proteina M1 interaja com os dominios internos da espicula HA. A
particula viral é liberada por brotamento, glicoproteinas de superficie HA e NA séo
encaminhadas para a membrana citoplasmatica e nelas se ancoram por ligacdes
carboxi-terminal e amino-terminal, juntamente com a proteina M2. Durante o
brotamento a enzima NA exece sua funcao de sialidase, levando a clivagem dos AS
presentes na superficie celular. A NA impede assim a interagdo da HA com qualquer
AS, ou seja, a reinfeccdo da célula e a formacéo de aglomerados de particulas virais

na superficie celular, permitindo a liberacéo dos virions (Palese & Shaw, 2007).

1.1.4 Mecanismos evolutivos dos virus Influenza

Sob a perspectiva da genética de populacdes ou da evolucdo dos virus de
RNA, as mudancas evolutivas encontram-se relacionadas a diferentes processos:
mutacgdes, recombinagdo ou rearranjo génico, selegcédo, deriva génica e migracao.
Estes processos sao interativos e delineiam a estrutura das populagdes virais (Duffy
et al.,, 2008). Para garantir a sua sobrevivéncia, o virus Influenza depende de dois
importantes mecanismos evolutivos, o drift antigénico e o shift antigénico (Figura
1.7), os quais o0 permitem a evadir 0 sistema imune dos individuos e se adaptar a

novos hospedeiros (Webster & Bean, 1978).
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Distintos subtipos dos virus Influenza A (virus azuis e amarelos) circulando na em uma populacao de
hospedeiros susceptiveis. A diversidade genética da populacao viral circulante aumenta através dos
processos de mutacdo (drift antigénico) e rearranjo (shift antigénico). As setas azuis indicam as
relacdes entre os virus ancestrais e descendentes. As marcas brancas nos segmentos indicam as
mutacdes neutras, e as vermelhas, indicam as mutacdes que afetam as regibes antigénicas nas
proteinas de superficie. As setas laranja indicam a geracao de virus oriundos de rearranjo, contendo
segmentos dos dois ancestrais. Conforme estes virus permanecem circulando, a imunidade da
populacdo aumenta, sendo representada pelo afunilamento em forma de gargalo. Paralelamente, os
virus contendo mudancgas antigénicas nas proteinas de superficie se acumulam expandindo a
populacao viral. Em algum momento, ocorrerd novamente a emergéncia da nova variante antigénica,
menos afetada pela imunidade populacional e esta sera capaz de causar novas infec¢des e fundar
um novo cluster, composto por variantes similares.

Figura 1.7 — Geracado da diversidade genética e os p rocessos de drift e shift
antigénico.
Adaptado de McHardy e Adams (2009).

O mecanismo de drift antigénico resulta de mutagcbes pontuais inseridas
durante o processo replicativo, ocasionadas pela baixa fidelidade da enzima RNA-
polimerase RNA-dependente facilitando assim a rapida evolucao viral (Duffy et al.,
2008, McHardy & Adams, 2009, Medina & Garcia-Sastre, 2011). Esse processo
permite a evolugdo antigénica viral pela selecdo de novas variantes contendo
alteracbes de aminoacidos nas proteinas HA e NA (Medina & Garcia-Sastre, 2011).
Essas mudancas superam a imunidade pré-existente em humanos, e estas novas

cepas se dispersam pela populagdo sendo responsaveis por uma nova epidemia
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sazonal (Medina & Garcia-Sastre, 2011). A taxa de mutacéo é diferente para cada
gene, sendo que aqueles segmentos expressos na superficie do virion apresentam
taxas maiores do que aqueles que expressam proteinas ndo estruturais (Christman
et al., 2011, Rambaut et al., 2008).

Alteracbes mais drasticas no genoma viral podem ocorrer, como 0 rearranjo
de segmentos génicos (shift antigénico), resultando na emergéncia de uma nova
variante com potencial pandémico, como ocorreu com o0 virus A (H1IN1)pdmO09
(Shinde et al., 2009, Smith et al., 2009). O mecanismo de shift antigénico ocorre
devido ao rearranjo entre os fragmentos génicos de virus de origens distintas

durante a infeccdo simultanea de duas particulas virais numa mesma célula.
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1.2 Histérico e aspectos moleculares das principais pandemias e

epidemias ocasionadas pelos virus Influenza A

1.2.1 Pandemias causadas pelos virus Influenza A

No ano de 412 a.C., Hipdcrates ja descrevia epidemias com sintomatologia
respiratéria semelhantes as ocasionadas atualmente pelo virus Influenza. Atribui-se,
ainda, ao virus Influenza a responsabilidade por variados surtos de doencas
respiratorias ao longo da histdria, como a devastadora doenca que ocorreu em
Atenas durante a Guerra Peloponesa; varios surtos de tosse e febre que ocorreram
na ldade Média; assim como a doenca que debilitou os soldados ingleses e
franceses durante a Primeira Guerra Mundial (Nicholson, 1998).

Logo apds a Primeira Guerra Mundial, altissimas taxas de infeccao,
morbidade e mortalidade foram observadas no mundo. Estima-se que metade da
populacdo mundial da época tenha sido infectada e cerca de 50 milhdes de pessoas
tenham morrido em consequéncia da doenca. Embora existam diversas teorias, a
origem do virus que assolou o0 mundo ainda continua sendo um enigma. A hipétese
mais aceita é que este virus seria originario do surto notificado pelo médico norte-
americano Dr. L. Miner em 1918 no Kansas, EUA, entre soldados que entraram em
contato com suinos (Crosby, 1989). Essa devastadora pandemia, como ficou
estabelecido posteriormente, ocorreu em trés ondas entre o0 més de setembro de
1918 a marco de 1919. A primeira onda surgiu como uma doenca respiratéria leve
entre a populacdo, ja a segunda onda ocasionou alta morbidade, mas baixa
mortalidade, mas recebeu pouca aten¢do na maior parte do mundo, devido a guerra.
Contudo, foi devido a grande repercussao do surto ocorrido na Espanha que essa a
pandemia ficou conhecida como Gripe Espanhola. A terceira onda - de similar
impacto a anterior - acometeu muitas pessoas devido a pneumonia e faléncia
respiratéria, sendo que a maioria dos Obitos foi ocasionada por infec¢cbes
secundérias oportunistas apés a infeccdo priméria pelo virus Influenza A do subtipo
H1N1 (Wright et al., 2007).
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A passagem desta pandemia pelo Brasil foi marcante, com o0s primeiros

registros datando de setembro de 1918, com o adoecimento de quatro tripulantes do
navio Piaui no porto de Recife. Entre outubro a dezembro de 1918 - periodo
conhecido oficialmente como pandémico, estima-se que 65% da populacéo
brasileira adoeceu. Foram registradas cerca de 2 mil mortes em S&o Paulo e, no Rio
de Janeiro, capital do Brasil na ocasido, foram notificadas 14.348 mortes. Um trecho
da descricdo feita pelo historiador Pedro Nava, que presenciou 0s acontecimentos
da época, é transcrito a seguir e revela a situacdo ocasionada pela pandemia de
1918 no Brasil.
“...aterrorizava a velocidade do contagio e o nimero de pessoas que estavam sendo
acometidas. Nenhuma de nossas calamidades chegara aos pés da moléstia
reinante: o terrivel ndo era o numero de casualidades — mas, ndo haver quem
fabricasse caixdes, quem os levasse ao cemitério, quem abrisse covas e enterrasse
0s mortos. O espantoso ja ndo era a quantidade de doentes, mas o fato de estarem
qguase todos doentes, a impossibilidade de ajudar, tratar, transportar comida, vender
géneros, aviar receitas, exercer, em suma, 0S misteres indispensaveis a vida
coletiva...” (Nava, 1989, Teixeira, 1993)

Devido ao grande impacto causado pela pandemia da Gripe Espanhola no
mundo, as autoridades da Inglaterra priorizaram a pesquisa em virologia. Assim,
Wilson Smith e colaboradores do Instituto Nacional para Pesquisas Médicas em
Londres, no ano de 1933, iniciaram experimentos, nos quais inoculavam
intranasalmente em furdes lavados de nasofaringe de pessoas com sintomas de
infeccdo respiratéria aguda (Smith et al., 1933). Sendo possivel entdo, observar que
os animais infectados desenvolviam os sintomas caracteristicos da doenca. Desta
forma, concluiram que o patégeno era um agente filtravel, passivel de transmisséo
de um animal a outro e capaz de levar ao desenvolvimento de uma resposta imune
por parte do hospedeiro, ficando este virus conhecido posteriormente como virus
Influenza tipo A (Smith et al., 1986). A descoberta do virus influenza A motivou
novas pesquisas, resultando no desenvolvimento da técnica de replicacdo do virus

em ovos embrionados no ano de 1934 (Burnet & Ferry, 1934). Hoje, esta é uma das
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principais técnicas utilizadas para o isolamento viral e para a producdo de vacinas
anti-influenza (Carrat & Flahault, 2007, WHO Global Influenza Network, 2011). No
ano de 1940, foi detectado um novo virus que se caracterizava por ser
antigenicamente distinto do virus Influenza A mas apresentava caracteristicas
estruturais semelhantes. Este novo agente foi denominado de B/Lee/40, e sua
descoberta culminou na descricdo de um novo género, denominado Influenzavirus
tipo B (Francis, 1940). Em 1941, foi comprovada a capacidade hemaglutinante viral
e foi desenvolvido o primeiro protocolo de inibicdo da hemaglutinacdo (HI,
Hemagglutination inhibition), possibilitando a identificacdo soroldgica dos isolados e,
por conseguinte, a presenca de anticorpos no soro de pacientes suspeitos (Hirst,
1941). Por fim, foi descoberto no ano de 1951 um novo género, denominado
Influenzavirus tipo C (Taylor, 1951).

Baseado em estudos evolutivos do segmento génico da HA, acredita-se que
os trés géneros dos virus Influenza tenham um ancestral comum, sendo que 0s virus
influenza C divergiram primeiro (h&4 aproximadamente 8.000 anos), e 0s virus
Influenza A e B, respectivamente, ha cerca de 2.000 e 4.000 anos atras (Suzuki &
Nei, 2002). Esse ancestral comum explica as similaridades encontradas entre 0s
géneros Influenza A e B, quando comparados ao género Influenza C.

Apds a primeira pandemia do século XX e as descobertas cientificas que esta
pandemia possibilitou, outros eventos pandémicos ocorreram: dois no século XX
(Gripe Asiatica e Gripe de Hong Kong); e um no inicio do século XXI (pandemia do
virus Influenza A (H1N1)pdmO09). A Figura 1.8 mostra esquematicamente a origem
dos virus que ocosionaram as quatro pandemias e o impacto ocasionado por elas na

populacdo humana.
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Figura 1.8 — Impacto das pandemias de Influenza, os

adaptacdo em humanos, suinos e aves.

Adaptado de Sorrell et al, 2011.

rearranjos e eventos de

Trinta e oito anos apds a “Gripe espanhola”, entre os anos de 1957-58, uma

nova cepa emergente do virus influenza, o subtipo A/H2N2 foi detectado na

provincia de Yunan, na China (Scholtissek et al., 1978). Esta cepa dispersou-se para

Hong Kong e, entdo, rapidamente atingiu Singapura, Taiwan e Japdo. Em seis

meses, 0 virus havia se espalhado por todo o globo, ficando a pandemia conhecida

como Gripe Asiética. A maioria dos Obitos ocorreu devido a pneumonia bacteriana

secundaria, sendo os individuos muito jovens e idosos, os mais atingidos (Wright et

al., 2007).
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No ano de 1968, o subtipo de A/H2N2 foi substituido pelo subtipo A/H3N2,
apOs rearranjo entre 0s segmentos génicos HA e PB1 (provenientes de patos
selvagens) e 0s outros seis segmentos do proprio subtipo A/H2N2 (Scholtissek et al.,
1978). Esta nova pandemia ficou conhecida como Gripe de Hong Kong e foi
caracterizada por apresentar baixos indices de mortalidade, quando comparada com
as duas pandemias anteriores. Possivelmente, em decorréncia da modificagdo em
apenas uma estrutura na superficie viral (o0 segmento génico HA deste virus era
muito similar ao do virus que circulou entre 1889-1900) e pela presenca de
anticorpos nos individuos com mais de sessenta anos na época (Wright et al., 2007).

No ano de 2009, ocorreu a emergéncia de uma nova linhagem de influenza A
subtipo H1N1, caracterizando a primeira pandemia do século XXI. O virus - produto
de rearranjo génico - € composto por: dois genes (PA e PB2) da linhagem aviaria
norte-americana; um gene (PB1) derivado da linhagem sazonal H3N2; trés genes
(HA, NP e NS) da linhagem suina classica norte-americana; e dois genes (NA e M)
da linhagem suina euro-asiatica (Garten et al., 2009, Itoh et al., 2009, Smith et al.,
2009). Este virus parece ter sido introduzido em um unico evento na populacéo
mexicana e norte-americana (Dawood et al., 2009), com alta transmissibilidade entre
humanos, desafiando toda a preparacdo mundial para a esperada pandemia de
influenza aviaria (Belshe, 2009).

O diferencial entre o virus A (H1N1)pdm09 e o A H1N1 sazonal, que circulou
na populacdo humana desde sua reemergéncia em 1977 (Nakajima et al., 1978) até
2009, estd especialmente localizado na HA viral e deve-se a rapida mudanca
antigénica ocorrida nesta molécula (Settembre et al., 2010). A Figura 1.9 mostra as
alteracdes antigénicas ocorridas na HA dos virus que circularam entre humanos e

reservatorios animais de 1918 a 2009.
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Modelos da glicoproteina HA das cepas de influenza A/HIN1 - A/South Carolina/1/1918, A/Fort
Monmouth/1/1947, A/Brisbaine/59/2007, e A/California/07/2009 (da esquerda para a direita). A porcéo
HALl esta representada em cinza; HA2, em vermelho, e as glicosilacbes estdo destacadas em
amarelo.

Figura 1.9 — Evolucdo da glicoproteina Hemaglutinin  a dos virus Influenza
A/HIN1 circulantes de 1918 a 20009.

Adaptado de Settembre et al, 2010.

Sabe-se que a por¢cdo HA1l da HA dos virus Influenza € o dominio mais
variavel da molécula (Wiley & Skehel, 1987). Nos reservatérios animais, a mudanca
antigénica na HA parece ser de menor magnitude. Em contraste, a circulagao entre
humanos parece permitir uma rapida mudanca antigénica, na qual novos sitios de
glicosilacdo sdo gerados mais frequentemente (Settembre et al., 2010).

A faixa etaria mais acometida ao longo desta recente pandemia de H1IN1
foram os adultos jovens, ao contrario do que vinha sendo observado com o virus
Influenza A/HIN1 sazonal (Dawood et al., 2009). O motivo que explicaria tal
inversdo na faixa etaria seria a inexisténcia de anticorpos contra esta nova cepa
menos glicosilada entre adultos jovens. Ao todo foram confirmados laboratorialmente
cerca de 18 mil 6bitos no mundo de abril de 2009 a agosto de 2010, podendo este
namero ter sido até 15 vezes maior (Dawood et al., 2012, World Health Organization,
2010b). ApGs a o evento pandémico, o virus A (H1N1)pdmO09 passou a co-circular na
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populacdo juntamente com o H3N2, apresentando um menor impacto em
mortalidade. Assim, como um virus sazonal, o A (H1N1)pdmO09 passou a ser incluido
na composicdo da vacina a partir de 2010/2011 no hemisfério norte e 2011 no
hemisfério sul (World Health Organization, 2014b).

1.2.2 Importantes surtos e epidemias de variantes de Influenza A entre

humanos

O subtipo de Influenza A que podera ocasionar uma nova pandemia sempre
foi um assunto bem debatido pela comunidade cientifica. Alguns acreditam que
apenas o0s subtipos Hl1l, H2 e H3 podem realmente ocasionar 0s eventos
pandémicos entre humanos. Outros apostam que os subtipos H5, H6, H7 e H9,
responsaveis por infeccbes zoondticas, sdo mais propensos a causar a proxima
pandemia (Sorrell et al., 2011). Isso € incerto, mas importantes surtos e epidemias
com diferentes subtipos de Influenza séo reportados esporadicamente ao longo da
historia.

Em 1977, o subtipo HIN1 similar ao que ocasionou a pandemia de 1918
reapareceu na Russia, tornando-se epidémico (Wright et al., 2007). Entretanto, ndo
substituiu o subtipo H3N2, que circulava desde a pandemia de 1968, passando
esses dois subtipos de Influenza A, juntamente com o virus Influenza B, a circular
concomitantemente na populagdo humana mundial. Normalmente, um destes virus
sazonais predomina, tornando-se epidémico em determinado ano (Hilleman, 2002).
Além destes virus sazonais outros subtipos ocasionalmente infectam humanos
causando surtos e epidemias locais.

No ano de 1997, o subtipo HPAI H5N1 causou um grande surto em aves
domésticas em Hong Kong resultando no primeiro caso de transmisséo
documentada de aves para humanos, com seis casos fatais entre os 18 individuos
infectados (de Jong et al., 1997). Analises filogenéticas evidenciaram a transmissao
direta da cepa circulante de H5N1 entre galinhas para o homem eliminando a etapa
intermediaria da adaptacdo viral em suinos (Webster, 1998). A agilidade na

obtencéo dos resultados permitiu a rapida identificacdo e eliminacéo dos plantéis de
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aves contaminadas em Hong Kong. Em geral, em paises do continente asiatico os
mercados de animais vivos sdo comuns e constituem uma 6tima oportunidade para
o rearranjo entre diferentes subtipos de Influenza. Ap6s 2004, o virus HPAI H5N1 se
espalhou pela Asia, Europa e Africa causando varios surtos em aves domésticas e
ocasionalmente sendo isolado de mamiferos. Desde 2003, 694 casos foram
relatados com 402 oObitos (World Health Organization, 2015a). A transmissao
sustentada humano-humano do HPAI H5N1 ndo parece ser muito eficiente, dado
que os casos de transmissdo entre pessoas sao raros (Bender et al.,, 1999).
Entretanto, ndo é descartada a possibilidade deste subtipo se tornar pandémico,
pois o0 mesmo pode desenvolver adaptacbes que garantiiam a transmissao
humano-humano, através de mutagdes ou aquisicdo de um novo segmento génico
de virus influenza humano classicos, representando assim uma grande ameaca.

Outro subtipo atipico para o homem, o H7, tem sido responsavel por varios
surtos entre aves que resultam ocasionalmente em infec¢gdes humanas (Gao et al.,
2013, Koopmans et al., 2004, Puzelli et al., 2014). Algumas infec¢cbes sdo isoladas,
sem maior importancia epidemiolégica, como casos de conjuntivite e infeccdes
respiratorias pelos subtipos A/H7N2, A/H7N3 e A/H7N7 reportados na Europa e
Estados Unidos de 1997 a 2014 (Belser et al., 2009, Puzelli et al., 2014). Entretanto,
em mar¢co de 2013 na China, o subtipo aviario A/H7N9 detectado apenas em
passaros no passado emergiu causando uma significativa taxa de infec¢cdes em
humanos e aves (Gao et al.,, 2013). Neste importante surto, foram reportados pela
OMS 453 casos laboratoriais de infeccao humana com A/H7N9, incluindo 175
mortes (World Health Organization, 2014c). Apesar do grande numero de casos
observados este virus ndo parece ser transmitido facilmente de pessoa-pessoa, € a
transmissao sustentada nao foi reportada (World Health Organization, 2014c).

Antes da emergéncia da variante pandémica, de dezembro de 2005 a
fevereiro de 2009, cerca de 10 casos de transmisséo de Influenza A de suinos para
humanos foram reportados nos EUA (Dawood et al., 2009, Shinde et al., 2009).

Estes virus eram dos subtipos HIN1 e H1N2 e possuiam segmentos génicos muito
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semelhantes aos virus A (HIN1)pdmOQ9 (Figura 1.10), e foram apontados como

possiveis precursores do virus pandémico (Shinde et al., 2009)

Genoma de HIN1 Genoma do virus
detectado em casos Influenza A
esporadicos humanos (HIN1)pdm09
2005 a 2009 nos EUA emergente em 2009
PB2 PB2
PB1 PB1
PA PA
HA s HA m—
NP e NP s
NA m— NA m—
M  —— M  ooss——
NS m— NS m—

s Linhagem classica suina Norte Americana

Linhagem aviaria Norte Americana

Linhagem sazonal H3N2

s Linhagem euroasiatica

Figura 1.10 - Comparacao do genoma do virus Influen  za A HIN1 detectados em
surtos de suinos e humanos nos EUA de dezembro de 2 005 a dezembro de
2009 e o0 genoma do virus Influenza A (HIN1)pdmO09.

Adaptado de Dawood et al, 2009.

O virus A (H1IN1)pdm09 também sofreu rearranjo com o virus H3N2 sazonal
e, em julho de 2011, foi detectada pela primeira vez em humanos a variante H3N2v,
gue possui o gene M do virus influenza A (HIN1)pdmQ09 (Centers for Disease
Control and Prevention, 2014a). Estes virus foram previamente observados em
suinos no ano anterior, e a infeccdo humana foi associada com a exposicéo
prolongada aos porcos em feiras agricolas. A transmissdo humano-humano foi
limitada, sem a observacdo de uma transmissdo comunitaria. De agosto de 2011 a
outubro de 2014, um total de 343 casos humanos foram registrados, causando
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aparentemente uma infeccédo leve (Centers for Disease Control and Prevention,
2014a).

Os casos de rearranjo e surtos humanos apresentados acima mostram um
pouco da complexa dinadmica dos virus Influenza A na natureza e confirmam a
necessidade de vigilancia e controle destes surtos com potencial pandémico. Diante
do impacto em salude publica que a emergéncia de uma variante pandémica
significa, estudos que visam prever o impacto de uma nova pandemia sao
importantes, mas também polémicos, e dividem opinides do ponto de vista da
biosseguranca (Davis et al., 2014, Duprex et al., 2015, Fouchier et al., 2012). Alguns
estudos de “ganhos de funcédo” (GOF, gain-of-function), os quais permitem adaptar
uma variante viral potencialmente pandémica, tornando-a mais transmissivel e
contagiosa, foram realizados com o subtipo H5N1 com o objetivo de melhorar a
identificacdo de mutacBes perigosas. Contudo, alguns grupos sao contrarios a
realizagdo desses tipos de estudo, pois nao existe maneira de se descartar
totalmente o risco de liberagdo acidental das variantes altamente patogénicas de
Influenza geradas em laboratorio. Sob esta 6tica, afirmam os estudiosos, pesquisas
dessa natureza, envolvendo modificacdes virais para GOF, trariam mais ameacas

que beneficios a populacdo humana.
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1.3 Epidemiologia dos virus Influenza A (H1LN1)pdmQ9

No inicio de 2009, as diferentes organizacdes de saude e grupos de pesquisa
do mundo que vinham se preparando para uma potencial pandemia de H5N1, foram
surpreendidas pela emergéncia do subtipo A (H1IN1)pdmO09. Entre os meses de
marco e abril de 2009 foram diagnosticados 0s primeiros casos de infeccao
respiratOria causada por essa variante no México e nos EUA, mas acredita-se que a
transmissao tenha iniciado alguns meses antes do reconhecimento do primeiro surto
(Smith et al.,, 2009). Durante as primeiras semanas de vigilancia, este virus
espalhou-se pelo mundo rapidamente, sendo que em 11 de junho de 2009 a OMS
declarou que a infeccdo causada pela nova variante tinha atingido a porporcéo
pandémica (World Health Organization, 2009b).

De acordo com a OMS, para caracterizagdo de um evento pandémico existem
seis fases ou niveis de alerta (World Health Organization, 2010a). Na primeira fase,
0S virus que circulam entre animais ndo sdo detectados em humanos, sendo
encontrados na populacdo apenas o0s virus sazonais. Na fase dois um virus
Influenza conhecido por ter causado infecgbes em humanos é detectado circulando
entre animais domeésticos ou selvagens, sem infeccdo em humanos. Contudo, o
potencial pandémico do patégeno circulante € considerado nesta etapa. Na fase
trés, ocorrem casos esporadicos em humanos, através da transmissdo animal-
humano. Contudo, esta transmissdo € limitada, ndo ocorrendo a transmissao
humano-humano. Quando o virus rompe essa barreira e passa a ocorrer a
transmissdo sustentada entre humanos caracteriza-se a fase quatro, com
surgimento de surtos comunitarios. A fase cinco € caracterizada pela propagacao do
virus em pelo menos dois paises, sendo iminente a ocorréncia de uma pandemia. A
fase seis caracteriza a pandemia, propriamente dita, com a ocorréncia de surtos em
varios paises simultaneamente. Apés a fase pandémica, atinge-se o periodo poés-
pico, no qual ha uma reducao significativa no nimero de casos. Entretanto, existe a

possibilidade de eventos recorrentes na populacdo. Ao término do periodo pos-pico,
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ocorre 0 periodo pos-pandémico, no qual os virus passam a circular normalmente,
como um virus sazonal (World Health Organization, 2010a).

Em relacdo as outras pandemias ja registradas, o impacto da pandemia de
influenza A (H1N1)pdmO09 foi moderado, com cerca de 18 mil dbitos notificados no
mundo entre abril de 2009 a agosto de 2010. Estima-se, entretanto, que o numero
de mortes pode ter chegado a 284 mil se forem contados 6bitos ndo notificados
(Dawood et al., 2012, World Health Organization, 2010b).

Uma das caracteristicas da pandemia de 2009 foi a forma desproporcional
com que afetou criancas e adultos jovens em relacdo aos grupos relativamente,
mais velhos (Bautista et al., 2010). A excasses de individuos sintomaticos com idade
superior a 60 anos (Dawood et al., 2009), se deve possivelmente a uma imunidade
cruzada adquirida previamente por possivel exposicdo a variantes similares que
circularam entre 1940 e 1950 (Settembre et al., 2010). Alguns estudos fortaleceram
essa hipbtese, como o realizado por Garten e colaboradores (2009) que mostraram
que cerca de 33% de individuos acima de 60 anos possuiam anticorpos
neutralizantes de reacéo cruzada para influenza A (H1N1)pdmOQ9 através de testes
de HI e de inibicdo da neutralizacdo (Garten et al., 2009). Outro estudo de exposicéo
domiciliar ao influenza A (HLN1)pdmO09, revelou que individuos abaixo de 50 anos
eram 2 vezes mais susceptiveis ao virus (Cauchemez et al., 2009).

Estima-se que 25 a 50% dos pacientes infectados com A (HIN1)pdmQ9 que
foram hospitalizados ou morreram apresentavam alguma comorbidade (doencas
cronicas, imunossupressao, obesidade, entre outras) ou algum fator de risco para
complicag@es clinicas (Bautista et al., 2010, Punpanich & Chotpitayasunondh, 2012).
Um grupo afetado de forma importante durante a pandemia foi o de gestantes
(Mosby et al.,, 2011), cuja maior sensibilidade ndo ocorreu somente a falta de
anticorpos prévios, mas também a uma variedade de mudangcas no sistema
cardiaco, respiratério, hormonal e imunolégico que possivelmente contribuiram para
o0 aumento da morbidade e mortalidade neste grupo (Jamieson et al., 2006).

As caracteristicas clinicas e complicacdes da infeccdo por influenza A

(HIN1)pdmO09 foram similares as da influenza sazonal. O espectro clinico variou
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desde infeccbes assintomaticas a pneumonia viral resultando em faléncia
respiratétia, disfuncdo respiratoria aguda, faléncia mdaltipla de o6rgdos e morte
(Bautista et al., 2010).

1.3.1 Sazonalidade dos virus influenza A

O virus influenza A apresenta uma sazonalidade complexa, com influéncia de
um conjunto de fatores populacionais (nivel de imunidade, interacdes sociais,
comportamentais e culturais), virais (continuo processo de geracdo e selecdo de
novas linhagens) e ecoldgicos/ambientais (Lofgren et al., 2007). Os virus influenza
tém seu pico epidémico nos meses de maio a setembro nas regides de clima
temperado do Hemisfério Sul, entre dezembro e marco nas regides de clima
temperado do Hemisfério Norte, e durante todo o ano (com maior incidéncia no
periodo chuvoso) nas regides tropicais e subtropicais (Tamerius et al., 2011, Viboud
et al., 2006) (Figura 1.6).
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Figura 1.11 - Comparagdo dos padrées de influenza s azonal nos paises
temperados e tropicais nas Américas.
Adaptado de (Viboud et al, 2006).
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Devido as dimensfes continentais do Brasil, estendendo-se por areas
temperadas, subtropicais e equatoriais, € possivel identificar distintos padrdes
sazonalidade dos virus influenza nas diferentes regides do pais (Mello et al., 2009,
Motta et al., 2006, Moura et al., 2009, SVS, 2009). A regido Sul apresenta uma
sazonalidade similar a observada nos paises de clima temperado, com epidemias
com pico no inverno (junho-julho) (Straliotto et al., 2002). A regido Norte apresenta
dois picos, sendo o maior em associacdo ao periodo chuvoso (marco-abril), como
observado em paises tropicais da Asia (Moura et al., 2009). J& nas outras regides do
Brasil, temos uma situagdo intermediaria, com casos detectados ao longo de todo
ano e picos menos acentuados no inverno (Alonso et al.,, 2007). Entretanto, a
descontinuidade e a falta de homogeneidade dos servicos de epidemiologia nas
diferentes regibes do pais dificultam muito a comparacdo entre os dados de

circulacao de influenza.

1.3.2 Impacto do virus A (H1N1)pdmO09 no Brasil

Devido as varia¢des de densidade populacional e do acesso a saude entre 0s
diferentes paises, o impacto da pandemia de Influenza de 2009 foi diferenciado nas
diversas regides do globo (Boni et al., 2009). No Brasil, os primeiros resultados
positivos para o virus A (HIN1)pdmQ9 foram divulgados no inicio de maio de 2009
(Secretaria de Vigilancia em Saude, 2010). As amostras analisadas eram
provenientes de quatro adultos jovens, dois deles do Estado de Sao Paulo, um do
Rio de Janeiro e o outro de Minas Gerais, sendo que todos apresentavam algum
historico de viagem recente ao México ou aos EUA (Secretaria de Vigilancia em
Saude, 2010).

No periodo inicial da circulagdo viral no pais (semanas epidemiolégicas 16 a
28) os casos detectados estavam relacionados a viajantes que haviam estado fora
do pais. Assim, medidas de contencdo foram adotadas, especialmente a vigilancia
intensificada em pontos de entrada no pais como portos, aeroportos e fronteiras

terrestres na tentativa de identificar a maioria dos casos suspeitos. A fim de reduzir
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os riscos de transmissdo comunitaria foram adotadas medidas como: internacao e
isolamento de todos os casos com sindrome gripal, tratamento com o antiviral
Oseltamivir e busca ativa e quarentena dos contactantes (Secretaria de Vigilancia
em Saude, 2010).

Contudo, apesar dos esfor¢cos de contencéo, no dia 16 de julho de 2009 foi
declarada a transmissao sustentada do virus A (H1N1)pdmO09 no Brasil, ap6s a
conclusdo da investigacdo epidemiolégica dos primeiros casos suspeitos e da
notificacdo do primeiro caso de transmissao da doenca sem o vinculo com viagens
ou contato com viajantes internacionais. Assim iniciou-se a fase de mitigacdo, na
qual foram adotadas medidas para reduzir a gravidade e mortalidade pela a doenca,
através do diagnéstico rapido e tratamento dos casos que apresentavam risco para
a doenca grave ou fatal (Secretaria de Vigilancia em Saude, 2010). O
monitoramento de casos de SRAG e de individuos que apresentavam algum fator de
risco para complicacdo da doenga foram intesificados a fim de atenuar os casos
graves e diminuir os casos de 6bitos (Secretaria de Vigilancia em Saude, 2010).

Assim, no ano de 2009 (semanas epidemiolédgicas 16 a 52) foram registrados
no Brasil 2.051 Obitos ocasinados pelo virus A (H1IN1)pdmO09, sendo a taxa de
mortalidade nacional de 1,1/100 mil habitantes. Quando analisada separadamente
por regido geografica, a mortalidade foi maior no Sul do pais, atingindo 3/100 mil
habitantes (Secretaria de Vigilancia em Saude, 2010).

Nas epidemias dos anos subsequentes o virus A (H1N1)pdmQ9 passou a
circular de forma sazonal e o numero de casos e de 6bitos foi reduzido, como mostra

a Figura 1.12.
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(HIN1)pdmO09 durante e apds o periodo pandémico (sem ana epidemioldgica 1
2009 a semana epidemiologica 46 de 2014).

Adaptado de imagem cedida pela pelo Grupo de trabalho de Influenza da SVS.

1.3.3 Epidemiologia molecular e evolucao dos virus A (HLN1)pdmO09

A dindmica evolutiva e epidemiologica dos virus Influenza esta relacionada
diretamente com o padrdo de migracdo global destes virus. Diversos modelos séo
propostos para explicar seu processo migratorio, entretanto, apesar de diferentes
estudos, ainda sabemos muito pouco. Um destes modelos tedricos defende que os
tropicos abrigam populacfes virais endémicas por todo ano, e que estas regides
atuam como um reservatorio que, sazonalmente, reintroduz isolados virais nas
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regides temperadas como mostra a Figura 1.13 (Rambaut et al., 2008). Alguns
estudos filogenéticos sustentam este modelo e apontam as regides tropicais como o
centro da diversidade e distribuicdo do virus influenza A humano para outras regides
do mundo (Nelson et al.,, 2007, Rambaut et al., 2008). Ainda dentro desse modelo,
acredita-se também que, durante as migracfes sazonais para dentro e fora dos
tropicos (com elevada biodiversidade), as aves transmitem influenza para outros
hospedeiros (aves e mamiferos) e que 0s 0s humanos garantem a persisténcia viral
na comunidade e sua rapida disseminacéo entre paises ou regides (Nelson et al.,
2007, Reed et al., 2003).

Hemisfério Norte

oW o eF

o

4

Hemisfério Sul

Figura 1.13 - Modelo tedrico de dispersdo de varian tes dos virus Influenza
mostranto a regiao tropical como o principal reserv atorio anual destes virus.
Adaptado de Rambaut et al, 2008.

Um outro molelo aponta o leste e sudeste asiadtico como as regides
disseminadoras de variantes de virus Influenza para o restante do mundo, e ainda
mostra a América do Sul como o fim de linha para a circulacdo de variantes de
influenza A H3N2 (Bedford et al., 2010, Russell et al., 2008). Finalmente, opondo-se
a todos os outros modelos migratérios, Bahl e colaborares sugerem que as

populacdes virais migram constantemente em todos os sentidos e evoluem durante
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a trajetéria de migracdo, e que todas as regides sado potenciais fontes para
emergéncia de novas variantes virais (Bahl et al., 2011).

Independente da direcdo de disperséo das populagdes virais, a migragéo e a
evolucdo do virus influenza tém como importantes veiculos a movimentacdo de
pessoas pelo mundo (especialmente pelo trafego aéreo) e o comércio internacional
de aves domésticas e de suinos (Khan et al., 2009, Tamerius et al., 2011). Estudos
realizados com amostras A (HIN1)pdmQ9 do inicio da pandemia demonstraram o
impacto da movimentacdo internacional de pessoas, especialmente por rotas
aéreas, na rapida disseminacao do virus pelo mundo (Khan et al., 2009, Lycett et al.,
2012), sendo relatadas em varios paises multiplas introducdes de variantes virais na
primeira fase da pandemia (Lycett et al., 2012, Zehender et al., 2012).

Andlises evolutivas do genoma completo do virus A (HIN1)pdmO9 durante o
periodo pandémico (abril de 2009 a agosto de 2010) revelaram a circulacéo de dois
grandes grupos (Christman et al., 2011). O Cluster | com origem no México, Texas e
California e o Cluster Il com origem em Nova York (Fereidouni et al., 2009, Shiino et
al., 2010). Este o periodo inicial da introducédo e adaptacéo do virus A (H1N1)pdmO09
em humanos mostrou um baixo numero de mutacfes, sendo que a maioria delas
(cerca de 98%) ocorria randomicamente, resultando num baixo sinal filogenético
entre os dois grupos ao analisar juntas todas as sequéncias mundiais (Christman et
al.,, 2011). Entretanto, uma micro-evolucdo pode ser observada quando foram
analisadas amostras locais e com um restrito periodo de tempo (Nelson et al., 2009,
Shiino et al., 2010).

Estudos filogenéticos realizados nos primeiros meses (abril e julho de 2009)
de circulacdo mundial do virus A (HIN1)pdmO9 revelaram uma inicial diversidade
viral nos EUA, o que resultou na caracterizacdo de pelo menos 7 grupos
filogenéticos, G1 a G7-pdm (Tabela 1.2), com assinaturas distintas ho genoma viral
(Nelson et al., 2009). Isolados de A (H1N1)pdmO9 dos grupos G5, G6 e G7-pdm
foram também observados na India de maio a setembro de 2009 e em amostras

brasileiras (Goni et al.,, 2012, Potdar et al., 2010). Evidéncias de uma evolucao
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adaptativa dentro G7-pdm foram observadas e este se tornou o grupo predominante
(Mullick et al., 2011, Nelson et al., 2009, Potdar et al., 2010).

O grupo de vigilancia do Centro Europeu para Controle e Prevencédo de
Doencas (ECDC, European Centre for Disease Prevention and Control) € uma das
diversas entidades ao redor do globo que reportam regularmente as variantes
emergentes nos anos subsequentes ao evento pandémico (European Centre for
Disease Prevention and Control, 2011, 2013). O ECDC reportou a circulacdo na
Europa de pelo menos 6 grupos filogenéticos (G2 - G7) e 3 subgrupos (6A - 6C) no
periodo pos-pandémico 2011 a 2014, como mostra a Tabela 1.2 (European Centre
for Disease Prevention and Control, 2011, 2013). Este achado foi confirmado em
amostras detectadas na Tunisia (El Moussi et al., 2013). Entretanto, mesmo com o
aumento na diversidade viral, a vacina anti-influenza para o subtipo HIN1 continua
sendo a cepa A/California/7/2009, isso porque titulos de HI de isolados dos grupos
identificados atualmente ainda apresentam boa reatividade com o anti-soro
produzido contra o virus da vacina (European Centre for Disease Prevention and
Control, 2011, 2013).
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Tabela 1.2 - Variagbes de aminoacidos que caracteri zaram 0S grupos
filogenéticos do virus A (HIN1)pdm09 desde sua emer géncia até o ano de
2014,

Grupo filogenético Substituicdes de amino &cidos Referéncia
(Representante) por proteina
G1 PA: S224P%; Nelson et al, 2009
(A/California/7/2009-like) HA: S83P*, A197T*, V321I*
G2-periodo pandémico PA: M581L*
NP: T373l

G3-periodo pandémico

G4-periodo pandémico PB2: V649I*; PB1: 1667T;

NP: V100I; NA: V106l; NS2: E63K
G5-periodo pandémico NP: V100I*; NA: V106I1*, N248D
G6-periodo pandémico HA: K-15E; Q293H*; NP: V100,

NA: V1061, N248D
G7-periodo pandémico HA: S203T; NP: V100I*;

NA: V1061, N248D*; NS1: 1123V
G2 HA: N31D, A186T, S162N ECDC, 2011
(A/Czech Republic/32/2011-like)
G3 HA: A134T, A141S* V152A* S183P,
(A/Umea/1/2011-like) 1295Vv*
G4 HA: N125D

(A/Christchurch/16/2010-like)

G5 HA: D97N, R205K, 1216V, V249L
(A/Astrakhan/1/2011-like)

G6 HA: D97N, S124N, S185T
(A/St Petersburg/27/2011-like)

G6A HA: H138R, V249L ECDC, 2013
(A/Hong Kong/5659/2012-like)

G6B HA: K163Q, E172K, A256T, K283E
(A/Norway/2417/2013-like)

G6C HA: E172K, V234l, K283E
(A/Estonia/76677/2013-like)

G7 HA: S124N, S143G, S185T, A197T ECDC, 2011
(A/St Petersburg/100/2011-like)

A numeracdo de HA utilizada para esta tabela desconta o peptideo sinal; *variacdes
mais frequentes em cada grupo
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1.4 Resposta imune contra a infeccdo pelos virus In  fluenza

Durante o curto periodo de incubacédo entre a infeccédo e os sintomas clinicos
da gripe (2 a 3 dias) inicia-se o reconhecimento e ativacao da resposta imune inata.
Nesta etapa, células efetoras, e mediadores solGveis como citocinas, quimiocinas e
outros fatores atuam no controle da infec¢do. Ainda, durante a resposta imune inata
sao ativados os mecanismos de apresentacdo de antigenos, que em conjunto com
as citocinas, sdo responsaveis pelo desencadeamento da resposta adaptativa
(lwasaki & Pillai, 2014, van de Sandt et al., 2012).

Uma vez que células do trato respiratdrio sao infectadas, inicia-se uma
complexa série de eventos intracelulares que estimulam o inicio de uma resposta
antiviral, levando a producédo de quimiocinas, interferon (IFN) e outras citocinas. O
reconhecimento viral por padrées moleculares associados a patégenos (PAMPs,
pathogen-associated molecular patterns) e a coordenacdo inicial da resposta a
infeccdo sdo mediados por trés grandes familias de receptores inatos, denominados
receptores de padrbes moleculares (PRRs, Pattern Recognition Receptors): 1)
receptores do tipo Toll (TLRs, Toll-like receptors), como TLR3, TLR7, TLR4 e TLR2,;
2) receptores do tipo NOD (nucleotide oligomerization domain; NLRs, Nod-like
receptors) da familia NLRP3; e 3) receptores RIG-I (retinoic acid inducible gene-I;
RLR, RIG-like receptors) (Kreijtz et al., 2011, van de Sandt et al., 2012).

TLR3 e TLR7 estéo localizados em vesiculas endossomais e sao capazes de
reconhecer RNA viral dupla fita (RNAfd) e RNA viral fita simples (RNAfs),
respectivamente. Ambos induzem a producdo de IFN tipo I, e ainda TLR7 produz
citocinas inflamatorias, como as interleucinas (IL), IL-12 e IL-6. Por sua vez, TLR2 e
TLR4 estdo localizados na superficie celular e reconhecem glicoproteinas de
superficie viral HA e NA (Kreijtz et al., 2011, van de Sandt et al., 2012).

O receptor NLRP3 do tipo NOD se torna ativado pela infecgcdo viral em
resposta a RNAfd e pela atividade do canal ibnico M2. Por um mecanismo ainda nao
totalmente elucidado, a ativacdo do receptor NLRP3 leva a sua oligomerizagao,

formando uma estrutura denominada Inflamossomo no citoplasma. O Inflamossomo
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serve como plataforma para recrutamento e ativacdo da pro-Caspase | e sua
conversdo em Caspase | ativa. Esta, por sua vez, processa as pro-citocinas IL-1f,
IL-18 e afins até sua forma biologicamente ativa. A IL-1B esta envolvida em uma
série de respostas pro-inflamatodrias, inclusive expansdo de clones de células T
CD4+ antigeno-especificas e seu direcionamento para o perfil Thl7. Em uma
diferente classe de NLRs, NOD2 parece mediar o reconhecimento de RNAfs em
modelos virais de RSV e Influenza, levando a producgéo de IFN do tipo | (Kreijtz et
al., 2011, van de Sandt et al., 2012).

RIG-I, por sua vez, é ativado pela ligacdo do RNA 5" trifosfato ou do RNAfd
viral ao dominio repressor de RIG-I. Este sofre uma mudanca conformacional,
expondo os dominios de recrutamento e ativacdo de caspases. Estes dominios sdo
ubiquitinados por E3 ubiquitina ligase induzida por IFN, denominada TRIM25
(tripartite motify 25). RIG-I pode se associar a adaptadores de sinalizagcao virais nas
mitocondrias (MAVS, mitocondrial antiviral signaling adaptor; também conhecido
com IPS-1, VISA ou Cardif), iniciando a cascata de sinalizagdo que leva a ativagéo
dos fatores de transcricdo IRF3 (Interferon Regulatory Factor 3) e NF-kB (Nuclear
Factor Kappa B) (Kreijtz et al., 2011, van de Sandt et al., 2012).

Todas essas vias de sinalizacao eventualmente resultam na transcricdo de
citocinas pro-inflamatdrias, quimiocinas e IFNs que ativam a resposta antiviral e o
recrutamento de neutrdfilos, ativacdo de macréfagos e maturacdo de células
dendriticas (Kreijtz et al., 2011).

A inducéo de IFNs é essencial na resposta protetora inicial contra a infeccao
por influenza. Os IFNs do tipo I, incluindo IFN-a e IFN-3, tem um importante papel na
limitag&do da replicacéo viral. Estes também estimulam células denditicas, resultando
no aumento de apresentacdo de antigenos para células T CD4+ e T CD8+, o que
contribui para iniciar a resposta adaptativa. IFN-B € produzido via feedback positivo
regulado pelo IRF7, estimulando na propria célula ou células vizinhas a producéo de
IFN-a e IFN-B.

Os IFNs do tipo | possuem um papel fundamental na limitacdo da replicacao

viral, sendo produzido por macréfagos, pneumaocitos e células dendriticas (Iwasaki
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and Pillai 2014). Eles promovem um estado antiviral celular por estimular a
expressdao de centenas de genes, conhecidos como genes estimulados por
interferon (ISG, Interferon stimulated genes). Os ISG podem controlar a patogenese
viral por meio de uma variedade de mecanismos e seus efeitos sdo geralmente
especificos a cada tipo de virus, célula ou tecido (Iwasaki and Pillai 2014; Schoggins
2014). J& foram identificados mais de 400 ISGs, entretanto, as fun¢des biologicas da
grande maioria deles nédo estdo bem estabelecidas (lwasaki & Pillai, 2014). Por outro
lado, algumas das proteinas codificadas por ISGs apresentam um papel bem
definido no controle da infeccao por influenza, como as proteinas transmembrana
induzidas por interferon (IFITMs, Interferon-induced transmembrane proteins),
capazes de bloquear a infeccao de varios virus envelopados que séo internalizados
nas ceélulas pela via endossomal, incluindo o virus influenza A (Brass et al., 2009). O
bloqueio ou alteracdo no perfil da expressdao dos ISGs podem induzir uma
diminuicdo da resisténcia antiviral natural do hospedeiro (Iwasaki & Pillai, 2014,
Schoggins, 2014).

A segunda linha de defesa contra a infeccdo pelos virus Influenza A é a
resposta imune adaptativa (humoral e celular). No geral, esta resposta € altamente
especifica e lenta no primeiro encontro com o patégeno. No entanto, a partir do
segundo encontro com o patégeno, quando ja se tem uma memadria imunoldgica, a
resposta se mostra mais rapida e forte (Noh & Kim, 2013, van de Sandt et al., 2012).

A resposta imune adaptativa humoral leva a producdo de anticorpos
neutralizantes especificos contra o virus Influenza, especialmente contra a proteina
HA. Apos a infeccdo primaria (cerca de 3 dias), células dendriticas carregadas com
antigenos virais migram para linfonodos do mediastino, onde ocorre reconhecimento
dos epitopos de HA, NA e outras proteinas pelos linfécitos B residentes (van de
Sandt et al., 2012). Estes, por sua vez, passam por rapida proliferacdo e maturacao
em células produtoras de anticorpos (van de Sandt et al., 2012). Os anticorpos virus-
especificos presentes no soro ou, de preferéncia, depositados na superficie da
mucosa das vias aéreas, podem bloquear a entrada viral, e o subsequente

estabelecimento da infeccao, por meio do impedimento da interacdo da HA com os
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residuos de AS das células hospedeiras (Kreijtz et al., 2011). Esse, inclusive, € 0
principal mecanismo de protecdo das vacinas sazonais licenciadas para uso em
humanos contra Influenza (Noh & Kim, 2013).

A maioria dos anticorpos neutralizantes anti-HA sao direcionados contra
epitopos do dominio globular da proteina. Como vimos anteriormente, essa regiao é
altamente variavel e seus epitopos mudam de composi¢ao entre cepas virais. Assim,
anticorpos produzidos contra uma determinada sequéncia de HA n&o séo capazes
de neutralizar os epitopos de uma linhagem variante, mesmo se produzidos em altos
titulos. Esse € um dos mecanismos de escape imunoldgicos mais importantes do
Influenza, que explica também a necessidade de revisdo frequente de composi¢do
das vacinas sazonais. Os anticorpos dirigidos a NA n&o neutralizam diretamente o
virus, mas inibem sua atividade enzimatica limitando a dispersdo viral. Estes
também facilitam o processo de citotoxicidade celular dependente de anticorpo e
podem contribuir para remocédo da célula infectada (Kreijtz et al., 2011, van de Sandt
et al., 2012).

Por sua vez, a resposta imune celular consiste no recrutamento de células T
CD4+ e CD8+ especificas para o virus. Estas células desempenham um papel
importante  na regulagdo da resposta imunologica e eliminacdo viral,
respectivamente (Kreijtz et al., 2011, van de Sandt et al., 2012). As células T CD4+
sdo ativadas ap0s o reconhecimento de peptideos virais associados ao MHC de
classe Il e moléculas co-estimulatérias na superficie de células apresentadoras de
antigenos (Kreijtz et al., 2011). A principal funcdo das T CD4+ é produzir citocinas
que regulam a ativagdo e funcdo de outras células imunes. De acordo com o perfil
de citocinas, as T CD4+ podem ser divididas em diversos perfis. Os perfis classicos
sao os das ceélulas T auxiliares (Th, T helper cell) do tipo Thl, as quais produzem IL-
2 e IFN-gamma as quais favorecem a ativacdo de macrofagos e células T CD8+ com
perfil citotéxico e células Th2, que produzem IL-4 e IL13 e regulam producdo de
anticorpos. Mais recentemente foram descritos outros perfis, como os das células
Th1l7 e células T reguladoras (Tregs), as quais atuam na modulacdo da resposta

imune, controlando o processo inflamatério (van de Sandt et al., 2012).
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Células citotoxicas T CD8+ (CTLs) desempenham um importante papel pois
realizam a eliminagdo direta de células infectadas pelos virus. S&o ativadas no
tecido linfoide e recrutadas pra o local da infec¢cdo, onde reconhecem e eliminam a
célula infectada prevenindo a producdo da progenie (Kreijtz et al., 2011, van de
Sandt et al., 2012)..
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1.5 Patogénese dos virus Influenza A (H1N1)pdmO9

As causas de patogenicidade podem ser atribuidas a varios fatores como a
patogenicidade intrinseca do virus, fatores adquiridos do hospedeiro (comorbidades,
gestacdo ou imunodepressao) e, ainda, a susceptibilidade genética do hospedeiro
ao virus (Fukuyama & Kawaoka, 2011, Horby et al., 2013, Ilwasaki & Pillai, 2014,
Punpanich & Chotpitayasunondh, 2012, Schrauwen et al., 2013).

1.5.1 Fatores de patogenicidade virais intrinsecos

As proteinas virais possuem um importante papel na viruléncia e alteracdes
nestas moléculas podem levar ao aumento da especificidade do virus a
determinados receptores, ao rompimento de barreiras entre hospedeiros, ou ainda, a
potencializacdo da capacidade replicativa e da apitiddo viral (Schrauwen et al.,
2013).

Uma das proteinas virais responsaveis pelo aumento de patogenicidade € a
HA, glicoproteina de superficie responsavel pelo inicio da infeccdo e que atua como
o principal fator de tropismo do virion (Schrauwen et al., 2013). Alteracdes em sitios
especificos da molécula podem mudar a estrutura conformacional da proteina
alterando a sua preferéncia de ligacdo ao tipo de receptor de AS (Pan et al., 2012).
Uma destas alteracbes € a mutacdo D222G na HA dos virus influenza A
H1N1pdmOQ9, indicado como um potencial marcador de viruléncia da cepa durante a
pandemia de 2009 (World Health Organization, 2010c). A mudanca no residuo 222
confere uma maior interacdo da HA viral com receptores de AS-a2,3 presentes nas
superficies das células do trato respiratorio inferior (ver Figura 1.3, pagina 24) e,
consequentemente, leva a uma maior gravidade da doenca (Belser et al., 2011,
Chutinimitkul et al., 2010, Liu et al., 2010).

Outras mutacdes na HA e em outras proteinas dos virus A (HIN1)pdmQ9

foram sugeridas como indicadoras de um pior progndstico, contudo mais estudos
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SA0 necessarios para comprovar essa associacdo com a gravidade. Por exemplo, o
conjunto de mutacdes K-2E, P83S e Q293H (grupo filogenético G6-pdm) apresenta
interpretacbes controversas da sua associacdo com a morbidade e mortalidade
(Glinsky, 2010, Potdar et al., 2010). Alguns autores associam esse grupo a um maior
numero de obitos (Glinsky, 2010, Potdar et al., 2010), enquanto outros associam
esse grupo a casos brandos de Influenza (Graham et al., 2011, Lee et al., 2010,
Nelson et al., 2009).

No Reino Unido um outro estudo analisando o genoma de virus A
(HIN1)pdmO09 que circularam durante as trés primeiras ondas da pandemia revelou
que mutacdes detectadas durante a terceira onda, nas glicoproteinas de superficie
HA e NA, no componente do complexo da polimerase PA (N321K), e na proteina
antagonista de interferon NS1 aumentaram a habilidade do virus replicar nas células
epiteliais do trato respiratorio humano (Elderfield et al., 2014).

Outras proteinas como PB1-F2 contribuem para a viruléncia dos virus
Influenza A por induzirem a apoptose de células infectadas. A mutacdo N66S em
PB1-F2 reduz a producéo de IFN. O virus A (HIN1)pdmQ9 nao codifica para PB1-
F2, devido a trés codons de parada prematuros, mas parece que quando este virus
ganham essa capacidade a viruléncia é baixa ao afetar camundongos e furdes
(Schrauwen et al., 2013).

1.5.2 Fatores do hospedeiro

Dados da literatura apontam que alguns grupos de individuos sdo mais
propensos a apresentarem quadros mais graves de infeccao por Influenza, como por
exemplo, pessoas nos extremos de faixas etarias (menores que 5 anos e maiores
que 60), gestantes, imunocomprometidos, portadores de doencas cronicas,
fumantes, obesos, entre outros (Punpanich & Chotpitayasunondh, 2012). Estes
individuos sé@o considerados grupos de risco por apresentarem maior pré-disposi¢ao
ao desenvolvimento da doenca grave, e a estes é recomendado a vacinacdo anual e
0 uso da droga antiviral para suprimir a replicacéo viral (Ministério da Saude, 2013).

Entretanto, alguns grupos de risco, como 0s imunocomprometidos, ndo respondem
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bem ao tratamento antiviral e apresentam muitas vezes uma excrecao viral
prolongada, o que pode levar a emergéncia de variantes resistentes ao tratamento
antiviral (Souza et al., 2010, van der Vries et al., 2013).

Apesar de raros, estudos relacionando os fatores genéticos do hospedeiro
associados a uma maior patogenicidade no curso da infeccdo por influenza vem
apontando alguns potenciais marcadores humanos de gravidade (Horby et al., 2013,
Keynan et al., 2013).

Uma alteracdo na producdo de IFITM3 apresenta fortes evidéncias de
associacdo com a infeccdo grave por influenza em humanos (Everitt et al., 2012).
Esta proteina tem funcdo de bloquear a fusdo do envelope viral com a membrana
endossomal celular dos hospedeiros, impedindo que as ribonucleoproteinas virais
sejam liberadas no citoplasma (Desai et al., 2014). Experimentos conduzidos por
Everitt e colaboradores revelaram que em camundongos deficientes para a sintese
de IFITM3, a replicacdo viral é persistente e esta associada ao aumento de morte
celular e exagerada resposta pro-inflamatoria (Everitt et al., 2012). Neste mesmo
estudo, os autores também reportam a possivel associacao do polimorfismo de base
Unica (SNP, single nucleotide polymorphism) rs12252-C (C/C ao invés de T/T ou
T/C) na susceptibilidade da infeccdo grave pelos virus A (HIN1)pdm09 em pacientes
do Reino Unido (Everitt et al., 2012). A homogozigoze C/C para o alelo rs12252
altera o sitio aceptor de splicing e modifica 0 aminoacido 21 N-terminal da proteina
IFITM3, afetando a sua localizacdo no endossoma (Everitt et al., 2012, Jia et al.,
2012). Além do estudo europeu, esse SNP também foi relatado em pacientes graves
hospitalizados com os virus influenza A (H1IN1)pdm09 ou H7N9 na China (Wang et
al., 2013, Zhang et al., 2013). Nestes estudos foi possivel observar que, dependendo
da heranca genética da populacdo a frequéncia destes marcadores podem sofrer
variacdes consideraveis, pois a frequéncia do alelo rs12252-C parece ser bem maior
na populacdo chinesa que na populacdo européia (Everitt et al., 2012, Wang et al.,
2013, Zhang et al., 2013). Recentemente, um estudo controverso realizado por Mills
e colaboradores ndo encontrou a associacado do SNP rs12252-C com a gravidade da

infeccéo (Mills et al., 2014). De acordo com estes estudos, por se tratar de um alelo
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com baixa expressividade na populacdo humana em geral, € necessario um nuamero
de amostras suficientemente robusto para afirmar a associacdo ou n&o destes
marcadores com a gravidade da infec¢ao (Horby et al., 2013, Mills et al., 2014).

Além deste, outros polimorfismos genéticos também foram associados com
uma maior susceptibilidade e gravidade da infec¢cdo, como: a deficiéncia no receptor
CCRS5 (alelo CCR5A32), receptores de imunoglobulina com ligantes 2DL2/L3 e ainda
uma deficiéncia na imunoglobulina de classe G2 (Keynan et al., 2013). Entretanto,
mais estudos nessa area sao necessarios, pois em geral o numero amostral é
pequeno nos estudos que indicam esses potenciais marcadores genéticos humanos
de gravidade (Keynan et al., 2013).

A investigagdo de marcadores genéticos humanos associados a um aumento
na gravidade da infeccdo é um grande desafio devido a necessidade de um grande
namero amostral para o estudo, entretanto € um ponto importante a ser investigado
a fim de identificar potenciais grupos de risco e sugerir melhor conduta de profilaxia
para estes individuos (Pepin et al., 2010).
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1.6 Diagnéstico e vigilancia laboratorial dos virus Influenza

1.6.1 Diagndstico dos virus Influenza

O sitio primério de replicacdo dos virus Influenza séo as células epiteliais do
trato respiratorio superior, portanto, o material de escolha para a deteccdo destes
virus € a secrecdo de nasofaringe (SNF), podendo os espécimes clinicos serem o
swab combinado nasal e orofaringeo ou o aspirado de nasofaringe (WHO Global
Influenza Network, 2011). A coleta oportuna do material clinico deve ser realizada
até o quinto dia (preferencialmente, até o terceiro dia), a partir do inicio dos sintomas
(WHO Global Influenza Network, 2011). Sendo a qualidade da coleta,
acondicionamento e transporte das amostras clinicas imprescindiveis para a
realizacdo do diagndéstico e caracterizagdo viral com resultados fidedignos.

Diferentes métodos podem ser utilizados para o diagnostico das infec¢des por
Influenza. Contudo, o isolamento viral e a RT-PCR s&o consideradas técnicas
primordiais para a caracterizacao viral (Centers for Disease Control and Prevention,
2009, WHO Global Influenza Network, 2011).

O isolamento viral constitui uma das técnicas classicas para o diagnéstico dos
virus influenza. Este pode ser realizados cultivando o virus em ovos embrionados,
linhagens de células de mamiferos (MDCK - Madin-Darby Canine Kidney Epithelial
Cells) ou células imortalizadas de adenocarcinoma humano (células HelLa) (Burnet &
Ferry, 1934). Nas culturas celulares, os virus se replicam causando efeito citopatico,
caracterizado pela formacéao de placas (WHO Global Influenza Network, 2011).

A replicacao viral € detectada pela técnica de hemaglutinacéo, que se baseia
na capacidade aglutinante viral. Uma vez que existem outros patdgenos com
capacidade hemaglutinante, a identificacdo de virus Influenza se da pelo uso da
técnica de HI, onde séo utilizados anticorpos especificos (WHO Global Influenza
Network, 2011). Esta ultima técnica também pode ser utilizada para a subtipagem e
caracterizacdo antigénica dos virus Influenza (Cox & Subbarao, 1999, Zambon,
1998).
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Além da imunofluorescéncia indireta, um teste amplamente utilizado no
diagnéstico de diversos virus respiratérios, testes rapidos tém sido desenvolvidos e
sdo capazes de detectar a presenca de infeccdo por Influenza em menos de meia-
hora. Estes testes podem ser empregados para auxiliar o diagndstico e manejo
clinico de individuos com sindrome gripal em consultérios e hospitais ou em estudos
epidemioldgicos. Contudo, ndo sdo adequados para fins de diagndstico, dada a sua
menor sensibilidade (50-70%) quando comparados as técnicas convencionais
(Centers for Disease Control and Prevention, 2014b).

Atualmente, a técnica mais utilizada para o diagnostico de influenza dos
géneros A e B e seus subtipos é a RT-PCR em tempo real, um método realizado em
etapa unica (WHO Global Influenza Network, 2011). Ele se baseia na formacdo do
DNA complementar (cDNA) a partir do RNA gendmico viral, seguido da amplificacéo
exponencial das fitas de cDNA, especificas para as proteinas virais M, HA e NP.
Esta amplificacdo com primers e sondas gera um sinal que é detectado pelos filtros
do equipamento. Sendo possivel, apdés uma a duas horas de reacgdo, identificar os

tipos e subtipos dos virus Influenza com alta confiabilidade.

1.6.2 Métodos para caracterizacdo molecular dos virus Influenza

O método padrdo para a caracterizacdo molecular dos virus influenza é o
sequenciamento convencional de Sanger, sendo este utilizado como rotina nos
laboratorios realizam a vigilancia molecular dos virus Influenza (World Health
Organization, 2009a). Entretanto, novas tecnologias de sequenciamento de nova
geracdo (SNG) vem sendo utilizadas com uma maior frequéncia e tem revolucionado
0 campo da pesquisa gendmica, devido ao baixo custo por base e alta cobertura
(Quinones-Mateu et al., 2014). Analises de metagenomica utilizando SNG tem
levado a descoberta de novos patdgenos (Tong et al.,, 2013), e tem sido também
utilizado para caracterizacdo de amostras de pacientes infectados por influenza
sazonal e pandémico (Greninger et al., 2010, Kuroda et al., 2010). A vantagem de
utilizacado desta metodologia € especialmente a alta cobertura, que esta relacionado

ao sequenciamento de milhdes de cdpias de um Unico segmento génico (Quinones-
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Mateu et al., 2014). Isso agregou novas informacées no campo das doencas
infecciosas, em especial em virologia. O SNG tem sido utilizado com sucesso, por
exemplo, na identificacdo e quantificacdo de variantes virais em baixas frequéncias
(ou quasispecies virais) em individuos infectados pelo virus da imunodeficiéncia
humana (HIV) e pelos virus hepatite B e C (HBV ou HCV), para estimar o impacto de
quasispecies virais na resposta ao tratamento antiviral (Cortes et al., 2014, Hoffmann
et al., 2007, Mitsuya et al., 2008). Nos estudos com os virus Influenza, o SNG tem
sido aplicado para detectar a diversidade intra-hospedeiro (Kuroda et al., 2010,
Ramakrishnan et al., 2009), investigar mutacbes de potenciais marcadores de
viruléncia (Selleri et al., 2012), observar dinamica viral frente ao tratamento com o
antiviral OST (Ghedin et al.,, 2012, Ghedin et al., 2011, Tellez-Sosa et al., 2013),

entre outras aplicacdes (Figura 1.14).
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Porcentagem de publica¢cdes de Influenza por area.

Adapatado de Quinones-Mateu et al. 2014.

Existem alguns tipos de plataformas de SNG, sendo que quatro delas
dominam no campo da virologia: 454 (Roche) (Margulies et al., 2005), lllumina
(Nlumina, Inc.) (Bennett, 2004), lon Torrent (Life Technologies) (Rothberg et al.,
2011), and PacBio (Pacific Biosciences) (Eid et al., 2009). Entretanto, estas
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plataformas apresentam diferencas significantes em relacdo a quantidade e
qualidade de sequencias geradas, e aplicacdes que cada sistema pode suportar
(Quinones-Mateu et al., 2014). A sele¢édo de uma plataforma de SNG depende de
varios fatores como o tipo de pesquisa a ser realizado, o custo dos reagentes, a
infraestrutura existente e experiéncia profissional. Na Tabela 1.3 podemos observar

as principais diferencas entres as quatro plataformas de SNG.

Tabela 1.3 - Principais diferencas entre as 4 plata
nova geracao mais utilizadas para virologia

formas de sequenciamento de

FLX 454 lllumina lon Torrent PacBio
Método de PCR de emulséo Pontes de PCR in PCR de Nenhum PCR
amplificagéo com beads situ emulsdo com
beads
Quimica Sintese Sintese Sintese Sequenciamento
(pirosequenciamento) (terminacéo (deteccéo de de Unica molécula
reversivel) H+) por tempo real
Tamanho da 400 a 700 125 a 250 200 a 400 8.500
leitura (pb)
Cobertura 0.05a 0.09 8 a 1.000 2alo0 0.15
por corrida
(GB)
Erro primério Indel Substituicao Indel Indel
Taxa de erro ~1% ~1% ~1% ~13%
Tempo de 10a 20 39 a 276 4a7 2
corrida
(horas)
Numero de 187 129 13 6
publicacdes
Vantagens Leituras de Facil manipulacéo Baixo custo, Leituras de
fragmentos longos corridas rapidas  fragmentos longos
Desvatagens Homopolimeros e Fragmentos curtos Homopolimeros Alto custo e alta

alto custo por Mb e longas corridas taxa de erro

Informacdes extraidas de Quinones-Mateu et al. 2014.

1.6.3 Rede de vigilancia dos virus Influenza

Devido as caracteristicas evolutivas dos virus influenza, o impacto anual em
morbidade e mortalidade das suas epidemias e 0 seu potencial pandémico, € de
fundamental importancia a constante vigilancia destes virus, bem como a rapida
identificacdo de novas cepas emergentes.
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Desde a década de 1940 a necessidade de um monitoramento continuo ja
era observada, visto que o0 agente etioldgico da gripe ndo se tratava de um virus
estavel, que as epidemias eram provocadas por cepas que sofriam muta¢des (o0 que
Ihes conferia vantagem seletiva sobre as cepas antecessoras) e que as aves
migratorias funcionavam como um reservatorio para o virus. Assim, em 1952, a OMS
estabeleceu um programa de vigilancia que opera através de uma rede mundial de
laboratérios coordenados pela OMS como mostra a Figura 1.15 (World Health
Organization, 2015b).

Atualmente, esta rede consiste de seis Centros Colaboradores de Influenza,
sendo quatro deles laboratérios de regulacdo essenciais da OMS. Esses centros
estédo localizados em Musashi-Murayamashi no Japao, em Londres na Inglaterra, em
Beijing na China, em Melbourne na Australia, e outros dois nos EUA, um em Atlanta
e outro em Memphis (World Health Organization, 2015b). Além destes, um total de
142 instituicOes, localizadas em 112 paises, sao reconhecidas como centros
nacionais para Influenza (NIC, National Influenza Center) (World Health
Organization, 2015b). No Brasil o LVRS do IOC - FIOCRUZ, localizado no Rio de
Janeiro, juntamente com o Instituto Adolfo Lutz (IAL), localizado em S&o Paulo e o
Instituto Evandro Chagas (IEC), localizado em Belém no Par4, fazem parte da Rede
nacional de vigilancia do virus Influenza para OMS e para o0 MS (Secretaria de
Vigilancia em Saude, 2009). As informacdes geradas através desta rede de
laboratorios mundiais sdo importantes vigilancia de variantes emergentes e para a
definicdo das cepas vacinais que irdo compor a vacina anti-influenza reformulada

anualmente.
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atualizado em 28 de novembro de 2014.
Adaptada de World Health Organization 2015b.
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1.7 Controle dos virus Influenza A

1.7.1 Vacinacgao anti-influenza

A vacinacao € a principal medida aplicada para prevencdo e controle das
complicacBes ocasionadas pela infec¢do dos virus Influenza (WHO Global Influenza
Network, 2011). Porém, ndo existe uma vacina duradoura contra esses virus. ISso
porque os anticorpos desenvolvidos em exposicOes anteriores, seja por infeccao
natural ou por vacinagdo, podem nao reconhecer os alvos expressos pelas novas
variantes virais e, assim, ndo conferir uma protecéo total (Carrat & Flahault, 2007).
Assim, os individuos estdo susceptiveis a terem varias infec¢bes por influenza ao
longo da vida.

As mudancas antigénicas freqlentes combinadas com a alta taxa de
transmissibilidade viral geram a necessidade de re-avaliagdo anual da vacina contra
Influenza. A decisdo sobre a composicdo vacinal é baseada em analises
filogenéticas e experimentais e em dados epidemiolégicos gerados pela rede
mundial de laboratérios da OMS, que mostram quais linhagens virais circulantes sao
representativas e epidemiologicamente relevantes em cada temporada de gripe
(Hampson, 2008, WHO Global Influenza Network, 2011). Para escolha da vacina,
sao realizadas duas reunides anuais, uma para escolha da vacina a ser aplicada no
hemisfério sul e outra para decisdo sobre a vacina para o hemisfério norte.

As vacinas anti-influenza podem ser atenuadas, recombinantes ou inativadas
(Houser & Subbarao, 2015, Noh & Kim, 2013). Todas os trés tipos de vacinas sao
multivalentes, ou seja, contem componentes dos dois subtipos de Influenza A, HIN1
e H3N2, e uma das linhagens do virus Influenza B que tiveram importancia
epidemioldgica na ultima temporada de gripe (Centers for Disease Control and
Prevention, 2010, Houser & Subbarao, 2015, Noh & Kim, 2013).

As vacinas atenuadas tém sido produzidas ha mais de 50 anos nos EUA e na
Russia (WHO Global Influenza Network, 2011). Este tipo de vacina € composto por

cepas virais atenuadas que causam infec¢cfes assintomaticas ou produzem sintomas
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leves. Entretanto, devido a possibilidade destes virus sofrerem reversdes e
causarem infec¢des graves, essa vacina € administrada via intranasal (vantagem por
poder estimular as imunidades local e sistémica) em individuos saudaveis nas faixas
etarias de 2 a 49 anos (nos EUA), ou de 3 a 15 anos (na RuUssia), ndo sendo
recomendadas para individuos portadores de problemas cronicos de saude e
mulheres gravidas (Houser & Subbarao, 2015, WHO Global Influenza Network,
2011). Os virus constituintes na vacina sdo termo-sensiveis, 0 que limita a sua
capacidade replicativa na temperatura de 38 a 39°C, podendo implicar baixa
eficiéncia replicativa nas vias aéreas inferiores. Porém, estdo adaptados a
temperaturas mais baixas, replicando bem a 25°C, temperatura que restringe a
replicacdo de virus tipo selvagem (Houser & Subbarao, 2015, WHO Global Influenza
Network, 2011, Wright et al., 2007).

A vacina recombinante € composta pela proteina de HA que é expressa em
células de insetos por vetores de baculovirus, sendo o tempo de producdo desta
vacina curto, o que poderia ser aplicado na resposta rapida a um evento pandémico
(Houser & Subbarao, 2015). Uma vacina recombinante FluBlok foi licenciada para
uso nos EUA em individuos na faixa etaria de 18 a 49 anos e pode ser utilizada em
pessoas alégicas aos componentes do ovo (Houser & Subbarao, 2015).

Por sua vez, com 0 uso mais abrangente em todo o mundo, as vacinas
inativadas sdo administradas via parenteral em individuos de todas idades a partir
dos 6 meses de idade (mesmo apresentando algumas complicacdes de saude) e
gera imunidade humoral e celular, principalmente contra a proteina HA (Houser &
Subbarao, 2015, WHO Global Influenza Network, 2011). Para sua produgé&o, os virus
sao cultivados em ovos embrionados, purificados para reduzir reacdes alérgicas,
concentrados e inativados quimicamente com formalina ou B-propiolactona (Houser
& Subbarao, 2015, Wright et al., 2007). Uma vacina quadrivalente foi recentemente
licenciada para uso nos EUA a qual inclui as duas linhagens de Influenza B (Victoria-
87 e Yamagata-88) e os dois subtipos de Influenza A. A cepa vacinal

A/California/7/2009 escolhida como representante do virus pandémico para compor
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a vacina até o memento nao foi alterada, sendo a mesma desde 2010 até 2015 para
ambos os hemisférios (World Health Organization, 2014b).

No Brasil, a vacina inativada anti-influenza é oferecida gratuitamente para a
populacdo por meio de campanhas anuais, num periodo anterior ao periodo
epidémico do virus no pais. Esta vacina € indicada para criancas de seis meses a
cinco anos de idade, para idosos (acima dos 60 anos de idade), e para alguns
grupos de risco, como portadores de cardiopatias, nefropatias, diabetes mellitus
insulinodependente, cirrose hepatica, hemoglobulinopatias, doenca pulmonar
obstrutiva crénica (DPOC), imunocomprometidos (transplantados, pacientes em
tratamento de céncer, asmaticos, portadores de HIV e miopatias) e familiares que
estejam em contato com os referidos pacientes, e aos profissionais de saude. Os
demais individuos adquirem imunidade contra os virus por infeccdo natural durante
as epidemias anuais (Secretaria de Vigilancia em Saude, 2009).

Estudos baseados em partes mais conservadas dos virus influenza vem
sendo conduzidos a fim de ser formulada uma vacina universal (Hampson, 2008,
Houser & Subbarao, 2015). Duas candidatas a vacinas universais incluem como
antigenos a regido da haste da HA (regido altamente conservada) e a proteina M2
(Houser & Subbarao, 2015). Entretanto, o desenvolvimento de uma vacina que
confere protecdo contra todos os subtipos do virus influenza A ainda € um grande
desafio, mas a obtencéo desta vacina seria uma grande oportunidade para reduzir a
ameaca de uma pandemia e o impacto do virus sazonal (Hampson, 2008, Houser &
Subbarao, 2015).

1.7.2 Antivirais e resisténcia

As drogras anti-influenza séo classificadas, de acordo com seus alvos no sitio
replicativo viral, como inibidores de HA, que impedem o0s processos de
reconhecimento de receptores e endocitose; bloqueadores do canal de prétons M2,
que inibem fusdo do envelope viral as membranas celulares; inibidores das
polimerases virais, que interrompem a replicacdo e transcricdo do genoma viral, e

consequentemente, a sintese de proteinas virais; ou ainda, inibidores da NA (iNA),
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que blogueiam a atividade de sialidase da NA e impedem a liberacdo de novas
particulas virais (Loregian et al., 2014). Existem ainda alguns antivirais que tem
como alvo os fatores celulares do hospedeiro, entretanto existem receios sobre o
efeito de toxicidade desta classe de antivirais in vivo (Loregian et al., 2014, Muller et
al., 2012). Entretanto, atualmente apenas duas classes de drogas antivirais sao
aprovadas e utilizadas mundialmente no controle da infeccdo causada pelos virus
influenza, séo elas: os bloqueadores dos canais de protons M2 representados pelas
Adamantanas, Amantadina e Rimantadina; e os inibidores de NA (iNA),
representados pelo Oseltamivir (OST) e Zanamivir (ZAN) (Ison, 2011). Com isso, sao
inlmeros os estudos em busca de novos alvos e novas drogas antivirais, pois é
necessario aumentar nosso armamento de drogas para o controle do virus Influenza
(Wathen et al., 2012).

As adamatanas foram descritas na década de 1960, sendo as primeiras
drogas anti-influenza a serem utilizadas (Davies et al.,, 1964, World Health
Organization, 1985). Esses agentes atuam inibindo a replicacdo viral nas fases
iniciais da infeccdo por influenza, através do bloqueio eletrostatico do canal idGnico
formado pela proteina M2, devido a seu grupamento amino carregado positivamente
(Pielak & Chou, 2011). As drogas disponiveis desta classe s6 atuam no canal M2
dos virus influenza A, ndo sendo observado até o momento um bloqueador eficaz do
canal M2 de influenza B (BM2) devido a sua diferenca na estrutura conformacional
da proteina (Pinto & Lamb, 2006). A rapida emergéncia de variantes resistentes a
esta classe de antivirais é um fator significante, que tem afetado o uso clinico das
adamantanas, tanto para medidas terapéuticas quanto para profilaticas (Ison, 2011).
A resisténcia ao antiviral surge em média 2 a 5 dias ap0s o inicio da terapia com
adamantanas, tanto em individuos imunodeprimidos quanto em imunocopetentes
(Ison, 2011). O aumento da taxa de resisténcia as adamantanas vem sendo
observado progressivamente nos ultimos 10-15 anos entre os subtipos de Influenza
A sazonais HIN1 e H3N2 (Saito et al., 2008). E ainda em 2009, a variante A
(HIN1)pdmO09 emergiu naturalmente resistente a esta classe de antivirais, devido a

mutacdo S31N no gene que codifica para a proteina M2 (Dawood et al., 2009).
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Assim, esta classe de antivirais esta sendo gradativamente abandonada e
substituida pelos INA para o tratamento e profilaxia das infec¢cdes por influenza
(Ison, 2011, Pizzorno et al., 2011).

Os iNA inibem a dispersdo de novas particulas virais formadas e impedem a
infeccdo de novas células (Ison, 2011). As drogas representantes desta classe sao
analogos de AS, e seu mecanismo de acdo é baseado na competicio com o
substrato natural de NA, resultando no bloqueio do sitio ativo da enzima (Nguyen et
al., 2012). Estes compostos sao utilizados amplamente contra infeccdes pelos virus
influenza por duas razbes: a primeira € que eles possuem um amplo spectro de
acado, pois sao ativos para os virus Influenza A e B, uma vez que o sitio ativo da NA
nestes virus é altamente conservado (Gamblin & Skehel, 2010); e a segunda é que
ainda o desenvolvimento de resisténcia contra os iINA € menos comum do que para
as outras drogas (Ison, 2011).

O ZAN foi o primeiro INA a ser desevolvido e foi licenciado em 1999. Dada
sua polaridade, ele ndo é muito bem absorvido e deste modo ele é fornecido como
um agente inalante. Apo0s a inalacdo, 15% da droga se deposita dentro do trato
respiratorio inferior (Kamali & Holodniy, 2013). Portanto, pode precipitar causando
broncoespasmo em pacientes com doenca pulmonar e ndo pode ser usado em
pacientes que necessitam de ventilagdo mecéanica. ZAN também pode ser
encontrado numa formulacdo para uso intravenoso, mas no momento essa forma
esta disponivel apenas para uso compassivo (situacdées em que os medicamentos
sdo administrados a um doente por razées humanitarias mesmo antes de ter a
aprovacdo por agencias reguladoras). Atualmente, o ZAN intravenoso esta
passando por testes clinicos para determinar a dosagem ideal (Kamali & Holodniy,
2013).

O OST foi desenvolvido baseado na estrutura do sitio ativo de ZAN e €
administrado como uma pro-droga que é convertida para sua forma ativa no figado
(Kamali & Holodniy, 2013). Como o ZAN disponivel para administracdo intravenosa
e esta licenciado para profilaxia e tratamento compassivo de pacientes que nao

toleram a dose oral (Kamali & Holodniy, 2013). Em geral, a maior parte dos casos de
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resisténcia tem sido observada para o OST e poucas cepas resistentes ao ZAN
foram encontradas. Isso pode ser devido a maior proximidade do ZAN com o
substrato natural. Apesar da resisténcia, o OST é utilizado com muito mais
frequéncia por ser de administracdo oral (Kelso & Hurt, 2012).

A resisténcia ao OST ocorre pela mutacdo H275Y (numeracdo N1) da NA,
localizada proximo ao sitio ativo da enzima. Tal mutagdo causa uma sutil mudanca
estrutural no sitio ativo da proteina e um reposicionamento de uma cadeia lateral, o
que enfraquece a ligacdo do OST (Nguyen et al.,, 2012). A mutacdo H275Y né&o
interfere na ligacdo com o ZAN devido a sua maior afinidade com o substrato
natural. Além da H275Y, mutagbes como S247N e 1223X também sdo associadas
com uma reducgéo de sensibilidade ao antiviral OST, sendo que estas em conjunto
podem potencializar a resisténcia ao antiviral (Hurt et al., 2011b).

O virus A (H1IN1)pdmO09 apresenta uma taxa de resisténcia antiviral mundial
de 1 a 2%, apesar do uso extensivo de iNA para tratamento e profilaxia em varios
paises (Nguyen et al, 2012). Entretanto, preocupacfes sobre a circulagédo
comunitaria dessas variantes tém sido levantadas (Fry & Gubareva, 2012, Hurt et al.,
2012). Desde sua emergéncia, sao observadas mutacfes esporadicas de resisténcia
ao OST, sendo que 25% a 76% destes virus resistentes foram detectados em
pacientes imunocomprometidos ap0s o tratamento com o antiviral (Inoue et al.,
2010, World Health Organization, 2011b).

Sabe-se que a mutacdo H275Y diminui drasticamente a aptidao viral de
variantes HIN1 e impede sua dispersdo pela populacdo humana (Herlocher et al.,
2004, Ives et al.,, 2002). Entretanto, a partir de 2010, virus A (H1N1)pdmO09
resistentes ao OST (H275Y) foram detectados em clusters comunitarios, nos quais
0s pacientes infectados ndo receberam tratamento antiviral e nem tiveram contato
pacientes em tratamento (Hurt et al., 2011a, Lackenby et al., 2011, Storms et al.,
2012, Takashita et al., 2014, Takashita et al., 2015a, World Health Organization,
2011b). Um destes casos ocorreu na cidade de Newcastle na Australia onde, entre
maio e agosto de 2011, cerca de 31 casos de virus resistentes foram registrados.

Devido a alta similaridade entre as sequéncias, especulou-se o espalhamento viral a
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partir de uma unica variante (Hurt et al., 2011a, Hurt et al., 2012). Contudo, esse
cluster resistente parou de circular, e ao seu desparecimento foram atribuidas
algumas hiposteses como: a emergéncia de uma nova variante viral do novo periodo
sazonal, ou ainda, por causa da falta de aptiddo dessa variante viral circulando na
mesma regido que virus susceptiveis ao OST (Kelso & Hurt, 2012). Outro grande
cluster ocorreu também recentemente no Japao entre setembro de 2013 a julho de
2014 (Takashita et al., 2015a). A emergéncia de clusters cada vez mais frequente
nos deixa em alerta para a emergéncia de uma variante totalmente resistente capaz
de se disseminar pela populacéo.

Algo semelhante com o que ocorre hoje com a variante A (HIN1)pdmOQ9,
ocorreu com a variante A H1N1 sasonal entre os anos de 2007 e 2009 (Hurt et al.,
2009, Kelso & Hurt, 2012, Meijer et al., 2009). Em 2007, variantes H1IN1 sazonais
com a mutacdo H275Y comecaram a se espalhar globalmente, chegando perto a
fixacdo da mutacdo na NA durante a epidemia de 2008-2009 em ambos os
hemisférios (Hurt et al., 2009, Meijer et al., 2009). Essa dispercao de resisténcia foi
precedida por mutacfes permissivas no gene da NA, que garantiram possivelmente
um aumento da aptiddo de variantes com a mutacdo H275Y (Bloom et al., 2010,
Bloom et al., 2011, Bouvier et al., 2012). A Figura 1.16 mostra o papel das mutacdes
permissivas na dispersao de variantes A HIN1 sazonal resistentes com a mutacao
H275Y.

Com o auxilio de ferramentas de modelagem molecular alguns grupos vém
tentando predizer algumas possiveis mutacdes permissivas (V241l, N369K e
N386S) que poderiam ocorrer concomitantemente com H275Y na variante A
(HIN1)pdmO9 resistente ao OST e possibilitar sua dispersdo e dominancia entre a
populcao humana (Bloom et al., 2011, Hurt et al., 2012, Kelso & Hurt, 2012,
Takashita et al., 2015a).

A emergéncia de variantes resistentes causa um grande impacto na saude
publica e na pratica clinica. Diante dessa potencial perda de uma das mais
importantes armas para conter a dispersao e o impacto clinico do virus influenza

(Kelso & Hurt, 2012), € necessario intensificar a vigilancia de variantes resistentes
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detectando sua emergéncia e evitando a dispercdo comunitaria dessa variante;
minimizar a transmissao viral entre pacientes hospitalizados que estdo recebendo
tratamento com OST; e ainda, concentrar esfor¢os para estudos com novas drogas
anti-influenza que atuem em alvos diferentes para obtermos assim mais opcdes de

tratamento.
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Aptiddo do virus com a mutacdo H275Y na auséncia do antiviral

1) O virus resistente ainda ndo emergiu e os virus selvagens sdo transmitidos a outros individuos
susceptiveis. 2) O tratamento com oseltamivir de uma pessoa infectada com o virus selvagem pode
conduzir ao aparecimento de uma subpopulagdo de virus resistentes (H275Y) ao antiviral no gene de
NA. Neste caso, a aptiddo da variante resistente € muito baixa para configurar a sua transmisséo
para outo individuo na auséncia da droga. 3) No entanto, o tratamento de uma pessoa infectada com
um virus contendo as mutacbes permissivas no gene de NA leva ao aparecimento de uma
subpopulagdo virus resistente sem aptiddo comprometido que sdo capazes de estendida a
transmissdo subsequente para individuos nao tratados. 4) A mutacdo H275Y ocorreu anteriormente
em um fundo de mutacBGes permissivas no NA e outros genes (incluindo mutacdes no gene HA
causando deriva antigénica), resultando em variantes H275Y que pode ser facilmente transmitido
entre os individuos néo tratados, o que lhe permite tornar-se a linhagem do virus dominante.

Figura 1.16 - Dispersdo do virus resistente com a m utacdo H275Y e
importancia das mutacfes permissivas nesse processo
Adaptado de Kelso e Hurt, 2012

76




2 JUSTIFICATIVA

A grande diversidade genética e o rapido processo evolutivo caracteristico
dos virus influenza sé@o determinantes para a adaptacéo viral a novos hospedeiros,
ao aumento da patogenicidade, a diminuicdo de susceptibilidade aos antivirais ou
escape a imunidade vacinal, impactando negativamente na saude humana. O virus
Influenza A (HIN1)pdmO09 emergiu abril em 2009, dispersou-se rapidamente e
causou um grande impacto mundial em morbidade e mortalidade. Mesmo apdés ser
declarado o fim do periodo pandémico, em agosto de 2010, e de ter ocorrido uma
reducdo no numero de casos, este virus continuou a circular entre a populacao
humana causando epidemias sazonais a cada ano.

No Brasil, durante o periodo pandémico o virus A (HL1IN1)pdmO09 foi
responsavel por 44.544 casos de sindrome respiratéria aguda grave (SRAG) e 2.051
Obitos. O numero de casos de infec¢des por este virus diminuiu nas epidemias dos
anos seguintes, mas sua circulagdo continuou com consideraveis taxas de
morbidade e mortalidade anual entre as epidemias de 2011 e 2014. Contudo, pouco
se sabe sobre o perfil genémico do virus A (HLIN1)pdmO9 que circula no pais.

Assim, considerando o impacto mundial ocasionado pela circulacdo do virus
A (H1N1)pdmQ9, sua diversificacdo genética observada nos ultimos cinco anos e a
falta de conhecimento molecular do virus que circula no Brasil, tornou-se importante
analisar a dinamica filogenética do virus no pais. Assim, com este estudo nos
propomos investigar as relacdes filogenéticas dos virus pandémico desde sua
introducdo na populagdo brasileira até a epidemia de 2014 e correlacionar
polimorfismos virais associados a viruléncia e a resisténcia ao antiviral OST com 0s

dados epidemiolécos dos pacientes.
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3 OBJETIVOS

3.1 Objetivo Geral

Identificar variantes virais de Influenza A (H1IN1)pdmQO9 que circularam no
Brasil de 2009 a 2014, bem como correlacionar possiveis polimorfismos no genoma

viral com alteracdes na viruléncia e na resisténcia ao antiviral OST.

3.2 Objetivos Especificos

e Capitulo I: Descrever filogeneticamente a relacdo da HA dos virus Influenza A
(HIN1)pdmO09 detectados em diferentes regibes geograficas do Brasil e
correlacionar estes com o virus vacinal e os virus que circularam mundialmente
no periodo de abril de 2009 a julho de 2014;

e Capitulo II: Identificar polimorfismos nos genes da HA do virus Influenza A
(HIN1)pdmO9 e correlacionar com os desfechos clinicos da infeccao, buscando

detectar potenciais marcadores de viruléncia e fatores de risco associados; e
» Capitulo IlI: Investigar nos virus Influenza A (HIN1)pdmO9 marcadores ge néticos

de resisténcia ao OST, e observar presenca de mutagcbes permissivas que
podem estar relacionadas ao aumento da aptidao viral.

78



Capitulo I: Filogenia do gene da hemaglutininad o0s
virus Influenza A (H1N1)pdmOQ9 detectados no Brasil e

associacOes com a cepa vacinal A/California/7/2009

Neste capitulo apresentamos dois trabalhos, nos quais observamos as
relagbes filogenéticas atraves da andlise do gene da HA dos virus A
(HIN1)pdmO09 detectados em diferentes regides geograficas do Brasil com a
cepa vacinal A/California/7/2009 e com os virus detectados em outras partes
do mundo.

O primeiro trabalho “Molecular findings from influenza A (H1IN1)pdmQ9
detected in patients from a Brazilian equatorial region during the pandemic
period” foi publicado no ano de 2013 na revista Memoérias do Instituto Oswaldo
Cruz (Documento I) e foi realizado em colaboragdo com o Instituto Evandro
Chagas de Belém no Para e com a Universidade Federal de Pernambuco. Este
trabalho teve como objetivo entender um pouco da dindmica molecular do virus
pandémico no estado de Pernambuco (PE) durante o periodo pandémico
(jJunho de 2009 a abril de 2010). Cerca de 30 amostras tiveram o segmento
génico de HA sequenciados pela metodologia Sanger e 118 amostras foram
pirosequenciadas para investigacdo do SNP H275Y no segmento génico da
NA. As 118 amostras rastreadas para o SNP H275Y apresentaram histidina (H)
neste residuo, caracteristico de variantes selvagens dos virus influenza, nao
sendo detectada portanto nenhuma amostra com o marcador de resisténcia ao
antiviral OST. Em relacdo as analises filogenéticas do gene HA, as amostras
de PE se agruparam no G6-pdm (7 amostras detectadas de julho a outubro de
2009) e no G7-pdm (23 amostras detectadas de julho de 2009 a abril de 2010),
revelando assim uma predominancia de variantes virais do G7-pdm entre as
amostras analisadas. Tomando como referéncia a sequéncia vacinal
A/Califérnia/7/2009, as substituicbes de aminoacido encontradas nas amostras
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de PE foram comparadas com o desfecho clinico do paciente a fim de observar
possiveis mutacdes associadas a uma maior gravidade da infeccdo. Seis
substituicbes (G39E, S71F, D222NG, N260K, Y351F e D472G) foram
encontradas uma ou duas vezes somente entre 0s pacientes hospitalizados ou
que foram a o6bito pela infeccdo por A (H1IN1)pdmO09, podendo estas serem
sugeridas como possiveis marcadores virais relacionados a gravidade da
infecgdo. Entretanto, entre estas substituicdes destacamos o polimorfismo
misto N/G no residuo 222 do gene da HA viral, sendo este virus isolado de um
paciente com infeccdo grave por A (HLN1)pdmO9.

O segundo trabalho Phylogenetic analyzes of Influenza A (HIN1)pdmQ9
hemagglutinin gene during and after the pandemic event in Brazil (Documento
II) esta em fase de preparacdo e sera submetido em breve para publicacao.
Neste trabalho sequenciamos por Sanger e realizamos a analise filogenética do
gene da HA de 220 amostras brasileiras do virus A (H1N1)pdmO09. Estas
amostras foram detectadas em trés diferentes regides geograficas do Brasil,
nordeste (n = 38), sudeste (n = 37) e sul (n = 145), no periodo pandémico (n =
65) e nos periodos epidémicos dos anos de 2011 (n = 10), 2012 (n = 49), 2013
(n =74) e 2014 (n = 23). Os pacientes, dos quais as amostras foram coletadas,
apresentavam uma idade mediana de 26 anos (variando de 0 a 78 anos), entre
estes 54.1% eram mulheres. Entre os 220 pacientes somente 138 (62,7%)
apresentavam informacdes clinicas, sendo 44 casos brandos, 67 casos graves
e 27 casos fatais. A andlise filogenética das 220 amostras revelou a circulagdo
de pelo menos nove grupos genéticos virais no Brasil. Trés destes grupos
genéticos (G1, G6-pdm e G7-pdm) co-circularam durante o periodo pandémico,
mostrando o estagio inicial de diversificacdo da variante A (HIN1)pdmO09 com
uma pequena distancia genética em comparacdo com a sequéncia vacinal.
Assim como o trabalho realizado com amostras de PE, este trabalho também
mostrou uma predominancia do G7-pdm e confirmou ainda que foi a partir

deste grupo genético que novos grupos filogenéticos (G5, G6, incluindo os

80



subgrupos 6B, 6C e 6D, e G7) emergiram sendo detectados nas epidemias
subsequentes de 2011 a 2014. A co-circulacdo de grupos filogenéticos foi
observada durante as epidemias de 2011 (G5 e G6), 2012 (G5, G6 e G7) e
2013 (G6 e G7), entretanto as amostras da epidemia de 2014 foram detectadas
somente no G6B. As variantes virais detectadas ap0s a pandemia exibiram
uma grande distancia genética em relagdo a vacina com Vvarias substituicdes
especialmente em sitios antigénicos (até 5 substituicbes por amostra). 1sso
permitiu a observacdo que teoricamente a eficacia da vacina pode ter sido
reduzida. Além disso, nés observamos ainda a possibilidade de grupos
filogenéticos ou mutacdes pontuais estarem associadas ao aumento da
gravidade da infeccdo. Realizando uma andlise estatistica baseada na
topologia da arvore Bayesiana nenhum grupo apresentou uma associacao
maior com a gravidade da infeccdo. Entretanto, os polimorfismos (D222DGNA,
D222DG, D222G e D222N) no residuo 222 no gene da HA foram os Unicos que
estatisticamente apresentaram uma associacao significante com a gravidade
da infeccdo. Alteragcbes neste residuo ndo apresentam um perfil de
agrupamento filogenético, sendo este localizado nos grupos G6-pdm, G7-pdm,

e nos subgrupos G6B e G6D.
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Molecular findings from influenza A(HIN1)pdmO09 detected in patients
from a Brazilian equatorial region during the pandemic period
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After the World Health Organization officially declared the end of the first pandemic of the XXI century in August
2010, the influenza A(HIND)pdm09 virus has been disseminated in the human population. In spite of its sustained
circulation, very little on phylogenetic data or oseltamivir (OST) resistance is available for the virus in equato-
rial regions of South America. In order to shed more light on this topic, we analysed the haemagglutinin (HA) and
neuraminidase (NA) genes of influenza A(HINI)pdm09 positive samples collected during the pandemic period in the
Pernambuco (PE), a northeastern Brazilian state. Complete HA sequences were compared and amino acid changes
were related to clinical outcome. In addition, the H275Y substitution in NA, associated with OST resistance, was
investigated by pyrosequencing. Samples from PE were grouped in phylogenetic clades 6 and 7, being clustered
together with sequences from South and Southeast Brazil. The D222N/G HA gene mutation, associated with sever-
ity, was found in one deceased patient that was pregnant. Additionally, the HA mutation K308E, which appeared
in Brazil in 2010 and was only detected worldwide the following year, was identified in samples from hospitalised
cases. The resistance marker H275Y was not identified in samples tested. However, broader studies are needed to
establish the real frequency of resistance in this Brazilian region.

Key words: influenza A(HIN1)pdm09 - haemagglutinin - oseltamivir resistance - pyrosequencing

Influenza viruses are well recognised for their viral
properties such as sialic-acid receptor specificity, gly-
cosylation, virulence, pathogenicity and development
of resistance to drug therapy as well as for their high
mutation rates, with the ability to generate antigenically
distinct variants (Kilander et al. 2010, Ghedin et al. 2011,
Sun et al. 2011). The haemagglutinin (HA) gene pres-
ents the highest mutation rates in the influenza genome
and its encoded glycoprotein is responsible for the ini-
tial steps of successful infection (Wagner et al. 2002). In
April 2009, the World Health Organization (WHO) iden-
tified the occurrence of novel human influenza cases in
Mexico and the United States of America (USA), which
were caused by influenza A(HINI) of swine origin (Gar-
ten et al. 2009), thereafter referred to as A(HIN1)pdmO9.
Within months, the virus had spread worldwide, provok-
ing the first pandemic of the XXI century, accounting
for more than 18,000 deaths (WHO 2010). In Brazil,
the first cases were confirmed by sequencing and real-
time reverse transcription-polymerase chain reaction
(RT-PCR) on 7 May 2009 in the Southeast Region from
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travellers arriving from Mexico. Three weeks later, the
local transmission of A(HIN1)pdm09 influenza virus
was announced by the Brazilian Ministry of Health. In
Pernambuco (PE), a northeast state located in an equato-
rial region (geographic coordinates of Recife municipal-
ity, the state’s capital: 08°03°14”°S 34°52°52”’W), the first
case was confirmed at the beginning of June 2009.
Since its establishment in the human population,
many authors have monitored polymorphisms of the in-
fluenza A(HIN1)pdmO09 HA gene, which allowed early
phylogenetic classification of the virus into seven dis-
tinct clades (Potdar et al. 2010), with clades 6 and 7 being
the most prevalent in Brazil and worldwide (Nelson et
al. 2009). Mixed viral populations bearing the D222G/N
change have been more frequently reported among se-
vere/fatal cases (Ledesma et al. 2011, Wedde et al. 2013,
Resende et al. 2014). The changes in this residue are as-
sociated with an expansion in viral tropism, allowing
linkage of the particles to both a2,6 and a2,3 sialic-acid
cell receptors, with the latter being found in the major-
ity in the lower respiratory tract of humans (Liu et al.
2010). In addition, mutations in the neuraminidase (NA)
can lead to a loss of sensitivity to oseltamivir (OST),
as observed for seasonal A(HIN1) viruses in different
countries before the emergency of the 2009 pandemic
virus (Dharan et al. 2009, Eshaghi et al. 2009, Moscona
2009). The worldwide dissemination of A(HIN1)pdm09
influenza virus associated with the broad use of OST
has demanded increasing surveillance of viral resistance
to NA inhibitors. To our knowledge, data published from
Brazil’s equatorial region are mainly clinical and epide-
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miological surveys (Barrau et al. 2012, Schuck-Paim et
al. 2012, Pires Neto et al. 2013, Silva et al. 2014), without
molecular or phylogenetic data. Taking into account the
impact of influenza A(HIN1)pdm09, the unique charac-
teristics of influenza viruses circulating worldwide and
the lack of published data on molecular features of the
virus from this equatorial region, we seek to investigate
the presence of the H275Y change in NA gene and carry
out the molecular characterisation of the HA gene from
circulating influenza A(HIN1)pdm09 viruses in PE.

SUBJECTS, MATERIALS AND METHODS

Clinical samples and molecular diagnosis - Clini-
cal specimens (combined nose and throat swabs or lung
tissue fragments of deceased subjects) were collected
from outpatients and hospitalised patients in Recife
and its metropolitan area from April 2009-April 2010.
These samples were collected in the scope of the Bra-
zilian Influenza Surveillance Network within seven
days of onset of influenza-like illness. In hospitalised
cases where OST was used, the sample collection was
performed before drug administration. After collection,
both swabs and tissue fragments were placed in standard
virus transport medium at the Pernambuco State Central
Laboratory. The samples were then sent frozen to the
Evandro Chagas Institute, in PA, for influenza A(HIN1)
pdm09 detection by a real-time RT-PCR protocol de-
veloped by Centers for Disease Control and Prevention
(USA) (WHO 2009b). The samples confirmed positive
for influenza A(HIN1)pdm09 were sent to the Respi-
ratory Viruses Reference Laboratory at Oswaldo Cruz
Foundation, Rio de Janeiro, for further molecular char-
acterisation. This study was approved by the Ethics in
Research Committee of the Federal University of Per-
nambuco (protocol CEP/CCS/UFPE 219/10).

Sequencing of HA genes - The genetic characterisa-
tion of the HA gene from 30 samples from June 2009-
April 2010 was performed by the Sanger method. In
summary, the HA gene was amplified by RT-PCR us-
ing SuperScript III One-step RT-PCR with Platinum
Taq-DNA Polymerase (Invitrogen, USA) following the
protocol released by WHO (2009a). The amplicons were
directly sequenced using Big Dye Terminator Cycle Se-
quencing Ready Reaction v.3.1 (Applied Biosystems,
USA), purified (Motta et al. 2006) and run on an ABI
3130XL Capillary Automatic DNA Analyzer, as estab-
lished by the manufacturer. Sequences of complete HA
genes were edited using the Sequencher software, v.5.1
(Gene Codes, USA).

Phylogenetic analysis - The data set used for phylo-
genetic analysis was composed of the 30 HA sequences
obtained in this study as well as other Brazilian and
worldwide sequences available at GenBank (ncbi.nlm.
nih.gov) collected over the period of this study. The
complete dataset (5,471 sequences) was split in Brazil-
ian (157, 2.87%) and non-Brazilian small ones. The CD-
HIT software (weizhong-lab.ucsd.edu/cd-hit/) was used
to select representative sequences of each data set, re-
ducing then to a reasonable size. The identity cut-offs
were 99.9% and 99.5% for Brazilian and non-Brazilian
groups, respectively. The final data set contained 70 se-
quences, including two egg-isolated vaccine strains A/

California/07/09 (FJ969540) and A/California/04/09
(FJ966082). The complete HA gene sequences were
aligned using the CLUSTALW tool integrated within the
MEGA 5.2 software (Tamura et al. 2011). A maximum-
likelihood (ML) phylogenetic tree was inferred with the
PhyML program (atcg-montpellier.fr/phyml/), using the
best-fitting nucleotide substitution model, Hasegawa-
Kishino-Yano plus gamma distribution among the sites,
which was estimated by means of jModelTest v.2.1.1
software. ML reliability of branches was evaluated using
approximate likelihood-ratio test and an interior branch
cut-off value was > 0.9. The tree was rooted with two
vaccine representative sequences, which fell outside all
clades, being used as a basis for comparison.

Pyrosequencing analysis of NA gene - A total of 118
influenza A(HIN1)pdmO9 positive samples (65 hospital-
ised and 53 outpatients) were pyrosequenced in order to
check for the presence of the resistance marker H275Y in
the NA gene, according to a protocol developed previous-
ly (Deyde et al. 2010). After purification, the amplicons
were analysed on the Pyromark Q-96 ID (Qiagen, Ger-
many), using the single nucleotide polymorphism (SNP)
mode. To carry out the quantitative analysis of H275Y
mutation, we investigated the codon change CAC-TAC
by pyrosequencing. All samples presenting less than
10% of “T” at the first position of the codon were con-
sidered wild type. Conversely, all values above 10% were
considered as a mixture of wild and mutant types, with
potentially reduced sensitivity to OST treatment.

RESULTS

The details of the 30 samples sequenced in this study,
namely strain name, GenBank accession, date and epi-
demiologic week (EW) of collection and patient type, are
summarised in Table I. The samples sequenced covered
the beginning of the regional circulation of the pandemic
virus in PE in June 2009-April 2010. The period with
the largest amount of sequences was August-September,
between EW 31-38, accounting for 19 sequences. Twenty
out of 30 HA sequences came from hospitalised patients,
with two fatal cases. Theoretically translated amino acid
sequences obtained from these patients held a total of
16 changes in comparison to A/California/07/2009. The
changes stratified by patient type and their association
to HA epitope regions are listed in Table II. The changes
P83S and 1321V were identified immediately after the
introduction of the virus in the human population, be-
ing common to all samples outside phylogenetic clade 1
(Nelson et al. 2009). The second most frequent change
was S203T, the signature residue of phylogenetic clade
7 (Potdar et al. 2010). This change was found in 23 sam-
ples (77%) collected from both outpatients or hospital-
ised subjects and only seven samples were similar to the
vaccine prototype for this residue. Out of 30 samples,
the Q293H change, characteristic of clade 6, was found
in eight sequences in this study; three in outpatient sub-
jects and five in samples from hospitalised patients. This
change was combined with a K-15E mutation (in the HA
signal peptide) in seven out of eight samples, the unique
exception being A/Pernambuco/175/2009 (CY103914)
from the outpatient group. Residue changes S84N, D97N
and P182Q were found both in outpatient and hospital-
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TABLE I
Influenza A(HIN1)pdmO9 positive samples sequenced in this study

GenBank EW Patient
Strain identification accession collection Collection date type
A/Pernambuco/42/2009 CY103923 25 27 June 2009 (¢}
A/Pernambuco/66/2009 CY103936 26 29 June 2009 H
A/Pernambuco/82/2009 CY 103941 26 2 July 2009 O
A/Pernambuco/107/2009 CY103911 28 17 July 2009 (¢}
A/Pernambuco/117/2009 CY103912 29 23 July 2009 (0]
A/Pernambuco/126/2009 CY103913 29 25 July 2009 (¢}
A/Pernambuco/175/2009 CY103914 31 5 August 2009 (¢}
A/Pernambuco/177/2009 CY103915 31 5 August 2009 (0]
A/Pernambuco/181/2009 CY103916 31 5 August 2009 (¢}
A/Pernambuco/231/2009 CY103917 31 9 August 2009 H
A/Pernambuco/247/2009 CY103918 32 11 August 2009 H
A/Pernambuco/402/2009 CY103920 33 19 August 2009 H
A/Pernambuco/397/2009 CY103919 34 24 September 2009 H
A/Pernambuco/414/2009 CY103922 34 25 August 2009 H
A/Pernambuco/431/2009 CY103924 34 27 August 2009 (¢}
A/Pernambuco/447/2009 CY103925 34 30 August 2009 H
A/Pernambuco/458/2009 CY103926 34 28 August 2009 H
A/Pernambuco/513/2009 CY103927 35 3 September 2009 H
A/Pernambuco/518/2009 CY103928 35 4 September 2009 H
A/Pernambuco/565/2009 CY103929 36 11 September 2009 H
A/Pernambuco/567/2009 CY103930 36 12 September 2009 H
A/Pernambuco/590/2009 CY103931 37 18 September 2009 H
A/Pernambuco/592/2009 CY103932 37 18 September 2009 H
A/Pernambuco/609/2009 CY103933 37 22 September 2009 H
A/Pernambuco/624/2009 CY103934 38 24 September 2009 H
A/Pernambuco/643/2009 CY103935 39 3 October 2009 D
A/Pernambuco/688/2009 CY103937 44 4 November 2009 (0]
A/Pernambuco/732/2010 CY103938 2 14 January 2010 H
A/Pernambuco/744/2010 CY103939 9 6 March 2010 H
A/Pernambuco/768/2010 CY 103940 15 15 April 2010 D

D: deceased; EW: epidemiologic week; H: hospitalised; O: outpatient.

ised groups and the mutation K308E was identified in
one sample from 2009 (CY103928) and three from 2010
(CY103938, CY103939 and CY103940), all from hospita-
lised patients. A further six changes were identified once
or twice in this study, also in hospitalised or deceased
patients, namely: G39E, S71F, D222N/G, N260K, Y351F
and D472G. The sequences in this study were also anal-
ysed for the presence of putative HA virulence mark-
ers D222G (WHO 2009¢) and Q293H (Glinsky 2010). A
mixed viral population D222N/G, presenting as a double
peak on the Sanger electropherogram (Supplementary
data), was identified in sample A/Pernambuco/643/2009
(CY'103935) from a deceased patient. On the other hand,
the change Q239H was detected in eight samples, all
from 2009, including a sample from a deceased pregnant
woman bearing the mixture N/G at residue 222. The ML
phylogenetic analysis of complete HA sequences from
PE was carried out along with global representative se-
quences available in GenBank (Figure). PE sequences
were divided in two major groups on the ML tree, repre-
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sented by red branches and the most frequent amino acid
changes are represented at the branches. Seven samples
were allocated to clade 6 and 23 to clade 7. No chrono-
logical or geographic segregation was detected between
PE and south-southeastern Brazilian samples, being
clustered altogether in both clades. The pyrosequencing
assay was performed in order to detect for the anti-viral
resistance genetic marker H275Y of the NA gene. A total
of 118 samples from hospitalised and outpatients patients
positive for influenza A(HIN1)pdm09 by RT-PCR were
assayed using pyrosequencing methodology and none
presented a tyrosine at residue 275.

DISCUSSION

It is noteworthy that whereas HA mutations S84N,
D97N and P182Q were found in both outpatient and hos-
pitalised groups, the change K308E was found only in
severe cases. The K308E change was detected in one
sample collected on 4 September 2009 from a hospita-
lised patient (CY103928) and thereafter in three other
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TABLE 11

Mutations in complete neuraminidase gene segments
associated with patient characteristics and antigenic sites

Patient type
(m)

Amino
acid HA  Outpatient Hospitalised Deceased Total
changes® epitope (n=10) (n=18) n=2) (@
K-15E - 2 4 1 7
G39E - - 1 - 1
S71F Cb - 1 - 1
S74N Cb 1 2 3
P83S - 10 18 2 30
S84N - 1 1 - 2
D97N - 3 2 - 5
P182Q - 1 4 - 5
S203T Ca, 8 14 1 23
D222N/G"  Ca, - - 1 1
N260K - - 1 - 1
Q293H - 3 4 1 8
K308E - - 3 1 4
1321V - 10 18 2 30
Y351F¢ - - - 1 1
D472G¢ - - 1 1 7

a: numbering according to H1 subtype without the signal pep-
tide; b: N/G: a double peak (A/G) at the first base of the 222
codon; ¢: HA2 region; HA: haemagglutinin.

samples from the beginning of 2010, collected from two
hospitalised (CY103938, CY103939) and a deceased pa-
tient (CY103940) (Table II). Based on sequences avail-
able in GenBank for this period, the K308E change first
appeared in the Brazilian equatorial area and only in
the next year in other tropical and temperate countries
such as Singapore, England, Spain and USA. It is also
worth noting that for Brazilian samples this change was
not associated with V471 or E172K as observed in sam-
ples from the genetic group represented by A/Madrid/
SO8171/10 identified in Spain (Ledesma et al. 2012). It
remains to be seen if such changes are responsible for
the severity of the cases and conversely if these changes
were provoked by a longer period of viral replication in
the lower respiratory tract. Scattered residue changes
have been identified in severely immunosuppressed
cancer patients and were associated to long shedding
periods (Souza et al. 2010). In our study the patients
were sampled once therefore it was not possible follow
the evolution of the virus during the course of illness.
Nevertheless, a greater diversity in the HA gene was
distinguished in the hospitalised group when compared
with the outpatient group, as observed by the amount of
single mutations in hospitalised subject sequences.

In addition, we studied the possible association be-
tween the patient’s clinical status and the presence of
HA virulence markers D222G and Q293H. A mixed vi-
ral population D222N/G (a double peak on the Sanger
electropherogram) was identified in one sample only
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from this study. The amino acid residue 222 is located
in the receptor binding site of HA and alterations in this
site can affect the cellular tropism of the virus, rendering
particles more prone to infecting the lower respiratory
tract, thus, provoking severe disease. This hypothesis
is in agreement with a fatal outcome from a pregnant
woman that developed pneumonia with pulmonary con-
densation on chest radiography. The other putative viru-
lence marker Q293H was detected in a similar propor-
tion both in outpatient samples as well in hospitalised
samples; therefore, we could not associate this muta-
tion with more severe or fatal cases. Such findings cor-
roborate the results previously reported from Brazilian
and Indian samples (Lee et al. 2010, Potdar et al. 2010).
Phylogenetic relationships between PE HA sequences,
south-southeastern Brazilian and other worldwide iso-
lates can be seen in Figure. PE sequences were classified
in co-circulating clades 6 and 7, as observed in distinct
regions of the world (Nelson et al. 2009). The majority
of PE sequences are in clade 7, grouped together with
other sequences from the same period from the states
of Santa Catarina and Rio Grande do Sul, in southern
Brazil, geographically distant from PE. Both clusters
enclosed minor sub-clusters, most of them characterised
by single amino acid changes, however, all samples were
similar to the vaccine prototype, as observed by other
authors (Barr et al. 2010, Ikonen et al. 2010). All sam-
ples in clade 6 presented the signature mutation Q293H,
whereas this mutation was found only in two samples
in clade 7. A/Pernambuco/175/09 (CY103914) and A/
Pernambuco/414/09 (CY103922).

The H275Y marker was not detected in the 118 sam-
ples evaluated in this study. This finding is in agreement
with previous data, that suggest a very low frequency of
resistance in influenza A(HIN1)pdm09 in comparison to
seasonal viruses (Souza et al. 2010, Yang et al. 2013) dur-
ing the period the samples were collected. However, the
expected levels of resistance detected in south-southeast-
ern states in Brazil (Souza et al. 2013) and in Argentina
(Barrero et al. 2011) since 2011, as well as the increasing
number of resistant strains reported worldwide (Hurt et
al. 2012, Souza et al. 2013) indicate the need for broader
monitoring of resistance in equatorial areas of Brazil.

In this study, some important features of influenza
A(HINT)pdm09 HA and NA genes were described from
samples collected in PE during the 2009-2010 biennium.
There was no significant difference in PE HA sequenc-
es when compared with those from other Brazilian re-
gions as samples from distinct regions were extensively
grouped together in the phylogenetic tree. These region-
al sub-clusters, formed by samples collected between
July/2009-April/2010, are indicative of co-circulation of
lineages, as previously observed (Galiano et al. 2011).
In addition, the NA resistance marker H275Y was not
identified by pyrosequencing in any of the 118 samples
tested, confirming the stability of the NA of the pan-
demic virus during the pandemic year. However, con-
tinuous monitoring of viral evolution and the emergence
of OST resistance are pivotal for worldwide influenza
surveillance and the findings depicted here contribute to
a better understanding of the genetic characteristics of
the influenza A(HIN1)pdmO09 virus that circulated dur-
ing the pandemic period in the Northeast Brazil.
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the equivalent period available in the GenBank database. ML reliability of branches was evaluated using an approximate likelihood-ratio test
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REFERENCES

Barr IG, Cui L, Komadina N, Lee RT, Lin RT, Deng Y, Caldwell
N, Shaw R, Maurer-Stroh S 2010. A new pandemic influenza
A(HINI1) genetic variant predominated in the winter 2010 in-
fluenza season in Australia, New Zealand and Singapore. Euro
Surveill 15: 19692.

Barrau M, Larrieu S, Cassadou S, Chappert JL, Dussart P, Najioul-
lah F, Matheus S, Renner J, Gasc C, Quenel P, Ledrans M 2012.
Hospitalized cases of influenza A(HINI)pdm09 in the French
territories of the Americas, July 2009-March 2010. Rev Panam
Salud Publica 32: 124-130.

Barrero PR, Viegas M, Valinotto LE, Mistchenko AS 2011. Genetic
and phylogenetic analyses of influenza A(HIN1)pdm virus in
Buenos Aires, Argentina. J Virol 85: 1058-1066.

Deyde VM, Sheu TG, Trujillo AA, Okomo-Adhiambo M, Garten R,
Klimov AT, Gubareva LV 2010. Detection of molecular markers of
drug resistance in 2009 pandemic influenza A(HINI) viruses by
pyrosequencing. Antimicrob Agents Chemother 54: 1102-1110.

Dharan NJ, Gubareva LV, Meyer JJ, Okomo-Adhiambo M, McClinton
RC, Marshall SA, St George K, Epperson S, Brammer L, Klimov

Al, Bresee JS, Fry AM, Oseltamivir-Resistance Working G 2009.
Infections with oseltamivir-resistant influenza A(HIN1) virus in
the United States. JAMA 301: 1034-1041.

Eshaghi A, Bolotin S, Burton L, Low DE, Mazzulli T, Drews SJ 2009.
Genetic microheterogeneity of emerging H275Y influenza virus
A(HIN1) in Toronto, Ontario, Canada from the 2007-2008 respi-
ratory season. J Clin Virol 45: 142-145.

Galiano M, Agapow PM, Thompson C, Platt S, Underwood A, Ellis
J, Myers R, Green J, Zambon M 2011. Evolutionary pathways of
the pandemic influenza A(HIN1) 2009 in the UK. PLoS ONE
6:e23779.

Garten RJ, Davis CT, Russell CA, Shu B, Lindstrom S, Balish A, Ses-
sions WM, Xu X, Skepner E, Deyde V, Okomo-Adhiambo M,
Gubareva L, Barnes J, Smith CB, Emery SL, Hillman MJ, Rivailler
P, Smagala J, de Graaf M, Burke DF, Fouchier RA, Pappas C, Al-
puche-Aranda CM, Lopez-Gatell H, Olivera H, Lopez I, Myers
CA, Faix D, Blair PJ, Yu C, Keene KM, Dotson Jr PD, Boxrud
D, Sambol AR, Abid SH, St George K, Bannerman T, Moore AL,
Stringer DJ, Blevins P, Demmler-Harrison GJ, Ginsberg M, Kri-
ner P, Waterman S, Smole S, Guevara HF, Belongia EA, Clark
PA, Beatrice ST, Donis R, Katz J, Finelli L, Bridges CB, Shaw M,

87


Análises
Typewriter
87


Influenza in Brazil’s equatorial region ¢ Maria José Couto Oliveira

Jernigan DB, Uyeki TM, Smith DJ, Klimov AI, Cox NJ 2009. An-
tigenic and genetic characteristics of swine-origin 2009 A(HIN1)
influenza viruses circulating in humans. Science 325: 197-201.

Ghedin E, Laplante J, DePasse J, Wentworth DE, Santos RP, Lepow
ML, Porter J, Stellrecht K, Lin X, Operario D, Griesemer S, Fitch
A, Halpin RA, Stockwell TB, Spiro DJ, Holmes EC, St George K
2011. Deep sequencing reveals mixed infection with 2009 pan-
demic influenza A(HINI) virus strains and the emergence of os-
eltamivir resistance. J Infect Dis 203: 168-174.

Glinsky GV 2010. Genomic analysis of pandemic (HINI) 2009 re-
veals association of increasing disease severity with emergence
of novel hemagglutinin mutations. Cel/ Cycle 9: 958-970.

Hurt AC, Hardie K, Wilson NJ, Deng YM, Osbourn M, Leang SK,
Lee RT, lannello P, Gehrig N, Shaw R, Wark P, Caldwell N,
Givney RC, Xue L, Maurer-Stroh S, Dwyer DE, Wang B, Smith
DW, Levy A, Booy R, Dixit R, Merritt T, Kelso A, Dalton C,
Durrheim D, Barr IG 2012. Characteristics of a widespread com-
munity cluster of H275Y oseltamivir-resistant A(HIN1)pdm09
influenza in Australia. J Infect Dis 206: 148-157.

Tkonen N, Haanpaa M, Ronkko E, Lyytikainen O, Kuusi M, Ruutu
P, Kallio-Kokko H, Mannonen L, Lappalainen M, Ziegler T,
Julkunen I 2010. Genetic diversity of the 2009 pandemic influ-
enza A(HINI) viruses in Finland. PLoS ONE 5: ¢13329.

Kilander A, Rykkvin R, Dudman SG, Hungnes O 2010. Observed as-
sociation between the HA1 mutation D222G in the 2009 pandem-
ic influenza A(HINI) virus and severe clinical outcome, Norway
2009-2010. Euro Surveill 15: €19498.

Ledesma J, Pozo F, Perez Ruiz M, Navarro JM, Pineiro L, Montes M,
Perez Castro S, Suarez Fernandez J, Garcia Costa J, Fernandez
M, Galan JC, Cuevas MT, Casas I, Perez Brena P 2011. Substitu-
tions in position 222 of haemagglutinin of pandemic influenza
A(HINTI) 2009 viruses in Spain. J Clin Virol 51: 75-78.

Ledesma J, Pozo F, Reina G, Blasco M, Rodriguez G, Montes M,
Lopez-Miragaya I, Salvador C, Reina J, Ortiz de Lejarazu R,
Egido P, Lopez Barba J, Delgado C, Cuevas MT, Casas I, Span-
ish Influenza Surveillance S 2012. Genetic diversity of influenza
A(HINT1) 2009 virus circulating during the season 2010-2011 in
Spain. J Clin Virol 53: 16-21.

Lee RT, Santos CL, de Paiva TM, Cui L, Sirota FL, Eisenhaber F, Maur-
er-Stroh S 2010. All that glitters is not gold - founder effects compli-
cate associations of flu mutations to disease severity. Virol J 7: 297.

LiuY, Childs RA, Matrosovich T, Wharton S, Palma AS, Chai W, Dan-
iels R, Gregory V, UhlendorffJ, Kiso M, Klenk HD, Hay A, Feizi T,
Matrosovich M 2010. Altered receptor specificity and cell tropism
of D222G hemagglutinin mutants isolated from fatal cases of pan-
demic A(HINT1) 2009 influenza virus. J Virol 84: 12069-12074.

Moscona A 2009. Global transmission of oseltamivir-resistant influ-
enza. N Engl J Med 360: 953-956.

Motta FC, Siqueira MM, Lugon AK, Straliotto SM, Fernandes SB,
Krawczuk MM 2006. The reappearance of Victoria lineage influ-
enza B virus in Brazil, antigenic and molecular analysis. J Clin
Virol 36: 208-214.

Nelson M, Spiro D, Wentworth D, Beck E, Fan J, Ghedin E, Halpin R,
Bera J, Hine E, Proudfoot K, Stockwell T, Lin X, Griesemer S, Ku-
mar S, Bose M, Viboud C, Holmes E, Henrickson K 2009. The early
diversification of influenza A/HIN1pdm. PLoS Curr I: RRN1126.

Pires Neto RJ, Lemos DR, Cavalcanti LP, Ramos Junior AN, Alencar
CH, Facanha MC, Barroso MI, Vilar DC, Fonseca Neto MD 2013.
Pandemic influenza A(HIN1) 2009: epidemiological analysis of
cases in a tropical/semi-arid region of Brazil. Rev Soc Bras Med
Trop 46: 141-146.

917

Potdar VA, Chadha MS, Jadhav SM, Mullick J, Cherian SS, Mishra
AC 2010. Genetic characterization of the influenza A pandemic
(HINI) 2009 virus isolates from India. PLoS ONE 5: €9693.

Resende PC, Motta FC, Oliveira ML, Gregianini TS, Fernandes SB,
Cury AL, do Carmo DRM, Souza TM, Siqueira MM 2014. Poly-
morphisms at residue 222 of the hemagglutinin of pandemic influ-
enza A(HIN1)pdm09: association of quasi-species to morbidity
and mortality in different risk categories. PLoS ONE 9: €92789.

Schuck-Paim C, Viboud C, Simonsen L, Miller MA, Moura FE, Fer-
nandes RM, Carvalho ML, Alonso WJ 2012. Were equatorial re-
gions less affected by the 2009 influenza pandemic? The Brazil-
ian experience. PLoS ONE 7: e¢41918.

Silva RC, Siqueira MAM, Martins Netto E, Bastos JS, Nascimento-
Carvalho CM, Vilas-Boas AL, Bouzas ML, Motta FC, Brites C
2014. Epidemiological aspects of influenza A related to climatic
conditions during and after a pandemic period in the city of Salva-
dor, northeastern Brazil. Mem Inst Oswaldo Cruz 109: 229-235.

Souza TM, Resende PC, Fintelman-Rodrigues N, Gregianini TS,
Ikuta N, Fernandes SB, Cury AL, Rosa MC, Siqueira MM 2013.
Detection of oseltamivir-resistant pandemic influenza A(HIN1)
pdm2009 in Brazil: can community transmission be ruled out?
PloS ONE 8: ¢80081.

Souza TM, Salluh JI, Bozza FA, Mesquita M, Soares M, Motta FC,
Pitrowsky MT, Oliveira ML, Mishin VP, Gubareva LV, Whitney
A, Rocco SA, Gongalves VM, Marques VP, Velasco E, Siqueira
MM 2010. HINIpdm influenza infection in hospitalized cancer pa-
tients: clinical evolution and viral analysis. PLoS ONE 5: e14158.

Sun S, Wang Q, Zhao F, Chen W, Li Z 2011. Glycosylation site altera-
tion in the evolution of influenza A(HIN1) viruses. PLoS ONE
6: €22844.

Tamura K, Peterson D, Peterson N, Stecher G, Nei M, Kumar S 2011.
MEGAS: molecular evolutionary genetics analysis using maxi-
mum likelihood, evolutionary distance and maximum parsimony
methods. Mol Biol Evol 28: 2731-27309.

Wagner R, Matrosovich M, Klenk HD 2002. Functional balance be-
tween haemagglutinin and neuraminidase in influenza virus in-
fections. Rev Med Virol 12: 159-166.

Wedde M, Wahlisch S, Wolff T, Schweiger B 2013. Predominance of
HA-222D/G polymorphism in influenza A(HIN1)pdmO09 viruses
associated with fatal and severe outcomes recently circulating in
Germany. PLoS ONE §: €57059.

WHO - World Health Organization 2009a. WHO CDC protocol for in-
fluenza A(HINI) genome sequencing. Available from: who.int/csr/
resources/publications/swineflu/GenomePrimers_20090512.pdf.

WHO - World Health Organization 2009b. WHO CDC protocol of
real-time RT-PCR for influenza A(HIN1) 2009. Available from:
who.int/csr/resources/publications/swineflu/CDCRealtimeRT-
PCR_SwineH1Assay2009_20090430.pdf.

WHO - World Health Organization 2009c. Preliminary review of
D222G amino acid substitution in the haemagglutinin of pan-
demic influenza A(HINT) 2009 viruses. Available from: who.int/
csr/resources/publications/swineflu/hlnl_d222g/en/.

WHO - World Health Organization 2010. WHO pandemic (HIN1) 2009.
Available from: who.int/csr/don/2010_08 06/en/index.html.

Yang JR, Huang YP, Chang FY, Hsu LC, Huang HY, Pan YT, Lin YC,
Wu HS, Liu MT 2013. Characterization of oseltamivir-resistant
influenza A(HIN1)pdmO09 viruses in Taiwan in 2009-2011. J Med
Virol 85: 379-387.

88


Análises
Typewriter
88


68

Influenza in Brazil’s equatorial region ¢ Maria José Couto Oliveira Mem Inst Oswaldo Cruz, Rio de Janeiro: 1-1, 2014 1

800 _ Chromatograms from CY103935
1219_F07_011_2010-11-08 Fragment bases #715-717

~sl6 A C C C A A A G T G H & G R A T C H H G A A G

B A C C CAAARGTGAG GARATTE CAARTGAHARATEG

]

G A

— |G A A G G R A A A G

TZ]T I 3. T R 0 F Il T 32

&2 MWM/\W\AA/\MAM
}

double-peak @ codon 715-717
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Abstract

Pandemic influenza A HIN1 [A(H1N1)pdmO09] was first detected in Brazil
in May 2009, and spread extensively throughout the country causing a peak of
infection during June to August 2009. Since then, it has continued to circulate
with a seasonal pattern, causing high rates of morbidity and mortality. Over this
period, the virus has continually evolved with the accumulation of new mutations.
In this study we analyze the phylogenetic relationship in a collection of 220
A(H1IN1)pdmO09 hemagglutinin (HA) gene sequences collected during and after
the pandemic period (2009 to 2014) in Brazil. In addition, we have looked for
evidence of viral polymorphisms associated with severe disease and compared
the range of viral variants with the vaccine strain (A/California/7/2009) used
throughout this period.

The phylogenetic analyzes in this study revealed the circulation of at least
nine genetic groups in Brazil. Three (G1, G6-pdm and G7-pdm) co-circulated
during the pandemic period, showing an early pattern of viral diversification with
a low genetic distance from vaccine strain. Other phylogenetic groups, G5, G6
(including 6B, 6C and 6D subgroups), and G7 were found in the subsequent
epidemic seasons from 2011 to 2014. These viruses exhibited more amino acid
differences from the vaccine strain with several substitutions at the antigenic
sites. This is associated with a theoretical decrease in the vaccine efficacy.
Furthermore, we observed a polymorphism strongly associated with severe/fatal
cases at residue 222 of the HA gene. This was significantly associated with
severe disease reinforcing previous reports that described this residue as a
potential virulence marker.
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This study provides new information about the circulation of some viral
variants in Brazil, follows up potential genetic markers associated with virulence
and allows infer if the efficacy of the current vaccine against more recent
A(H1IN1)pdmO9 strains may be reduced.

Keywords: Influenza, A(HLN1)pdmQ9, hemagglutinin, phylogenetic analyzes

1. Introduction

Influenza viruses are important human pathogens, causing seasonal
epidemics and occasional pandemics with high rates of morbidity and mortality
annually (World Health Organization, 2014a). During April 2009 a new Influenza
A subtype H1IN1 virus emerged simultaneously in Mexico and the United States,
which rapidly spread worldwide, causing the first pandemic of the 215t century
(Dawood et al., 2009; Smith et al., 2009). This virus was the product of multiple
reassortment events involving viruses from swine, birds and humans and was
responsible for more than 18,000 deaths worldwide (Smith et al., 2009; World
Health Organization, 2010a). In Brazil, pandemic Influenza A (H1N1) virus
[A(H1N1)pdmO09] was first detected in May 2009 and it spread rapidly across the
country. Despite public health containment measures being adopted to control
viral transmission, a mortality rate of 4,6% among severe acute respiratory
infections (SARI) cases were reported (Secretaria de Vigilancia em Saude,
2010). After the pandemic period, A(H1N1)pdm09 began to circulate as a
seasonal virus together with influenza A/H3N2 and influenza B virus lineages,
causing annual epidemic seasons during winter and considerable morbidity and
mortality (Secretaria de Vigilancia em Saude, 2012, 2013a, b, 2014).

Influenza viruses have a segmented single stranded RNA genome and
exhibit an evolutionary plasticity. During replication process, gradual genetic
changes (antigenic drift) occur due to the lack of proof reading of the RNA
polymerase complex (Carrat and Flahault, 2007; Medina and Garcia-Sastre,
2011). It contributes to the ability of the virus to evade recognition by the immune
system and ensure its consistent circulation within human populations (Carrat
and Flahault, 2007; Medina and Garcia-Sastre, 2011). Surveillance of emerging
viral variants is necessary to inform decisions on the vaccine composition.
Currently, the vaccine used in Brazil contains two subtypes of Influenza A, HIN1
and H3N2 and one influenza B lineage. Since the emergence of A(HLN1)pdmOQ9,
the H1N1 vaccine component has remained the same in the Northern and
Southern Hemisphere (World Health Organization, 2014b). The anti-influenza
vaccine effectiveness is rarely elevated due to the high mutation rate of influenza
virus. Depending on antigenic match effectiveness of 30-60% against influenza
have been reported (Gupta et al., 2006). Viral mutations may also cause an
increase in viral fitness leading to a greater transmissibility, pathogenicity and to
the emergence of viral variants resistant to antiviral drugs (Glinsky, 2010; Lee et
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al., 2010; Mesquita et al., 2014; Resende et al., 2014; Souza et al., 2013). The
HA gene is the major viral antigen and is responsible for entry in the host cells.
Analyzes of this gene provides important data of virulence, and temporal and
geographical distribution of strains (Smith et al., 2004). Some mutations in the
HA of A(H1N1)pdmOQ9 virus have been suggested as potential virulence marker,
as: K-2E and Q293H (Glinsky, 2010; Potdar et al., 2010); D222G (World Health
Organization, 2010b). However only the substitution of aspartic acid (D) to glycine
(G) at residue 222 of the HA gene (D222G) presented a strong association with
severe and fatal cases (Resende et al., 2014). Regarding the phylogenetic
dynamic of the A(H1N1)pdmO9 virus, previous studies showed an early
diversification of this virus into seven phylogenetic groups during pandemic
period, based on specific mutations in the viral genome (Nelson et al., 2009;
Potdar et al., 2010). After the pandemic, a major diversification of these strains
occurred and new phylogenetic groups were identified based on mutations at HA
gene (European Centre for Disease Prevention and Control, 2011, 2013).

In this study, we investigated genetic characteristics of A(H1N1)pdm09
strains which circulated in Brazil from 2009 to 2014 in different geographical
regions in the country. Based on HA gene viral variants, we observed amino acid
substitutions associations with severe clinical outcomes and analyzed important
divergences in comparison to vaccine strain.

2. Material and methods

2.1 Samples

Using the Brazilian Influenza Surveillance Network, nasopharyngeal
aspirates (NPAs) were collected from patients with Influenza-like illness (ILI) and
hospitalized patients suffering from severe acute respiratory infection (SARI).
These samples were sent to the Laboratory of Respiratory Viruses at FIOCRUZ
in Rio de Janeiro, a National Influenza Center (NIC) for World and Health
Organization (WHO) and for the Ministry of Healthy (MoH), where this study were
conducted.

A total of 220 representative Brazilian A(H1N1)pdmOQ9 strains were
selected representing three Brazilian geographic/climatic regions, namely:
Northeastern (n = 38), Southeastern (n = 37) and Southern (n = 145), covering
the pandemic period (n = 65) and the following epidemic seasons 2011 (n = 10),
2012 (n = 49), 2013 (n = 74) and 2014 (n = 23). These samples were collected
from patients with a median age of 26 years (ranging from 0 to 78 years), 54.1%
were females. Among these patients only 138 (62,7%) provided detailed
information about clinical outcomes, 44 cases were mild, 67 severe and 27 were
from fatal cases.

Samples were manipulated anonymously. Patient identifiers including
personal information (name, address) and hospitalization number were removed
to protect patient confidentiality. This study was conducted within the scope of
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the National Influenza Epidemiological Surveillance Program/MoH, as part of a
global and Federal public health policy for Influenza control and prevention in
Brazil. For the reasons, a formal approval from our Ethical Committee was not
required.

2.2 RNA extraction, amplification and sequencing of the HA gene

Viral RNA was extracted from NPAs using QIAmp viral RNA mini kit
(Qiagen, Hilden, Germany), according to manufacturer’'s protocol. cDNA was
synthesized using Super Script 1ll enzyme (Life technologies). Thereafter whole
HA sequence was obtained by amplification of four PCR products using Taq
Platinum DNA polymerase enzyme (Life technologies) and primers sets
described previously by CDC Influenza division (World Health Organization,
2009). DNA products were purified with QIAquick PCR Purification kit (Qiagen)
and sequenced using an automated ABI 3130XL Genetic Analyzer (Applied
Biosystems). Sequences were assembled and the comparisons with the
reference sequence (A/California/7/2009 — EPI516528) were performed with
Sequencher software 5.1v (Gene Codes). Brazilian sequences were submitted
to the Global Initiative on Sharing Avian Influenza Data (GISAID) database and
are available with the accession numbers: EP1178726 to EPI 178945.

2.3 Data set construction, genetic and phylogenetic analyzes

A data set with 265 HA sequences was constructed, including Brazilian
sequences (n = 220) and other representative sequences (n = 45) obtained at
GISAID database. These representative sequences have specific amino acid
signatures in the HA gene that defined some phylogenetic groups, from pandemic
(G1, G2-pdm to G7-pdm) and post pandemic periods (G2 to G7) (European
Centre for Disease Prevention and Control, 2011, 2013; Nelson et al., 2009;
Potdar et al., 2010). Sequences from unclassified phylogenetic groups found in
this study were submitted to Basic Local Alignment Search Tool (BLAST)
available at the National Center for Biotechnology Information (NCBI) database
to obtain similar sequences circulating worldwide. The data set alignment was
generated with Clustal W algorithm (integrated tool within Geneious 7.0 software)
and edited manually for optimization.

Maximum Likelihood (ML) trees were inferred with the on-line PhyML
platform (http://www.atcg-montpellier.fr/phyml), using the best-fitting nucleotide
substitution model, Hasegawa-Kishino-Yano (HKY) + gamma distribution among
the sites, which was estimated by means of Modeltest, integrated tool within the
MEGA 6.0 software (Tamura et al., 2013). ML reliability of branches was
evaluated using approximate likelihood-ratio test (aLRT) with an interior branch
cut-off value = 0.9 and the tree was rooted with the vaccine strain
AlCalifornia/7/20009.
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2.4 Analyzes of substitutions and prediction of vaccine efficacy

Amino acid substitutions from Brazilian HA sequences were compared
with vaccine strain using Sequencher v5.1 software (Gene Codes). Amino acid
distances among phylogenetic groups to vaccine strain were calculated in Mega
6.0 software (Tamura et al., 2013) using the p-distance method. In order to
estimate vaccine efficacy (E), we used the equation E = 0.47 — 2.47 X Pepitope
described by Deem and Pan (Deem and Pan, 2009). Pepitope means the largest p-
distance value, the proportion of different amino acids for each epitope between
two strains. We considered the five epitopes Sa, Sb, Cal, Ca2, and Cb of the
HAL1 globular domain, against which the majority of neutralizing antibodies are
directed (lgarashi et al., 2010). Antigenic distances of five HA epitopes found
amongst the Brazilian strains from the vaccine strain A/California/7/2009 were
calculated using the method p-distance in MEGA 6.0 software.

2.5 Statistical analysis

The software BaTS (Bayesian Tip-Significance testing) was used to test
for significant phylogeny-trait correlations between virus sequences from mild
and severe/fatal cases. It takes into account the statistic tests of Association
Index (Al), the Parsimony Score (PS) and the Maximum Clade (MC), they
provided 95% confidence intervals (Cl) and significance estimation for these
whilst accounting for phylogenetic uncertainty by the use of the posterior sets of
trees obtained through earlier Bayesian phylogenetic analysis obtained by
MrBayes software (Parker et al., 2008). Other statistical analyzes were calculated
by Fisher's exact test available at Graph Pad software an on-line tool
(http://www.graphpad.com/quickcalcs/contingencyl/).  Statistical significance
was considered only for p-values < 0.05.

3. Results

3.1 Phylogenetic analyzes of the hemagglutinin gene

Molecular analyses of HA gene sequences obtained from 220 Brazilian
A(H1IN1)pdmO9 strains revealed that at least nine genetic groups circulated in
Brazil from 2009 to 2014 (Figure 1). The ML tree topology showed a clear
temporal structure with co-circulation of phylogenetic groups and subgroups with
replacement of genetic groups over time. Based only on the HA gene, we
identified two phylogenetic groups that circulated early in the pandemic: group 6
from pandemic period (G6-pdm), whose sequences clustered closely with A/New
York/4735/2009-like with K-15E and Q293H substitutions; and group 7 from
pandemic period (G7-pdm), similar to A/Shangai/1/2009-like with S203T
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substitution. Three Brazilian strains were more similar to the A/California/7/2009-
like group (G1). These three early phylogenetic groups were detected during May
to August 2009. Of 65 strains analyzed from this period, the large majority
(67,7%) was G7-pdm, followed by the G6-pdm (26,2%). The G7-pdm, was the
origin of later phylogenetic groups (G2 to G7) identified in the post-pandemic
period, they are shown collapsed at the ML tree (Figure 1, arrows). Post-
pandemic Brazilian HA sequences clustered in group 5 (G5), group 6 (G6), and
group 7 (G7).

Another ML tree was constructed with the reference strains and our
sequences from 2011 to 2014 epidemic seasons (Figure 1 A to D). This ML tree
showed co-circulation of G5 and G6 during epidemic season 2011, of G5, G6 and
G7in 2012 and of G6 and G7 in 2013 (Figure 1 B and C). Only the G6 subgroup
6B were detected in 2014 epidemic season (Figure 1D). G5 and G7 variants were
less common than G6. The G5 A/Astrakhan/1/2011-like sequences were
characterized by D97N, R205K, 1216V and V249L substitutions. Twenty-two
Brazilian strains clustered in this group, were collected from May 2011 to August
2012 (Fig. 2B). Seventeen G7 Brazilian sequences detected in 2012 and 2013
seasons were A/St.Petersburg/100/2011-like, being characterized by S143G,
S185T and A197T signature substitutions. In addition to these signatures, strains
from 2013 exhibited the L-9M, S84G and K163l substitutions, which constituted
a new cluster inside the group (Fig. 1C). Regarding G6, represented by strains
A/St.Petersburg/27/2011-like with the D97N and S185T substitutions, it has
circulated widely in Brazil since 2012 (Fig 2D), and more than half of Brazilian
viruses analyzed in this study (n = 116) belonged to it. This group also shows the
wider diversity, being divided in four subgroups, 6A to 6D. The subgroup 6B was
the most populated enclosing 79 Brazilian sequences from 2013 and 2014 and
the signature substitutions K163Q and A256T. The 6D phylogenetic subgroup
(n= 33), was defined by the N260T mutation. Only two samples were classified
as subgroup 6C at this collection and no one sample was clustered as subgroup
6A.

3.2 Amino acid substitutions and its association with clinical outcomes

In this analysis we identified changes in the HA gene sequences attributed
to genetic evolution of A(H1IN1)pdmO9 circulating in Brazil from 2009 to 2014.
Amino acid translations of the HA gene, from Brazilian viral sequences were
compared with those from the vaccine strain A/California/7/2009 to verify possible
associations with severe clinical outcomes (Table 1). Clinical outcome
information was available for 138 patients; 44 patients presenting ILI were
classified as mild; 67 cases were severe and were designated as SARI, and 27
were fatal cases. We constructed Bayesian trees using MrBayes software to
show the lack of association of mild and severe/fatal cases inside each
phylogenetic groups (Table 2). Reviewing the main amino acid substitutions
associated with an increase of severity in the literature we observe that in our
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cases only the presence of any polymorphisms at residue 222 was associated
with severe/fatal cases (Table 3) (p-value < 0.05). The mutations at residue 222
were not associated to any specific phylogenetic cluster, being found in several
branches and groups throughout the tree.

3.3 Amino acid substitutions in antigenic sites and vaccine efficacy prediction

We identified 22 amino acid changes compared to the vaccine strain
located at five different antigenic sites (1 to 5 mutations per sample). They were
distributed in all phylogenetic groups, except G1. Groups from the pandemic
period had 1 to 3 changes and all strains in groups from post-pandemic period
contained 2 to 5 changes (Table 2).

The large majority of these mutation were found at low frequency (0,5% to
0,9%) scattered throughout the years covered by our sampling, namely: T72l,
A73S and S75T in Cb; P137S, A139S and A141R in Ca2; N137D; S174T and
S179N in Sa; 1183V, G187R and E235D in Cal; A203T, D204Y, Q189K and
S190N in Sh. However, other mutations at the five antigenic sites appeared in
high proportions in the viral population. The S203T and R205K substitutions
located at antigenic site Cal, were found in 90,5% and 12,3% of strains
respectively. In Sb 60,5% of strains showed substitutions at residue 185, S185T
(n = 126) or S185A (n = 7). In Sa we observed K163Q or K163l substitutions in
42,7% of strains. H183Q was found in 6,8% and D222G, D222N or mixed viral
populations D222D/G or D222D/G/N/A had a frequency of 5,5%.

The mean of global amino acid p-distance (number of amino acid
substitutions per site) of each phylogenetic group were calculated in comparison
to the vaccine strain (Table 4). It revealed that phylogenetic groups from the
pandemic period had a low number of amino acid substitutions in comparison to
phylogenetic groups from the post-pandemic period. We also calculated the
antigenic distances of five HA epitopes from all sequences in relation to those
from the vaccine strain A/California/7/2009 in order to estimate the theoretical
vaccine efficacy (E) against Brazilian viruses using the Pepitope method (Deem and
Pan, 2009). Phylogenetic groups from pandemic period presented a perfect
vaccine match (Pepitope = 0) with an E value of 0.470, which means 100% of predict
efficacy against the vaccine. However, the phylogenetic groups with mutations in
antigenic sites presented a decrease at the predict vaccine match (Table 4). The
G5 presented the worst match with the vaccine with 4,5%, of agreement, followed
by G6C with 38,5% and others with 51,2%. Interestingly, we observed amongst
our study population 13 cases infected with A(HLN1)pdmQ9, who had received
vaccine prior to illness, 11 in 2013 and 2 in 2014, as reported on the
epidemiological form. That they had received vaccine some months before iliness
and their virus strains had a predicted vaccine match of 52,1% (E = 0.245).

97



Documento Il — Manuscrito em fase de preparagéo

4. Discussion

This study describes amino acid changes in the HA of 220 A(H1N1)pdmO09
viruses circulating in Brazil during the pandemic period (April, 2009 to August,
2010) and in the following epidemic seasons (2011 to 2014). Phylogenetic
analyzes indicate that at least nine distinct genetic groups defined by specific
mutations circulated in Brazil during this period. Previous evolutionary studies,
conducted with A(HLN1)pdmO09 that circulated worldwide during the initial phase
of pandemic period, showed an early diversification based on molecular
signatures of the whole genome, which characterized the seven initial
phylogenetic groups (G1, G2-pdm to G7-pdm) (Nelson et al., 2009; Potdar et al.,
2010). We identified two of these early phylogenetic groups, namely G6-pdm and
G7-pdm, as well as sequences associated to G1 circulating in Brazil. As this
previous classification was based on whole genome sequence, because we have
only HA sequences we need more information about the other genes to know
exactly where the four sequences closer to G1 are clustering. In turn G6-pdm and
G7-pdm co-circulated among Brazilian population confirming previous data (Goni
et al., 2011; Oliveira et al., 2013; Sant'/Anna et al., 2014). As observed worldwide,
G7-pdm was also the most common phylogenetic group detected in Brazil during
the pandemic period (Nelson et al.,, 2009; Potdar et al., 2010). The global
dominance of G7-pdm variant may be attributed to its initial foothold in New York
city, which could have facilitated its rapid global spread due to its high
international interconnectivity (Nelson et al., 2011). The end of pandemic period
was declared on August, 2010 (World Health Organization, 2010a) and from mid-
2010 to early 2011, ILI cases reduced in Brazil (Secretaria de Vigilancia em
Saude, 2012). We speculate that this may have been associated with increase of
herd immunity following the mass vaccination campaign against A(H1N1)pdmO9,
together with the inter seasonality period in the Southern Hemisphere. Since
then, A(HLIN1)pdmOQ9 has circulated as a seasonal virus together with Influenza
A/H3N2 and the two lineages of influenza B viruses causing annual epidemic
seasons during the winter in Brazil with a lesser impact on morbidity and mortality
than during the pandemic period (Secretaria de Vigilancia em Saude, 2012,
2013a, b, 2014).

However, after the pandemic period (2011 to 2014 epidemic seasons) new
genetic groups emerged from G7-pdm (European Centre for Disease Prevention
and Control, 2011, 2013). At least six new phylogenetic groups were detected
circulating worldwide and they were numbered from group 2 to 7 (G2 to G7),
since vaccine strain A/California/7/2009 reminded as G1 (European Centre for
Disease Prevention and Control, 2011, 2013). Brazilian samples were observed
in three of these groups G5, G6 and G7 (Fig. 1). Additionally, strains from
epidemic seasons 2012/13 in Europe were classified in one of the G6 subgroups,
6A to 6C (European Centre for Disease Prevention and Control, 2013). Using the
same approach, we describe a subgroup, with phylogentic signature N260T,
called 6D. This mutation, detected among 2012 Brazilian samples seems to be
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observed mostly in HA sequences in North and South America. Group co-
circulation during epidemics in 2011 (G5 and G6), 2012 (G5, G6 and G7) and
2013 (G6 and G7) were observed, however samples of 2014 epidemic season
were detected only the G6B. According to data from Brazilian MoH, circulation of
A(H1IN1)pdmO09 as a seasonal virus were more extensive during 2012 and 2013
epidemic seasons compared with the 2011 and 2014 epidemics (Secretaria de
Vigilancia em Saude, 2012, 2013a, b, 2014). The circulation of multiple
phylogenetic groups in these periods may had contributed to increase of the viral
circulation. Some of these genetic groups were observed previously in Northern
hemisphere before their detection in Brazil. Viruses collected during epidemic
season 2010-2011 in European countries fall into the post-pandemic
phylogenetic groups, and in Brazil, it occurred after May 2011 (European Centre
for Disease Prevention and Control, 2011; Ledesma et al., 2012). It may suggest
that the previous epidemic of North Hemisphere may predict and potentially seed
the next epidemic season in Brazil, however more data is necessary to confirm
this hypothesis.

As a RNA virus, Influenza viruses have a high rate of genetic variation,
which ensures its survival and constant circulation in the human population
(Carrat and Flahault, 2007). The rate of change of influenza means that the
antigens included in the annual vaccination have to be changed on a regular
basis to provide protection against current strains. The selection of strains is
based on the detection of new variants and assessment of antigenic change
using ferret antisera and sera from vaccine. Studies have attempted to evaluate
the use of sequence based amino acid changes to predict these antigenic
changes. (Glinsky, 2010; Lee et al., 2010; Mesquita et al., 2014; Resende et al.,
2014; Souza et al., 2013).

In our study, sequences from post-pandemic strains showed more amino
acid differences than pandemic strains from the vaccine and some of the amino
acid substitutions occurred in antigenic sites (Cal, Ca2, Cb, Sa and Sb) of the
HA molecule (Sriwilaijaroen and Suzuki, 2012). Although the genetic groups
identified in this study showed specific changes in different epitopes of HA, which
contributed to a theoretical decrease in vaccine efficacy, the results obtained by
formal antigenic characterization performed with similar variant viruses did not
show a consistent marked change in antigenicity compared to vaccine virus
A/California/7/2009 (European Centre for Disease Prevention and Control, 2011,
2013). Around 99,1% of Brazilian samples contained up to four mutations in HA
antigenic sites. However, previous report indicates that such mutations did not
contribute to a significant change in antigenicity (Dapat et al., 2012), indicating
that the algorithms to evaluate genetic changes alone, needs future refinement
before it can be used to infer vaccine choices.

None of the phylogenetic groups found in Brazil had a strong relationship
with severe or fatal influenza disease, and our findings corroborates the lack of
association with severity of K-15E and Q293H substitutions (G6-pdm) found
previously (Graham et al.,, 2011; Lee et al.,, 2010; Mesquita et al., 2014).
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Otherwise, we observed a point mutation at residue 222 of the HA gene
associated with an increase of severity illness in humans (World Health
Organization, 2010b). This mutation was detected across variant viral groups and
in different seasons, which suggests it as a potential virulence marker.
Associations of amino acid changes in the HA with a possible increase of
virulence has been reported (El Moussi et al., 2013; Glinsky, 2010; Kilander et
al., 2010; Maurer-Stroh et al., 2010; Melidou et al., 2010; Resende et al., 2014).
The association of polymorphisms and the presence of quasispecies at residue
222 of the HA was widely explored in samples from pandemic period (Resende
et al., 2014). This amino acid residue is located in the antigenic site Ca2 near
from of the receptor-binding domain and local changes may influence binding
preferences of the virus (Liu et al., 2010). The substitutions of aspartic acid (D)
to glycine (G), asparagine (N) and/or Alanine (A) at residue 222 of the HA gene
were found in 11 cases, of which, 10 were fatal cases and one severe case.
Among these patients, five were pregnant women. Our group had previously
reported a curious relation between this residue in samples from pregnant women
and disease’s severity (Resende et al., 2014). Polymorphisms at residue 222 in
Brazilian strains did not form a phylogenetic cluster, sequences with this mutation
were observed in strains from two phylogenetic groups from the pandemic period,
G6-pdm and G7-pdm, and it was observed in recent cases due to G6B and G6D
viruses.

5. Conclusions

Five years after pandemic the A(H1N1)pdmQ09 continues to circulate in
Brazilian population, nine influenza A(HLN1)pdmO09 genetic groups defined by
specific amino acid changes have been circulated in Brazil from 2009 to 2014.
We have seen a regular replacement of variants by new phylogenetic groups over
time and the presence of mutations in antigenic sites have been increasing. In
accordance with antigenic results worldwide, none of these genetic groups
seems to show significant antigenic differences with the vaccine strain
A/California/7/2009, but theoretically the vaccine efficacy have been decreased
due to changes in antigenic sites of these strains. This study reinforce the
importance of continued laboratory based-surveillance to detect the emergence
of new variants, which essential for reformulation of influenza vaccine, since the
closer the vaccine strain is to the dominant circulating viral variant, the more
effective is the vaccine is likely to be.
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Figure 1 - Maximum-Likelihood phylogenetic tree of the HA whole gene
(1701 nucleotides) of 220 Brazilian influenza A(H1IN1)pdmQ9 viruses
detected from 2009 (blue), 2010 (cyan), 2011 (purple), 2012 (pink), 2013 (red)
and 2014 (orange) seasons and 46 representative sequences (black) of the
groups G1, G2-pdm to G7-pdm and G2 to G7 collected on GISAID database.
Amino acid changes associated with these specific groups were indicated
in the nodes using H1 numbering without signal peptide. The best-fitting
nucleotide substitution model used was Hasegawa-Kishino-Yano (HKY) +
gamma distribution among the sites. ML reliability of branches was
evaluated using approximate likelihood-ratio test (aLRT) and an interior
branch cut-off value was 2 0.9.

The figure 1A shows groups from pandemic period. The collapsed
branches represent sequences from post pandemic period and arrows in
red indicate where the Brazilian sequences were found. The figures 1B, 1C
and 1D, shows the G5, G7 and G6 and its subgroups respectively.
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Table 1 - Relation of amino acid changes at the hem agglutin of the Brazilian strains to clinical outco me.

Phylogenetic group Period of circulation in Brazil Number of Number of severe Presence of
mild cases (%) and fatal cases (%) mutations at 222

residue of HA

Gl Jun 2009 to Aug 2009 1(2,3%) 2 (2,1%)

G6-pdm May 2009 to Mar 2010 3 (6,8%) 8 (8,5%) D222DGNA (2);

(K-15E; Q310H) D222G (2)

G7-pdm Jun 2009 to Jun 2010 6 (13,6%) 31 (33,0%) D222DGNA (4);

(S203T) D222DG (2)

D222G (1)

G5 May 2011 to Aug 2012 10(22,7%) 7 (7,4%)

(D97N; R205K;

1216V; V249L)

G6 May 2011 to Jun 2011 0 (0,0%) 1(1,1%)

(D97N)

G6B Mar 2013 to Jun 2014 5(11,4%) 23 (24,5%) D222N (1)

(K163Q; A256T)

G6C Mar 2013 to Jun 2013 0 (0,0%) 4 (4,3%)

(V234)

G6D Apr 2012 to Jan 2013 15 (34,1%) 11 (11,7%) D222G (1)

(N260T)

G7 Mar 2012 to Jun 2013 4(9,1%) 7 (7,4%)

(S143G; A197T)
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Table 2 — Comparison about the clustering of mild ¢ =~ ases versus severe plus fatal cases using Bayesian Tip-Significance
testing (BaTsS).

Statistic test Observed mean (95% Cl)  Null hypotesis mean (95% CI)  Significance (p-value)
Al 3,9(3,0-4,9) 5,6 (4,6 —6,6) 0,00
PS 30,6 (28,0 — 32,0) 37,4 (34,0 -40,3) 0,00
MC (Mild cases) 7,0(7,0-7,0) 2,6(2,1-3,4) 0,00
MC (Severe + Fatal cases) 8,3(7,0-13,0) 6,4 (4,5-9,9) 0,27

PS (parsimony score) statistic quantifies phylogeny—trait correlation; Al (association index) statistic takes into account the shape of the phylogeny by
measuring the imbalance of internal phylogeny nodes; MC (monophyletic clade).

Table 3 - Comparison of polymorphisms at 222 residu e of the influenza A (HLN1)pdmO09 hemagglutin gene i n 138 Brazilian

in patients with mild versus severe/fatal clinical outcomes.
N Clinical outcome @
HA position : p-value ©
Mild Severe/Fatal
D222G 0 % (0/44) 4.3 % (4/94) 0.299
D222N 0 % (0/44) 1.1 % (1/94) 1.0
D222D/G 0 % (0/44) 1.1 % (1/94) 1.0
D222D/G/N/A 0 % (0/44) 5.3 % (5/94) 0.168
X222 ® 0 % (0/44) 11.7 % (11/94) 0.016 @

@ Only 138 from 220 patients included in this study had information about clinical outcome;

() X222 means any mutation at the residue 222

© The statistical significance between the number of mild and severe/fatal cases was calculated by Fisher's exact test;;
@ Residues with statistical significance p-value < 0.05
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Table 4 - Amino acid distance of the nine A(HLIN1)pd mO09 phylogenetic groups to the vaccine strain A/Cal ifornia/7/2009 and

the substitutions frequency in antigenic sites into each group.
Phylogenetic Group Number of Period of circulation in Mean of amino acid Mean of predicted Number of
(amino acid signatures) sequences Brazil p-distance to vaccine efficacy (E) changes in
A/California/7/2009 antigenic sites
G1 4 Jun 2009 to Aug 2009 0.005 0.470 0
G6-pdm 17 May 2009 to Mar 2010 0.008 0.470 Oto1l
(K-15E; Q310H)
G7-pdm 44 Jun 2009 to Jun 2010 0.008 0.470 1to3
(S203T)
G5 22 May 2011 to Aug 2012 0.021 0.021 2to4
(D97N; R205K; 1216V; V249L)
G6 2 May 2011 to Jun 2011 0.017 0.245 2
(D97N)
G6B 79 Mar 2013 to Jun 2014 0.021 0.245 3to5
(K163Q; A256T)
G6C 2 Mar 2013 to Jun 2013 0.019 0.181 2to3
(V2341)
G6D 33 Apr 2012 to Jan 2013 0.018 0.245 2to3
(N260T)
G7 17 Mar 2012 to Jun 2013 0.025 0.245 2to5

(S143G; A197T)
H1 numbering without signal peptide;
p-distance: proportion of different amino acids for each HA1 epitope between the strain of interest and the vaccine strain A/California/7/2009;
Vaccine efficacy (E) per each phylogenetic group.
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Capitulo IlI: Identificacdo de marcadores de virulén  cia
associados ao aumento da gravidade da infeccéo pelo
virus Influenza A (H1IN1)pdmOQ9

Neste capitulo apresentamos dois artigos, nos quais abordamos a analise de
polimorfismos no gene da HA dos virus A (H1IN1)pdmO09 associados a um possivel
aumento na gravidade da infeccdo pelo virus.

O primeiro trabalho foi publicado na revista Plos One em margo de 2014 com
o titulo: “Polymorphism at residue 222 of the hemaggutinin of pandemic influenza A
(H1IN1)pdmO09: Association of quasi-species to morbidity and mortality in different risk
categories” (Documento Ill). Neste estudo utilizamos a metodologia de
pirosequenciamento para deteccdo de SNPs na posicdo 222 da HA viral. Foram
analisadas um total de 401 amostras de pacientes com manifestacdes clinicas
brandas, graves e fatais coletadas entre 2009 e 2011. Isso possibilitou detectar a
presenca do polimorfismo D222G ou de popula¢gdes mistas, DG222, DN222, GN222
e DGN222 em 70 amostras, sendo estas majoritariamente de pacientes graves ou
gue foram a Gbito no ano de 2009.

Em abril de 2014 publicamos um segundo trabalho também na revista Plos
One, “Detection of the Influenza A (H1N1)pdmQO9 virus carrying the K-15E, P83S and
Q293H mutations in patients who have undergone bone marrow transplant”
(Documento 1V). Neste trabalho estudamos o impacto de variantes contendo as
mutacdes K-15E, P83S e Q293H em uma populacdo de individuos que sofreram
transplante de medula 0ssea. Alguns estudos associaram essa variante viral com
uma maior gravidade e fatalidade, outros discordam dessa associacdo. N0OSS0sS
resultados mostraram que os individuos transplantados mesmo sendo mais
propensos a apresentar piores resultados clinicos, por serem imunocomprometidos,

apresentaram casos leves de infeccdo. Esses resultados ndo corroboram estudos
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que relacionaram as substituicbes K-15E, P83S e Q293H com o aumento da

gravidade da doenca.
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DOCUMENTO Il — POLYMORPHISM AT RESIDUE 222 OF
THE HEMAGGUTININ OF PANDEMIC INFLUENZA A
(HIN1)PDMO09: ASSOCIATION OF QUASI-SPECIES TO
MORBIDITY AND MORTALITY IN DIFERENTE RISK
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Abstract

The D222G substitution in the hemagglutinin (HA) gene of the pandemic influenza A(HTN1)pdm09 virus has been identified
as a potential virulence marker, because this change allows for virus invasion deeper into the respiratory tract. In this study,
we analyzed D, G and N polymorphisms at residue 222 by pyrosequencing (PSQ). We initially analyzed 401 samples from
Brazilian patients. These were categorized with respect to clinical conditions due to influenza infection (mild, serious or fatal)
and sub-stratified by risky factors. The frequency of mixed population of virus, with more than one polymorphism at residue
222, was significantly higher in serious (10.6%) and fatal (46.7%) influenza cases, whereas those who showed mild influenza
infections were all infected by D222 wild-type. Mixtures of quasi-species showed a significant association of mortality,
especially for those with risk factors, in special pregnant women. These results not only reinforce the association between
D222G substitution and influenza A(H1N1)pdm09-associated morbidity and mortality, but also add the perspective that a
worse clinical prognosis is most likely correlated with mixtures of quasi-species at this HA residue. Therefore, quasi-species
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may have a critical and underestimated role in influenza-related clinical outcomes.
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Introduction

The pandemic influenza A(HIN1)pdmO09 virus was responsible
for over 18,449 deaths worldwide from 2009 to 2010 [1].
Although increased mortality is generally associated with novel
influenza viruses due to the lack of a preexisting immunity in the
general population, several groups of patients at higher risk for
complications due to the influenza infection were reinforced or
identified n 2009, such as pregnant women, obese individuals,
immunocompromised patients and, surprisingly, otherwise healthy
young adults, among others [2].

In addition to hosts’ predisposed clinical conditions, some
specific polymorphisms in the viral genome may enhance its
virulence [3]. Circulating influenza AHIN1)pdmO09 viruses from
2009 to the present are virtually similar, and no major antigenic
variation has been found in viral hemagglutinin (HA), which is the
viral surface glycoprotein responsible for attachment and a major
target of the host’s immune response [2]. However, mutations,
such as D222G/E/N (H1 numbering without signal peptide),
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which are located within the HA receptor-binding domain (RBD),
have been positively associated with worse clinical outcomes as
early as during the 2009 pandemics; being therefore, a potential
virulence marker [2,3]. The D222G mutation increases viral
invasion to deeper areas of the respiratory tract because it
amplifies viral tropism by allowing viral binding to sialic acid
residues with the 02,6- (22,6) and a2,3-linkages (22,3) found in the
upper and lower respiratory tract, respectively [4,5,6].

For RNA viruses, viral pathogenesis and evolution are two
related processes because high mutation rates lead to the
generation of quasi-species [7]. Although many of these novel
variants may not be viable, others may evade hosts’ immune
responses and/or be endowed with enhanced virulence [7]. Thus,
by studying the heterogeneity of quasi-species at residue 222 of
AMHINIpdm09 HA and its association with a worse clinical
outcome, insights may be made as to what extent the active
process of virus replication evolution influences A(HIN1)pdm09-
related morbidity and mortality. Therefore, the heterogeneity at
residue 222 was analyzed and found to be associated with poor
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clinical outcomes of the Brazilian population. In our study, we
found that AHINI1)pdm09 mutants at any distribution at residue
222G/D/N are significantly associated with worse clinical
conditions due to influenza and to risk factors than the D222G
mutation alone. Moreover, we also found the heterogeneity of
amino acids at residue 222 in a representative proportion of
AHIN1)pdm09-infected individuals in Brazil.

Materials and Methods

Data collection and ethical statement

Our laboratory is the National Reference Laboratory for
influenza and Respiratory Diseases for the Brazilian Ministry of
Health (MoH) and we also integrate the World Health Organi-
zation (WHO) network for Influenza surveillance, as a National
Influenza Center (NIC). As part of these surveillance systems, we
continuously receive samples of suspected cases for virological
surveillance, which includes different laboratory testing, such as
subtyping, antigenic and genetic analyses. Samples are collected
from individuals with respiratory influenza-like illness or severe
acute respiratory infection (SARI), according to WHO and MoH
case definitions [8]. Sociodemographic, clinical and epidemiolog-
ical data are also collected by the epidemiological surveillance
teams in the different Brazilian states, which includes basic
information, such as gender, age, city/state of case notification and
residence and dates of symptoms onset and sample collection.
Personal information such as name and address are confidential
and only assessed by the head of Laboratory. At the entrance,
samples and forms are coded, in such a way that all analyses
remain anonymous for all staff’ (maintaining confidentiality, in
accordance to our ethical protocol declared in the scope of our
quality system; ISO 15189).

The majority of samples used in this investigation were collected
during Influenza A(HINI1)pdmO9 pandemics, a global public
health emergency. After pandemics, virtually all samples were
collected in the scope of the National Influenza Epidemiological
Surveillance Program/MoH, as part of a global and federal public
health policy for Influenza control and prevention. For the reasons
stated above, a formal approval from our Ethical Committee is not
required.

Patient and sample characteristics

We analyzed samples from 401 AHINI)pdmO09-confirmed
patients, as judged using the WHO/CDC RT-PCR protocol [8].
These samples were nasopharyngeal aspirates (NPAs) (n=392)
and lung tissue fragments (n=9). Nine positive NPAs from 3
immunocompromised patients previously studied by our group
and with prolonged viral shedding were also analyzed [9]. The
samples were selected from our laboratory database. Clinical data
from these patients were classified as follows: 1) fatal cases,
individuals who died due to influenza-related complications; 2)
serious infections, individuals with severe symptoms of respiratory
infection, such as SARI, pneumonia or who underwent hospital-
ization due to influenza; 3) mild cases, from patients with no
reports of any complications cited. Further classification of our
patients was also used, based on comorbidities. These include the
following categories: chronic pulmonary disorder, subjects with
chronic obstructive pulmonary disease (COPD), asthma, chronic
lung disease; immunossupression, individuals with HIV, cancer
and who underwent transplantation; metabolic disorder, diabetes,
obesity and other disorders; cardiovascular disorder included those
reporting hypertension group and chronic heart disease; and a
group with any comorbidity was also considered. Subjects with
incomplete clinical information were excluded from the classifica-
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tion as having mild, serious or fatal outcomes due to influenza
infection. Nevertheless, if clinical information was incomplete, but
data from risk factor available, such sample was included in the
study.

RNA extraction, RT-PCR and Pyrosequencing (PSQ) assay

Viral RNA was extracted from NPAs using a QIAmp viral
RNA mini kit (Qiagen, Hilden, Germany). Lung tissue fragments
were macerated using a TissueRuptor (Qiagen), and RNA was
extracted using an RNeasy mini kit (Qiagen). The RT-PCR
protocol and PSQ) assay were performed as described elsewhere
[10]. For PSQ assay, customized dispensation order ATGTAT(-
CAGT)s was conducted in the PyroMark Q96 ID pyrosequencer
(Qiagen) [10]. The analyses were performed based on the quality
of the pyrograms and algorithm to calculate the proportion of each
variant has been described elsewhere [10]. The PSQ protocol may
allow for the detection of approximately 5.0% of the quasi-species.
To be more conservative, we raised this cutoff by 50%. Thus, viral
sub-populations with mixtures above 7.5% were considered in this
study.

Statistical analyses

Descriptive and bivariate analyses (chi-square/Fisher’s exact test
for categorical variables and t-test for means) were employed to
assess putative associations between variables of interest and
outcomes. Multiple logistic regressions were carried out, consid-
ering variables of epidemiological relevance and plausibility.
Significance was set when p value <0.05. Analyses were performed
using SPSS for windows, version 19 (SPSS Inc.)

Results

Associations among the heterogeneity of amino acids at
residue 222 of the HA with epidemiological data and
clinical outcomes

We focused in studying samples from the period when changes
at 222 residue were more common in the literature, from 2009 to
2011 [11,12]. We performed PSQ analyses for 401 samples among
these 70 samples presented any type of mutation in this residue, 9
(12.8%) were D222G alone and 61 (87.2%) were mixed viral
populations. The presence of polymorphisms was significantly
higher during the pandemic period (from April 2009 to August
2010), when compared to 2011 (Table 1). The large majority of
the samples were collected from June to September/2009
(epidemiological weeks 26 to 35) and from May to August/2011
(epidemiological weeks 22 to 35) (Table 1) — which represents the
autumn/winter in Brazil.

Although Brazil is a continental-wide country which crosses the
equator line, all our samples were from its Southern Hemisphere
portion. Samples from 4 out of the 5 regions of Brazil were
studied, which includes the southern (56.6%), southeastern
(37.4%), northeastern (5.3%) and northern (0.7%) regions. As
most of the samples were collected in the southern and
southeastern regions, where influenza A(HIN1)pdmO09 activity
was more intense [13], naturally the heterogeneity at HA residue
222 from samples of these regions were more frequent, ranging
from 11 to 17% (Table 1). Although we found the higher
frequency of quasi-species at 222 residue in northeastern region,
the sampling of this region is very small, 21 specimens (Table 1).
Besides, as our laboratory receives convenience samples, 12 out of
these 21 cases were from patients that deceased and, therefore,
were more likely to be infected with mutant viruses.

The mean age of the patients was 27.4 (£ 18.2) years (ranging
from 0 to 88 years old). There was no statistically significant
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Table 1. Sociodemographic, clinical and epidemiological characteristics according to Influenza A (H1IN1)pdm09 HA 222

Polymorphisms at 222 HA residue

Variables N/Total (%) p value*
D (WT) G Mixed'

Collection period < 0.001

Pandemic period 301/401 (75.1) 232/301 (77.1) 8/301 (2.2) 61/301 (15.2)

Post pandemic period 100/401 (24.9) 99/100 (99.0) 1/100 (1.0) 0/100 (0.0)

Geographical regions < 0.001

South 227/401 (56.6) 197/227 (86.8) 5/227 (2.2) 25/227 (11.0)

Southeast 150/401 (37.4) 120/150 (80.0) 4/150 (2.7) 26/150 (17.3)

Northeast 21/401 (5.3) 11/21 (52.4) 0/21 (0.0) 10/21 (47.6)

North 3/401 (0.7) 3/3 (100.0) 0/3 (0.0) 0/3 (0.0)

Gender 0.605

Female 221/401 (55.1) 179/221 (81.0) 6/221 (2.7) 36/221 (16.3)

Male 180/401 (44.9) 152/180 (84.4) 3/180 (1.7) 25/180 (13.9)

Origin of samples 0.093

Upper respiratory tract 392/401 (97.8) 326/392 (83.2) 9/392 (14.5) 57/392 (14.5)

Lower respiratory tract 9/401 (2.2) 5/9 (55.6) 4/9 (44.4) 0/9 (0.0)

Clinical condition < 0.001

Mild 52/305 (17.0) 52/52 (100.0) 0/52 (0.0) 0/52 (0.0)

Serious 161/305 (52.8) 140/161 (87.0) 4/161 (2.5) 17/161 (10.6)

Fatal 92/305 (30.2) 44/92 (47.8) 5/92 (5.4) 43/92 (46.7)

doi:10.1371/journal.pone.0092789.t001

correlation between the emergence of quasi-species at influenza
HA 222 residue with patient’s gender (Table 1). Although no
statistical significance was observed for the heterogeneity at 222
residue of influenza HA with respect to the origin of the samples,
the very small number of specimens analyzed from the lower
respiratory tract may have impaired the statistics.

In virtually all cases of mild infection (n=>52), the wild-type
(WT) D222 residue was present in the entire viral population
(Table 1). Importantly, the frequency of WT D222 residue
significantly diminished as influenza A(HINI1)pdm09-related
illness severity increased — being observed in 87.0% and 47.8%
of the patients with serious and fatal infections (Table 1),
respectively. As previously published [14], our data reinforce a
statistically significant association between the D222G mutation
with serious and fatal outcomes (Table 1). Most importantly, we
found a correlation between mixed amino acid residues, a
consequence of quasi-species emergence, with both serious
infections and fatal outcomes (Table 1). Of note, and as mentioned
above, our data are minimally biased by the use of 9 samples from
the lower respiratory tract (lung tissues), which are richer in 02,3
and provide an environment more likely to allow the emergence of
mutant viruses at the residue 222.

Impact of quasi-species at residue 222 in individuals with
risk factors, especially pregnant women

Although studies on the D222G mutation have associated it
with enhanced A(HINI)pdmO09-related morbidity and mortality
[2] for the general population, information for risk categories
remains scarce. We stratified our data to analyze putative
assoclations between influenza-associated outcomes and heteroge-
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WT, wild type D222; Pandemic period (EW 17/2009 to 9/2010); Post pandemic period (EW 22/2011 to 35/2011); Serious cases were defined as those who presented SARI
or pneumonia and/or demanded hospitalization; EW, epidemiological week. 'G222 or mixed populations - regarded as the polymorphisms G/N; G/D; N/D or N/G/D at
the 222 HA residue. *Associations were assessed by Pearson Chi-square tests and p value was considered significant when <0.05.

neity at 222 residue in different risk exposure categories. Naturally,
the stratification of our cases decreased the number of specimens
studied in the different categories. Nevertheless, among individuals
with any risk factor, only 16.0% (20/125) of subjects infected with
D222 progressed to death whereas 51.7% (15/29) of those infected
by 222G or mixed populations deceased (p<<0.001) (Table 2).
Remarkably, similar finding were met among pregnant woman
who deceased, where 20.5% and 61.5% had WT D222 and G or
mixed infections, respectively (p<<0.013), in contrast with other risk
categories where none significant differences were found. Of note,
among the analyzed samples from pregnant woman, 30 individ-
uals were at the second gestation trimester. From the three patients
who reported abortions, two had mixtures of N/G/D at residue
222. Next, we looked at the groups of patients with predisposing
conditions as a function of the heterogeneity at residue 222, even
though all samples sizes were too small (Table 2). Although no
statistical significant correlation was found, an important propor-
tion of individuals with chronic cardiovascular, pulmonary,
metabolic and renal disorders, immunodepression or under
tabagism who died had quasi-species mixtures with respect to
222 residue.

Prolonged viral shedding and mutants at residue 222
Because we have previously studied immunocompromised
patients with prolonged A(HIN1)pdm09 shedding [9], we verified
if mutant viruses and their sub-populations would emerge during
the course of infection in these patients. We analyzed samples from
patients with 9, 31 and 56 days of viral shedding. Positive
assoclation between prolonged viral replication and quasi-species
emergence were not found. In fact, one patient had a mixture of
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Table 2. Distribution of polymorphisms at 222 HA residue in Influenza A(H1N1)pdmO09 fatal cases, according to comorbidity or

Polymorphisms at 222 HA residue

Risk factors N fatal/ Total p value*
G or Mixed

D G G/D N/D N/G N/G/D population
Any risk factor 35/154 20/125 3/6 1/9 1/2 3/3 7/9 15/29 < 0.001
Pregnancy 15/47 7/34 1/2 3/4 0/0 3/3 1/4 8/13 0.013
Chronic cardiovascular disorder 11/33 7/26 0/0 0/3 1Al 0/0 3/3 4/7 0.186
Chronic pulmonary disorder 2/24 1/22 0/1 0/0 0/0 0/0 11 1/2 0.163
Metabolic disorder 11/27 6/19 1/2 0/1 0/1 151 3/3 5/8 0.206
Imunodepression 5/33 4/29 0/0 1/3 0/0 0/0 0/1 1/4 0.500
Tabagism 5/20 4/16 1/2 0/1 0/0 0/0 0/1 1/4 1.00
Chronic renal disorder 3/7 2/6 0/0 11 0/0 0/0 0/0 11 0.429

doi:10.1371/journal.pone.0092789.t002

N/G/D in their viral population at the initial sampling; however,
the WT D222 residue had been fixed by day 29 after the initial
sampling. All other samples had the WT D222 residue in the
entire viral population. Despite these observations, associations
between prolonged virus shedding and mixed populations at
residue 222 may exist [14]; however, the very small number of
patients available for this study did not allow us to make strong
statistical inferences.

Discussion

Considering that the D222G polymorphism of the HA gene has
been positively associated with disease severity [2,3] and that the
importance of quasi-species has been highlighted in the context of
this residue [11,14,15,16,17,18,19], in this study, we investigated
whether any diversity of quasi-species at the 222 residue were
associated with morbidity and mortality in Brazil, where about
10% of the global deaths by Influenza A(HIN1)pdmO9 infections
had occurred [13]. In addition, we also explored the role of
comorbidities/underlying diseases in this context. Besides D222G,
our results reinforce the importance of HA 222 mixed populations
in disease severity and progression to death, especially among
pregnant women.

It has been suggested that the sustained transmission of viral
strains with the complete D222G mutation is virtually nonexistent
[20]. Variants containing the G222 residue occur sporadically,
and their presence does not contribute to the formation of
phylogenetic groups [19]. In this study, mutants with the complete
D222G mutation and different mixtures of quasi-species could be
detected in specimens from severely ill and deceased patients.
Although our data reinforce the association between the D222G
mutation and mortality, our results also indicate that such an
association is even stronger for mixtures of quasi-species. In
addition, mixtures of quasi-species appear to have an important
positive correlation with influenza-related severity.

Viral populations with residue D222 interact more efficiently
with 02-6, whereas G222 and N222 strains have expanded
tropisms, as these viruses also bind a2-3 [4,5]. Consequently,
mutant viruses are also able to cause infection in the lower
respiratory tract, potentially increasing the clinical severity of
influenza infection [19,20]. Interestingly, a large number of
mixtures containing WT and mutant viruses were found in NPAs.
Because these are specimens from the upper respiratory tract, the
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* Associations were assessed by Pearson Chi-square tests and p value was considered significant when <0.05.

detection of diverse viral sub-populations and associations between
quasi-species with influenza-related severity and fatality indicate
the spread of viral replication throughout the respiratory tract. In
other words, the emergence of quasi-species at residue 222 might
be more dynamic during the course of influenza infection than the
relatively stable detection of the completely changed D222G
residue. In a lung autopsy sample from patient who died of viral
pneumonia, viral sub-populations with 222D/G/N were found
[17], as a high prevalence of polymorphisms at residue 222 were
found in cases of fatal pneumonia, during the second wave of the
AHINT)pdm09 pandemic in Mexico [11]. Thus, the combination
of N222, G222 and D222 forming viral sub-populations may be
critical, such as has been observed in the Americas where D222N
variants were associated with mortality [21]. In accordance with
these observations, mixed populations were found in 4 from 9 lung
tissue samples from deceased subjects here analyzed [14,19].
Whereas other studies highlight that the most important change
for morbidity and mortality in AHINI1)pdm09 HA is the D222G
mutation, we call special attention to the emergence of quasi-
species and, thus, to other amino acid residues less well-associated
with worse clinical outcomes. These differences may have
occurred because we employed PSQ assays, which we believe
lead to more precise results. Other reports on the role of D222G
mutation in morbidity and mortality context are based in Sanger
sequencing method [20,22,23,24,25,26], which is able to identify
the predominant viral population. The use of PSQ), allowed us to
explore the heterogeneity and contribution of other amino acid
substitutions (and their combination) in clinical severity of disease,
at the quasi-species level. In our study, 17.5% of the whole sample
showed infection by HA-222 mutant viruses, from which G or
mixed populations (D/G, G/N, D/N, D/G/N) were found in
12.8% and 87.2%, respectively. Those infected by a mutant virus/
mixed population were about 10 times more likely to die from
Influenza A(HIN1)pdm09 infection than those infected by the WT
virus ($p<<0.001). These results suggest that besides D222G,
infections with mixed populations may be critical. Differences in
the frequencies of quasi-species mixtures at residue 222 found by
us and others [10,11,14,15,17] may be due to methodologies and/
or to the characteristics of the samples that were analyzed in
different countries, such as the abundance of specimens from the
lower respiratory tract. In Brazil, we detected mixtures containing
residue N222, which has been found and positively associated with
influenza severity in other regions of the Americas [21].
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The identification of D222G viruses in mild cases [20,24] have
been used to refute/alleviate the importance of this mutation in
disease severity [14,20]. In contrast to these studies, only WT
viruses (D222) were found among mild cases (p<<0.001), empha-
sizing the relevant role of HA-222 mutations in the clinical
outcome. This was particularly important among pregnant women
— a population severely affected by the 2009 pandemic [27]. In this
subsample, D222G and/or mixtures of quasi-species were
significantly associated with death, suggesting that identification
of mutant viruses may be an important proxy of clinical outcome.
Increased levels of sialic acid and expression of 02,3 linkage in
respiratory tract have been described during pregnancy [28], what
could possibly contribute to the selection of mutant viruses. In an
experimental study, D222G mutant virus was also more virulent in
pregnant mice [29]; however, mixtures of viruses representing
heterogeneous compositions of amino acids at residue 222 were
not used as a reference. For other exposure categories, composed
of subjects with underlying chronic diseases (cardiovascular, renal,
metabolic) or immunodepression, none association between
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clinical outcome and the presence of HA 222 mutations could
be established. Maybe due to a lack of statistical power, since each
of those strata was composed by a small subsample.

Finally, our work emphasize the emergence of mixtures of
quasi-species at residue 222 in A(HIN1)pdm09 HA in Brazil, a
country severely impacted by the 2009 pandemics. We not only
reinforce the association of the D222G mutation with influenza
severity and fatality but also add the perspective that a poor
clinical prognosis is more strongly associated with mixtures of
quasi-species at this residue. Therefore, heterogeneous quasi-
species may have a critical and underestimated role in influenza-
related clinical outcomes.
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Abstract

The 2009 pandemic influenza A(H1N1)pdm09 virus emerged and caused considerable morbidity and mortality in the third
world, especially in Brazil. Although circulating strains of A(H1N1)pdm09 are A/California/04/2009-like (CA-04-like) viruses,
various studies have suggested that some mutations in the viral hemagglutinin (HA) may be associated with enhanced
severity and fatality. This phenomenon is particularly challenging for immunocompromised individuals, such as those who
have undergone bone marrow transplant (BMT), because they are more likely to display worse clinical outcomes to
influenza infection than non-immunocompromised individuals. We studied the clinical and viral aspects of post-BMT
patients with confirmed A(H1N1)pdm09 diagnosis in the largest cancer hospital in Brazil. We found a viral strain with K-15E,
P83S and Q293H polymorphisms in the HA, which is presumably more virulent, in these individuals. Despite that, these
patients showed only mild symptoms of infection. Our findings complement the discovery of mild cases of infection with
the A(HIN1)pdmO09 virus with the K-15E, P83S and Q293H mutations in Brazil and oppose other studies that have linked
these changes with increased disease severity. These results could be important for a better comprehension of the impact
of the pandemic influenza in the context of BMT.
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and 7 viruses [17]. In South America, viruses from clades 5, 6 and
7 co-circulated [21]. Polymorphisms found in clade 6 strains have
been identified and include the K-15E, P83S and Q293H
mutations (ESH strain) [5,13-15,17]. Controversial interpretations
of ESH strain-related morbidity and mortality [5,13-15,17] have
been raised. Potdar et al. [17] found a positive association between
clade 6 and 7 viruses and deaths. Glinsky et al. [13] stated that
more than 40% of the individuals who died due to
AHINI)pdm09 were infected by a variant carrying the Q293H
mutation. However, the ESH strain has been found in some mild
cases [14,15,20], reinforcing the fact that host-specific factors
could also account for influenza-related clinical outcomes [22].
Considering that most of the information suggests a severe impact
of ESH strains on the general population [13], it may be expected
that this strain could be potentially life-threatening to immuno-
compromised individuals. We studied phylogenetically relevant
changes in the HA of the A(HIN1)pdmO09 virus in individuals that
had undergone bone-marrow transplantation (BMT). Despite that,
we found benign clinical outcomes, strengthening previous

Introduction

Influenza A(HINI1)pdm09 emerged in April 2009, reaching
developing countries more dramatically [1]. In Brazil, where
influenza  surveillance is neglected, more than 2000
A(HINT)pdmO09-associated deaths occurred in 2009 [2]. Under-
standing the impact of A(HIN1)pdm09 is critically important for
patients at higher risk of infection, such as immunocompromised
individuals [3-7]. Cancer and transplant patients have atypical
clinical presentations of influenza-like illness (ILI), which may
delay adequate clinical interventions [8], leading to worse clinical
outcomes [5,9-12]. In Brazil, over 7% of A(HIN1)pdm09-related
deaths occurred in immunocompromised individuals [2].

In addition to predisposing conditions in the host, specific
polymorphisms in the viral genome could enhance viral virulence
[13-18]. Although no major antigenic variations in the hemag-
glutinin (HA) of circulating strains of A(HIN1)pdm09 have been
found, several polymorphic strains have been described, consti-
tuting seven clades [17], based concatenated viral genomes

[17,19,20]. Sequences from the HA segment reproduce the
phylogenetic topology for, the presumably more virulent, clade 6

PLOS ONE | www.plosone.org

findings for the Brazilian population infected by the ESH strain

[15].
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Material and Methods

Ethics statement

Our study has been approved by the Ethics Committee (Comité
de [Iitca em Pesquisa; CEP;  http://www.inca.gov.br/
conteudo_view.asp?id = 2380) at the Instituto Nacional de Cancer
(INCa), Rio de Janeiro, Brazil. This institutional review board is
led by Dr. Adriana Scheliga. Protocol was submitted under the
number #18/2010 and the need for informed consent has been
waived.

Patients and data collections

Samples and clinical data from the 2009 pandemic from the
National Reference Center for BMT (Centro de Transplante de
Medula Ossea; CEMO) at the National Cancer Institute (INCa) in
Rio de Janeiro, Brazil were sent to our laboratory as part of the
influenza surveillance (Brazilian National Influenza Center/
WHO). The minimal requirements for inclusion in this retrospec-
tive analysis of convenience samples were fever (>37.8°C), ILI and
a previous history of BMT. From June to August 2009,
nasopharyngeal swabs (NPAs) from 11 patients were collected.
Of these patients, 9 had a confirmed diagnosis of A(HIN1)pdm09
(Table 1). Besides the cases under analysis, two control groups of
patients were included. These were individuals with confirmed
diagnosis of influenza AHIN1)pdm09 and with date onset of
illness from epidemiological weeks 24/2009 to 32/2010 (which
represent the period of time from the mitigation phase of the
pandemic to August 10", 2010, when WHO issued recommen-
dations for the post-pandemic period). As these samples were
collected during the pandemics, numerous clinical-epidemiological
forms were not entirely fulfilled. Nevertheless, we had 73
sequenced samples with completed clinical information, such as
presence of comorbidities, immune status, presence of severe acute
respiratory infection (SARI), requirement for hospitalization and
clinical outcomes.

Sample collection and diagnosis

Nasopharyngeal Dacron swabs or aspirates (NPAs) were
collected, and RNA was extracted using a viral RNA mini kit
(Qiagen, CA), according to the manufacturer’s instructions. RNA
was eluted in 10 mM Tris-HCI, pH 8.0, with 1 mM EDTA (TE
buffer) and stored at —70°C. This RNA was used for one-step
Real-time RT-PCR assays for influenza subtyping according to
the World Health Organisation (WHO) recommendations
[23,24]. Diagnosis for a range of other respiratory pathogens,
such as coronavirus (229, 43 and 63), parainfluenza (1, 2, 3 and 4),
human metapneumovirus, parechovirus, rhinovirus, RSV A/B,
adenovirus and enterovirus, has been performed according to
manufacturer’s instructions (Fast Track Diagnosis, Luxemburg,
Luxemburg).

Cells and virus isolation

Madin-Darby canine kidney (MDCK) cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM; GIBCO, Grand
Island, NY) supplemented with 10% fetal bovine serum (FBS;
Hyclone, Logan, Utah), 100 U/mL penicillin and 100 pg/mL
streptomycin and were incubated at 37°C in 5% CO, [23]. Virus
isolation was performed in either 9-day-old embryonated eggs or
in MDCK cells, as previously described [23]. We confirmed viral
isolation using hemagglutination, neuraminidase activity or real-
time RT-PCR assays [23-25]. Viruses were passaged no more
than three times.
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Influenza HA sequencing

The influenza HA gene was sequenced by Sanger protocol, as
described elsewhere [17,24]. In Brief, RNA from patient’s NPAs
was extracted (viral RNA mini kit; Qiagen, CA) and subjected to
one-step RT-PCR using Superscript III and Platinum Taq with
previously described primers [23]. Amplicons were purified and
sequenced by the Sanger method (Big Dye Terminator Cycle
Sequencing Ready Reaction kit, Applied Biosystems, CA).
Fragments were then analyzed using an automatic sequencer
(ABI PRISMTM 3100-avant Genetic Analyzer; PE, Applied
Biosystems). Consensus sequences for HA were generated in
SeqEd (Applied Biosystems) and aligned to other sequences
deposited in GenBank using the ClustalW algorithm in Megalign
(Mega software 4.1). The products were analysed in an ABI Prism
3130XL genetic analyser (Life technologies). The dataset gener-
ated were assembled in Sequencher 5.0 software (GeneCodes
Clorporation, Michigan, USA) with a HA reference sequence, A/
California/4/2009 (GenBank accession number: FJ966082). Of
note, Hl numbering was used for HA throughout this study.
Sequences were analyzed using neighbor-joining with bootstrap
(1,000 times) and the Mega 4.1 software. Of note, H1 numbering
was used for HA throughout this study. GenBank accession
number for the sequences generated from this article are the
following: KC967083-KC967090, CY052046-CY052050,
CY052346-CY052350, CY054283, CY060444, CY060450,
CY072074, CY072076, CY072082, C'Y072085-CY072088 and
KJ417954-KJ417961. The amplified RT-PCR products were
purified using the QIAquick PCR Purification kit (QIAGEN,
Valencia, CA) and sequenced using a BigDye Terminator v3.1
Cycle Sequencing kit (Life technologies, CA).

Statistical analysis

Standard descriptive statistics were used to describe the study
population. Continuous variables were reported as the mean *
standard deviation or median (range) as appropriate. Comparative
analyses between post-BMT patients and controls groups, non-
imunocompromised individuals with mild outcome or otherwise
healthy adults with severe/fatal outcomes were performed using
OpenEpi software [26]. Significances were accessed through
Fischer’s exact test when P values <0.05. Odds ratio (OR) and
95%confidence intervals (CI) were registered when appropriate.

Results

Sampling and clinical data

The post-BMT patients in our study had a median age of 22
years (ranging from 9 to 40 years). Males accounted for 67% of the
individuals. Patients who underwent BMT before or within 6
months of AHINI)pdm09 diagnosis were stratified because this
time frame is critical for immunosuppression after BMT [27]. Two
immunosuppressed patients, one with graft-versus-host disease
(GVHD) and the other with chronic lung injury (CLI), received
BMT 6 months prior to influenza diagnosis (T'able 1). The other
seven patients received BMT more than 6 months prior to
influenza infection (Table 1). However, two patients in this last
group were immunocompromised, due to remission of cancer or
chronic neutropenia (<1.500 cells/mm®) (Table 1). Viruses
infecting these patients were infectious, because they have been
isolated in cell culture. Although we have searched for other
respiratory viruses infection, all patients were negative (Fast-Track
Diagnostic, Luxembourg, Luxembourg).
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Figure 1. Phylogenetic tree of A(HIN1)pdmO09 viruses se-
quenced from patients who underwent BMT. The scale bar
indicates the number of amino acid changes per site. This tree is rooted
by the HA sequence from the California/04/2009 strain. Bootstrap
values below 10 are hidden. Influenza A(H1N1)pdm09 HA sequences
are highlighted: post-BMT patients (red circles), Lee’s work [15] (pink
square), non-immunocompromised individuals with mild infection
(green triangle) and otherwise healthy individuals with severe/fatal
outcomes (blue triangle).

doi:10.1371/journal.pone.0094822.g001

Detection of mutant viruses and case-control analyses

The AMHINI)pdm09 HA was sequenced from all clinical
samples. In eight cases, mutant viruses were found. The ESH
strain was found in 7 patients, while one sample had the K-15E,
P83S and Q293R mutations (Figure 1). In another patient, a strain
with wild-type (WT) residues K-15 and 293, and mutant P83S,
was detected (KSQ strain; patient 2 in Table 1). The predisposing
conditions of the patients indicate that they should be more likely
to have worse clinical outcomes. Additionally, confirmed diagnosis
with a presumably more virulent strain of AHIN1)pdm09 could
be even more critical for these individuals. Despite that, these
patients displayed mild symptoms of infection, and hospitalization
was not required. Comparisons of the influenza A(HIN1)pdm09
HA sequences from post-BMT patients with those from Lee et al
[15], and other control groups (otherwise healthy individuals with
severe/fatal outcomes or non-immunocompromised individuals
with mild infection) are shown (Figure 1). As we can see, there is
no specific pattern to cluster sequences together (Figure 1). In fact,
this phylogenetic tree has low bootstrap values for the different
branches (Figure 1); suggesting that independently of the clinical
outcomes and/or predisposing condition, the different virus strains
from this period looked alike.

Next, we compared the exposure to the virus carrying the three
polymorphisms, ESH strain, as a risk factor to lead to different
outcomes in post-BMT individuals and other control groups of
patients. Of note, another required control would be a viral strain
without the three polymorphisms. In our dataset, viruses
genetically closer to the A/California/04/2009, also carry the
change P83S. Mutation P83S is found in influenza
A(HINI)pdm09 viruses from clades 6 and 7 [17], and in Brazilian
strains from the mitigation phase of the pandemics and afterwards.
Since mutations K-15E and Q293H are the main ones associated
with increased influenza virulence [13,17], comparisons between
ESH and KSQ strains correlation with disease severity could still
be feasible. By selecting Brazilian samples from the pandemic
period from our dataset, we found 73 sequenced samples from
potential control groups. Among these, 21 cases were from healthy
individuals, with registered information about absence of any
comorbidity, and 51 cases were from non-immunocompromised
individuals. Among healthy individuals, 3 had mild infection (no
ESH virus detected), 13 had severe infection (5 ESH viruses) and 5
deceased (1 ESH virus). Out of the non-immunocompromised
individuals, 11 had mild outcome (5 ESH viruses), 22 had severe
infection (7 ESH viruses) and 18 deceased (7 ESH viruses). In
Table 2, we compared ESH as a risk factor, over the KSQ strain,
for post-BMT patients and other groups. Although ESH is
presumably more lethal, the mild clinical outcome is more likely to
occur in post-BMT patients than severe or fatal outcomes in
otherwise healthy individuals (OR =14.32, 95% CI 1.4-767.3; P<
0.05) (Table 2, upper half). When the exposure to ESH is analyzed
by comparing two groups with mild outcomes, post-BMT vs. non-
immunocompromised patients, no significant difference is ob-
served (Table 2, lower half). Despite that, there is a greater
tendency of ESH-infected post-BMT patients progress to mild
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Table 2. Comparisons between post-BMT patients and controls groups with respect to strains of influenza A(H1N1)pdm09.

Groups of patients and their respective outcome

Influenza A(H1N1)pdmO09 strains (residues -15, 83 and

Post-BMT with mild

293) outcome

ESH 8

KSQ 1

Influenza A(H1N1)pdmO9 strains (residues -15, 83 and Post-BMT with
293) mild outcome
ESH 8

KSQ 1

healthy individuals with severe *P values
or fatal outcomes

6 0.0088

12

non-immunocompromised *P values
with mild otcome

5 0.058

6

doi:10.1371/journal.pone.0094822.t002

clinical infection than non-immunocompromised individuals
(OR=8.53 and 95% CI 0.71-495.4). Altogether, data from
phylogenetic tree and contingency table, suggest that ESH strain
correlation with severity or fatality may be questionable.

Ours findings oppose the previously observed impact of the
ESH strain on the general population [13,15,17]. Our patients
were easily distinguishable in terms of their specific genetic
backgrounds, ethnicity and previous history of treatments and
clinical interventions. Therefore, it seems unlikely that an impaired
virus replication could have occurred as a consequence of any
specific cancer- or BMT-related interventions. Although the works
on influenza infection in post-BMT patients is, in general, limited
by the small number of patients (around a dozen individuals) [28],
contributions such as this are important for further meta-analysis
investigations — which may strengthen the isolated findings
displayed in the literature.

Discussion

The association of clinical data and viral sequences is important
for the identification of novel virulence markers [22]. Although
such an approach has been used for surveillance, it takes the host’s
genetic background for granted. We believe that surveillance
focused on immunocompromised patients could, in many cases,
yield more pragmatic insights for public health concerns. Because
these post-BMT patients tend to have worse clinical outcomes due
to influenza infection, the identification of mild symptoms for a
presumably more virulent virus could mean that enhanced
pathogenicity of this variant is questionable or that some specific
factor associated with this population may impair virus infection/
replication.

With respect to the ESH strain, our findings complement the
studies by Graham et al. and Lee et al. [14,15] and oppose those
by Glinsky et al. and Potdar et al. [13,17]. ESH strain may be
included into the clade 6 of influenza A(HIN1)pdm09, which has
been associated with morbidity and mortality [17]. Nevertheless,
clade-6 viruses possess mutations in genes other than HA, which
could naturally influence its virulence. Glinsky et al [13] found an
exceedingly high prevalence of Q293H mutation in individuals
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[15,31]. As so, ESH strain has been detected in mild cases of
2009 pandemic virus infection, by us and others in different
countries [15,31]. By studying Brazilian samples from the same
period, Lee and colleagues [15] suggested that rather than real
phenotypic changes that could increase influenza A(HIN1)pdm09
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Capitulo IlI: Identificacdo de marcadores genéticos
associados a resisténcia ao antiviral oseltamivir

Neste capitulo apresentamos trés estudos relacionados a analise de variantes
do virus A (HIN1)pdmQ9 resistentes aos antiviral OST no Brasil. Estes trabalhos
tiveram como objetivos: a implementacdo da vigilancia de variantes resistentes ao
antiviral OST, a identificacdo de marcadores genéticos associados a resisténcia e a
correlacdo de variantes resistentes com dados clinico e epidemiolégicos dos
pacientes a fim de observar a dindmica de transmissdo destas variantes virais no
pais.

O primeiro estudo, “Antiviral resistance surveillance for influenza A virus in
Brazil: investigation on 2009 pandemic influenza A (H1N1) resistance to oseltamivir”,
foi publicado na revista Diagnostic Microbiology and Infections Disease no ano de
2011 (Documento V). Neste trabalho analisamos 315 amostras positivas para o virus
A (H1N1)pdmO09 detectadas entre os anos de 2009 e 2010. Apesar de ndo termos
detectado neste primeiro momento cepas resistentes ao antiviral OST, este estudo
marcou o inicio da vigilancia de variantes de Influenza resistentes aos antivirais no
pais. Neste estudo inicial implementamos a utilizacdo da metodologia de
pirosequenciamento para deteccdo de polimorfismos de base unica (SNPs, single
nucleotide polymorphysm) H275Y no gene da NA para a rapida triagem de variantes
resistentes, anteriormente realizado apenas pela metodologia convencional de
Sanger.

Em novembro de 2013 publicamos na revista Plos One o segundo trabalho
com o titulo: Detection of oseltamivir-resistant pandemic Influenza A(HLN1)pdm2009
in Brazil: can community transmission be ruled out? (Documento VI). Este trabalho
esta relacionado a vigilancia de variantes resistentes ao OST no Brasil com
amostras detectadas nos anos de 2009, 2011 e 2012. Neste estudo encontramos
sete virus mutantes, sendo dois com a mutacdo S247N e outros 5 com a mutacao
H275Y. A maioria destes virus foram de amostras coletadas na regido Sul do Brasil.

Varios destes virus resistentes foram detectados antes do inicio do tratamento
126



antiviral, sugerindo que a transmissdo comunitaria destes virus poderia existir.
Entretanto, nés mostramos que um dos virus A (HIN1)pdmQ9 resistentes ao OST
(H275Y) foi detectado na regido de triplice fronteira entre Brasil, Argentina e
Paraguai, ressaltando que esta variante poderia também ser encontrada em outros
paises da América Latina.

Visando uma melhor investigagdo de uma possivel transmissé@o sustentada da
variante A (H1IN1)pdm09 no Brasil publicamos em fevereiro de 2015 na revista
Memorias do Instituto Oswaldo Cruz o trabalho: “Oseltamivir-resistant influenza
A(H1IN1)pdm2009 strains found in Brazil are endowed with permissive mutations,
which compensate the loss of fithess imposed by antiviral resistance” (Documento
VII). Neste estudo destacamos, além das duas amostras detectadas em 2012, mais
duas amostras resistentes do ano de 2013 detectadas em pacientes que também
nao fizeram uso do antiviral OST. A circulacdo destas variantes resistentes foi
observada em cidades da regido sul e sudeste do pais com alta densidade
populacional aumentando o risco para uma potencial dispersdo destes virus. Isso
porque as mutacfes permissivas V241l e N369K foram detectadas na NA viral.
Essas mutacOes caracterizadas previamente garantem um aumento na aptidao de
variantes com a mutacdo H275Y podendo facilitar a disperséo dessa variante.

Até o momento as taxas de circulacdo de variantes resistentes no Brasil
continuam de 1 a 2% similares as observadas mundialmente, mesmo com a
circulacdo de variantes com mutacbes permissivas. Entretanto as informacdes
contidas nestes documentos sao importantes, pois contribuem para 0 monitoramento

de variantes resistentes no pais.
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Antiviral resistance surveillance for influenza A virus in
Brazil: investigation on 2009 pandemic influenza A
(HIN1) resistance to oseltamivir

Dear Editor,

The 2009 pandemic influenza A (HIN1) virus (pHINT)
challenged the world’s preparedness to this threat (Dawood
et al., 2009). Since this novel virus emerged with adamantane
resistance, neuraminidase inhibitors (NAIs) were used for
antiviral therapy (Dawood et al., 2009). Monitoring antiviral
resistance to NAIs is critical in order to define, plan, and review
public health policies — from drug stockpile to health
interventions. In Brazil, oseltamivir was the drug of choice
and no report on zanamivir use has been made (MoH, 2010).
We monitored antiviral resistance during the first wave of the
2009 pandemic (April to December 2009) and also in sporadic
cases of pHIN1 in2010. A total of 315 samples were analyzed,
including 215 patients from 2009 (61 fatal cases) and 100
infected individuals from 2010. The median age of the studied
individuals was 26 years (ranging from 0 to 78 years); males
accounted for 37% of the patients. The number of analyzed
samples was proportional to the temporal and geographical
distribution of the pHINI1-confirmed cases throughout the
epidemiologic weeks 0f2009-2010. About 90% 02009 cases
were from July to September (winter) and approximately 79%
of 2010 samples were from March to May (autumn). The
majority of the specimens were from the southern (55%) and
southeastern (30%) regions of Brazil. About one third of
patients had been hospitalized (37%) and 36% reported a
comorbidity. These individuals had immunosuppression
(43%; either by cancer, organ transplant, or HIV/AIDS),
heart and/or lung diseases (36%), or pregnancy (13%), among
others. About 30% of our cohort was treated with oseltamivir.
Among the deceased patients, only 8 had record of oseltamivir
use and about halfhad some comorbidity. We isolated the virus
from 96 cases after at least 2 passages in Madin—Darby canine
kidney cells. The neuraminidase activity from these isolates was
titered and ICs, values determined using the NA-star assay kit
(Applied Biosystems, CA). A mean ICsy value of 0.7 +
0.4 nmol/L (SD) (ranging from 0.3 to 1.7 nmol/L) was observed
for oseltamivir carboxylate (kindly donated by F. Hoffmann-La
Roche, F. HOFFMANN-LA RCOHE LTD, Basel, Switzerland.)
We also found, by pyrosequencing, that all samples from
2009 and 2010 had the WT H275 amino acid residue in more

0732-8893/$ — see front matter © 2011 Elsevier Inc. All rights reserved.
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than 90% of the quasispecies population. Our analysis sheds
light on the influenza strains circulating in Brazil and does not
support the detection of resistant strains of pHIN1 virus in
Brazil during the periods of this virus’ circulation in 2009—
2010. Overall, our observations reinforce a considerable
stability of the neuraminidase gene from the pHINI virus
(WHO, 2010).
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Abstract

Although surveillance efforts that monitor the emergence of drug-resistant strains of influenza are critical, systematic
analysis is overlooked in most developing countries. We report on the occurrence of strains of pandemic influenza
A(H1N1)pdmO09 with resistance and decreased susceptibility to oseltamivir (OST) in Brazil in 2009, 2011 and 2012.
We found 7 mutant viruses, 2 with the mutation S247N and other 5 with the mutation H275Y. Most of these viruses
were from samples concentrated in the southern region of Brazil. Some of these resistant viruses were detected prior
to the initiation of OST treatment, suggesting that community transmission of mutant viruses may exist. Moreover, we
show that one of these OST-resistant (H275Y) strains of A(H1N1)pdm09 was discovered in the tri-border region
between Brazil, Argentina and Paraguay, highlighting that this strain could also be found in other Latin American
countries. Our findings reinforce the importance of enhanced antiviral resistance surveillance in Brazil and in other
Latin American countries to confirm or rule out the community transmission of OST-resistant strains of
A(H1N1)pdm09.
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Introduction resistance to adamantanes has become common [3]. Before
the 2009 pandemic, OST-resistant strains of seasonal human

Influenza causes respiratory tract infection and is associated influenza A(H1N1) viruses had already been detected [3].
with high rates of morbidity and mortality, which can be more Since the 2009 pandemic, the use of OST has grown,
severe in pandemic periods. Although vaccines against potentially most importantly imposing selective pressures on
influenza are available, changes in their antigenic composition the pandemic influenza A(H1N1)pdmQ9 virus [3]. Therefore,
are a necessary consequence of viral escape from immune enhanced surveillance capacity to detect the emergence of
response — leading to mismatch between the vaccine and NAl-resistant strains of A(H1N1)pdm09 should be developed,
circulating strains [1]. Influenza vaccination is generally especially in developing countries, where the scenario is even
recommended for individuals at higher risk of influenza- more challenging due to limited resources and/or laboratory/
associated complications [2]. Therefore, anti-influenza drugs epidemiological capacities for surveillance. The global
are essential for prophylaxis and therapeutic interventions [3]. circulation of OST-resistant strains of A(H1N1)pdmQ09 is
Neuraminidase inhibitors (NAls), such as oseltamivir (OST), approximately 1 % [4,5], and concerns about community
are the main anti-influenza drugs in clinical use [3], as circulation of these agents have been raised [4,5]. It is
PLOS ONE | www.plosone.org 1 November 2013 | Volume 8 | Issue 11 | e80081
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unknown for most of the developing countries if there is
community circulation of these agents. In 2009 and 2010, our
study on immunocompromised, hospitalised or deceased
patients did not detect the circulation of OST-resistant strains
of A(H1N1)pdmO09 in Brazil [6,7]. Nevertheless, our more
recent data demonstrated that community transmission of
mutant viruses might occur in Brazil. In this article, we discuss
possibilities of community transmission in the discovery context
of H275Y and S247N viruses.

Material and Methods

Ethics statement

Ethic committee approval and need for informed consent
have been waived for this study because influenza surveillance
is covered by Brazilian public health policies and all data were
analysed in an anonymous fashion. This is in compliance with
Decree 05 of February 21, 2006 the Secretariat of Health
Surveillance of the ministry of health [8]. This states that: “The
results of laboratory tests of disease of immediate notification
listed in Annex Il of this Decree shall be notified by the national
reference laboratories”. Within Annex lll, in sub-item I, human
influenza is listed as a disease for which of results of samples
from research outbreaks should be notified. The mentioned
Decree is update from time to time according to needs imposed
by public health and preceded by the Brazilian Law No. 6,259,
of October 30, 1975 [9]. The second article of this law states
that: “the action of epidemiological surveillance comprehends
the information, investigations and necessary surveys for
planning and evaluation the measures of disease control and
situations of health problems”, which is the case when
community transmission of OST-resistant strains of influenza
seems to be occurring.

Patients and data collection

Our laboratory is the National Influenza Center (NIC) in
Brazil, we continuously receive a sub-set of samples from the
influenza surveillance system from individuals with fever
(>37.8°C) and respiratory influenza-like illness [10], who have
been treated according to Brazilian guidelines [11]. The
samples were accompanied by clinical-epidemiological forms
containing at least some basic information, such as patient
initials, gender, age, city/state of onset of illness and the dates
of the beginning of the symptoms and sample collection. Other
clinical characteristics of the patients were collected non-
systematically. It is important to note that we used convenience
samples for our study, which makes our analysis more
convenient for research purposes than as final epidemiological
data.

Sample collection and diagnosis

Nasopharyngeal Dacron swabs or aspirates (NPAs) were
collected, and RNA was extracted using a viral RNA mini kit
(Qiagen, CA), according to the manufacturer’s instructions.
RNA was eluted in 10 mM Tris-HCI, pH 8.0, with 1 mM EDTA
(TE buffer) and stored at -70°C. This RNA was used for one-
step Real-time RT-PCR assays for influenza subtyping
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according to the
recommendations [10].

World Health Organisation (WHO)

Cells and virus isolation

Madin-Darby canine kidney (MDCK) cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM; GIBCO, Grand
Island, NY) supplemented with 10 % foetal bovine serum (FBS;
Hyclone, Logan, Utah), 100 U/mL penicillin and 100 ug/mL
streptomycin and were incubated at 37 °C in 5 % CO, [10].
Virus isolation was performed in either 9-day-old embryonated
eggs or in MDCK cells, as previously described [10]. We
confirmed viral isolation using haemagglutination,
neuraminidase activity or real-time RT-PCR assays [10,12,13].
Viruses were passaged no more than three times.

Functional antiviral assay

To determine the IC;, values of our samples to OST
carboxylate, we performed functional antiviral assays using the
NA-Star™ assay kit (Life Technologies, CA), according to the
manufacturer’'s instructions. Briefly, the viral isolates obtained
from MDCKs or embryonated eggs were centrifuged at 800 x g
for 10 min to remove cellular debris. Next, the neuraminidase
(NA) activities in these samples were titred as a two-fold
dilution to determine the working dilution of the virus. After that,
the NA activity of the viral isolates was measured in the
presence of different concentrations of OST carboxylate. For
comparison, assays with wild-type and resistant standard
strains of influenza A(H1N1)pdm09 were run in parallel to
validate the IC4, values of our isolates, as recommended [10].
The WT (H275) and resistant (H275Y) strains of
A(H1N1)pdm09 virus A/Perth/265/2009 and A/Perth/261/2009,
respectively, were kindly donated by isirv-AVG (formally the
NISN group).

Molecular antiviral assays

Single nucleotide polymorphisms (SNP) in the NA gene were
analysed by pyrosequencing, as described previously [14]. The
RT-PCR was performed using biotinylated primers and
SuperScript 1ll/ Platinum Tag DNA Polymerase in a one-step
reaction (Invitrogen, CA). The biotinylated RT-PCR products
were then mixed with streptavidin and washed to obtain a
biotinylated single-stranded DNA. This DNA was used as a
template for hybridisation to residue-specific sequencing
primers [14].

Alternatively, the whole NA gene was sequenced by Sanger
sequencing according to a protocol described elsewhere [15].
The amplified RT-PCR products were purified using the
QlAquick PCR Purification kit (QIAGEN, Valencia, CA) and
sequenced using a BigDye Terminator v3.1 Cycle Sequencing
kit (Life technologies, CA). The products were analysed in an
ABI Prism 3130XL genetic analyser (Life technologies). The
dataset generated were assembled in Sequencher 5.0 software
(GeneCodes Corporation, Michigan, USA) with a NA reference
sequence, A/California/4/2009 (GenBank accession number:
FJ966084). Of note, N1 numbering was used for NA
throughout this study.
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Table 1. Clinical and virological aspects of patients in which OST-resistant strains of influenza were detected.

Patient Mutations Region

State Age 2 Gender Symptoms date Collection date Oseltamivir (Beginning date)

Deceased Oseltamivir before sampling

1 H275Y  Southern RS 26 M 24-Aug-09 25-Aug-09
2 S247N Southern RS 3" M NI 2-Jul-11
3 H275Y  Southern SC 36 M 14-May-12 20-May-12
4 H275Y  Southern PR 12 M 21-Jun-12 22-Jun-12
5 H275Y  Southern RS 34 M 28-Jun-12 2-Jul-12
6 H275Y Southern RS 28 M 22-Jun-12 27-Jun-12
7 S247N  Southeast MG 37 F 1-Jul-12 5-Jul-12

NI NI NI
NI Yes NI
21-Jul-12 No No
22-Jul-12 No No
1-Jul-12 No Yes
25-Jun-12 No Yes
5-Jul-12 Yes NI

@ Years old; * months old; NI — not informed
doi: 10.1371/journal.pone.0080081.t001

Results

Sampling and clinical data

From 2011 forward, our laboratory-based influenza antiviral
resistance surveillance became broader than in previous years
[7] because every current A(H1N1)pdmO9-positive NPA
received by our laboratory, from patients in 4 out of 5 regions of
Brazil (498 cases in total: 163 from 2011 and 335 from 2012),
was screened for H275Y and S247N mutations in the
neuraminidase (NA) gene. These mutations were chosen for
initial investigation because H275Y can lead to resistance to
OST [16], and S247N was described early in the pandemic as
decreasing viral susceptibility to OST [16,17] and, more
recently, as a potentiator of H275Y-imposed resistance against
OST [18]. In line with the World Health Organization (WHO),
we considered the detection of H275Y and S247N as predictive
of strains with resistance and decreased susceptibility to OST,
respectively [16,17]. We managed to successfully perform
pyrosequencing analysis of 325 and 300 samples to detect the
H275Y and S247N mutations, respectively.

The studied samples belonged to patients with a median age
of 20 years old [ranging from 0 to 79 years old (min. and max.)
or from 3 to 37 years old (quartile deviation)] — representing the
maijority of individuals not covered by Brazilian policy to receive
influenza vaccination [2]. Approximately 47 % of the individuals
were males. The temporal and geographical distribution of our
samples was representative of influenza activity in Brazil in
2011 and 2012. Samples collected from May to August
(autumn to winter in Brazil) accounted for 70 % of the
specimens. Approximately 80 % and 8 % of the samples were
from the southern and southeastern regions, respectively (the
remaining 12 % were from northern and northeastern regions).
Of the patients with a completed standardised data collection
(231 A(H1N1)pdmO09-confirmed patients), 47 % displayed
severe acute respiratory infection (SARI) during the onset of
illness, 21 % had been vaccinated against influenza, 20 %
were hospitalised, 11 % had other predisposing conditions
(HIV/AIDS, cancer, Down syndrome and heavy drug users)
and 6.6 % were deceased. Systematic information about the
use of OST therapy was rarely collected (5.6 %), which may
reflect the absence of this specific field in the standardised data
collection form and negligence concerning a critical issue of
influenza surveillance.
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Detection of mutant viruses

As we mentioned above, our sampling was orientated by the
screening of H275Y and S247N mutations by pyrosequencing.
Among these successfully analysed samples, Sanger
sequencing was performed with a representative number of
specimens, 56 (GenBank accession numbers: KC984872-
KC984935). This subset of specimens had WT amino acid
residues at positions V116, 1117, E119, Q136, K150, D151,
D199 and 1223. Seven mutant viruses were detected, by both
methodologies, 2 S247N and 5 H275Y viruses (Table 1).
Functional assays were successfully performed with 56 virus
isolates. The IC,, values for sensitive and resistant viruses
were 0.8 £ 0.7 nM and 89 + 23 nM (mean * SD), respectively
(Figure 1).

The S247N mutation was identified in viruses from 2 patients
(Table 1), including a 37-year-old female from Minas Gerais
(MG) with SARI and diffuse lung infiltrates who was admitted to
the intensive care unit (ICU). She had OST therapy initiated 4
days after the onset of illness, and her NPA sample was
collected before such treatment. She passed away as a
complication of influenza infection. The other patient was a
three-month-old male with Down syndrome and pulmonary
complications, from the state of RS. He required hospitalisation
and died due to influenza infection. No information about OST
use was recorded.

The H275Y A(H1N1)pdmO09 virus was found in four other
patients (Table 1), from the Santa Catarina (SC), Parana (PR)
and RS states. The patient from SC, a 36-year-old male,
required ICU admission but had a benign clinical outcome.
Importantly, OST was administered to him 7 days after the
onset of illness, and NPA was collected before that. The patient
from PR, a 12-year-old male, rapidly received OST treatment,
which had been initiated within 24 h after the beginning of the
symptoms. His sample was collected before treatment. He had
a benign clinical outcome. The patients from RS were 28- and
34-year-old males displaying pneumonia. Both patients
survived. These two patients received OST before sample
collection, and 100 % of H275Y quasi-species were observed
in samples from these individuals, both by pyrosequencing and
Sanger sequencing (Table 1). This rapid emergence is very
unusual, suggesting that they might have been primarily
infected by the resistant virus. Of note, all these seven
individuals had not been vaccinated against influenza.
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Figure 1. IC;, values for Brazilian isolates. A total of 56 A(H1N1)pdmO09 isolates (at maximum three passages in MDCKs) were
titred, and their IC5, values were determined using NA-Star™ assay (Brazilian). For comparison, the WT (H275) and resistant
(H275Y) strains of A(H1N1)pdmQ9 virus A/Perth/265/2009 and A/Perth/261/2009, respectively. The data represent the mean *

maximum and minimum ranges.
doi: 10.1371/journal.pone.0080081.g001

Considering that the state of RS was more severely affected
during the pandemic [19] and has a temperate climate, we also
studied an additional 100 samples from this state from 2009 to
further evaluate the previous existence of H275Y virus in
Brazi. We indeed found one sample from an
immunocompromised 28-years-old male with the H275Y
mutation. Information on the use of OST or clinical outcome
was not available for this patient. In fact, he passed away a
month after the onset of illness, and reasons other than
influenza cannot be ruled out.

Discussion

In this work, some of the OST-resistant viruses and viruses
with decreased susceptibility to this drug were detected after
the beginning of antiviral treatment, such as for the two patients
from RS and for another from MG (Table 1, patients 5 to 7).
Although these results may suggest the emergence of mutant
virus due to selective pressures imposed by the treatment, the

PLOS ONE | www.plosone.org

absence of any sample prior to treatment makes it difficult to
confirm. Moreover, we detected in patients 5 to 7 100 % of
quasi-species in their samples (by both pyrosequencing and
Sanger) at zero to two days after OST initiation. This short time
frame may also jeopardise the conclusion that mutant viruses
were generated by selective pressure. Thus, the suggestion of
community transmission of H275Y virus may be not limited to
patients from PR and SC states, for whom resistant viruses
were detected before antiviral therapy initiation occurred (Table
1, patients 3 and 4) and to the resistant virus found in 2009 in a
patient with scarce medical records. Thus, continuous and
systematic studies on the circulation of NAl-resistant strains of
influenza in Brazil should be conducted to confirm or rule out
this suggestion. In fact, community transmission of H275Y
viruses has been described in other parts of the world [4,5] and
is possible due to a new balance, which favours viral fitness,
between NA and haemagglutinin (HA) activities in this strain
[20].
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Table 2. Summary of samples tested for the detection of H275Y mutation in A(H1N1)pdmOQ9 viruses from 2009 to 2012.

% Confidence Intervals

Suspected cases sent to NIC- A(H1N1)pdm09-confirmed

Studied cases for A(H1N1)pdm09-

Years Brazil cases 95 90 99 carrying H275Y A(H1N1)pdm09-carrying H275Y
2009 16936 5655 360 259 594 315" 1
2010 1789 140 103 93 116 100" 0
2011 1431 163 114 102 130 163 0
2012 2016 345 183 152 228 335 4
Total 22172 6303 760 606 1068 913 5

*. The numbers represent the sum of the cases presented in this study and in our previous publication [7].

doi: 10.1371/journal.pone.0080081.t002

Moreover, considering the continental-wide distribution of
Brazil from the equatorial line to sub-tropical areas, the
seasonality and impact of respiratory viruses may be greatly
variable throughout Brazilian territory. The southern states of
Brazil, RS, SC and PR, generally have a temperate climate and
more marked seasonality of influenza than other states. As a
result of that, during the pandemic for example, the mortality
ratio of A(H1N1)pdm09-confirmed deaths for Brazil as a whole
was 1.1 % (1.1 case per 100,000 inhabitants), whereas the
ratio for the southern region was 3.0 % [19]. Thus, high
influenza activities in these states could lead to more rapid viral
evolution, which in the presence of antiviral drugs would lead to
the selection of resistant strains that may be endowed with the
ability for sustained transmission [20]. Considering samples
analysed in this study and in our previous publication [7], over
913 samples of 6303 A(H1N1)pdmO09-confirmed cases (> 95 %
confidence interval; Cl) were interrogated for the presence of
H275Y mutation from 2009 to 2012 (Table 2). This is the
largest laboratory-based influenza-related study performed in
Brazil in terms of number of cases investigated. We found 4 out
of 5 OST-resistant H275Y in 2012, when nearly all
A(H1N1)pdmO09-confirmed cases (> 97 %) were studied for
rresistance emergence (Table 2). In 2012, an incidence of
approximately 1.19 % of OST-resistant strains can be
estimated in Brazil, which is similar to what have been found in
others parts of the world [4,5]. Of note, our study was carried
out with convenience samples received by the National
Influenza Center, rather than being a classical epidemiological
designed investigation.

Another highlight from our study would be the detection of
OST-resistant viruses in Foz do Iguagu city (Iguacu Falls) in
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Oseltamivir-resistant influenza A(HIN1)pdm2009 strains found in
Brazil are endowed with permissive mutations, which compensate
the loss of fitness imposed by antiviral resistance
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The 2009 pandemic influenza A virus outbreak led to the systematic use of the neuraminidase (NA) inhibitor
oseltamivir (OST). Consequently, OST-resistant strains, carrying the mutation H275Y, emerged in the years after the
pandemics, with a prevalence of 1-2%. Currently, OST-resistant strains have been found in community settings, in un-
treated individuals. To spread in community settings, H275Y mutants must contain additional mutations, collectively
called permissive mutations. We display the permissive mutations in NA of OST-resistant A(HINI)pdm09 virus found
in Brazilian community settings. The NAs from 2013 are phylogenetically distinct from those of 2012, indicating a ten-
dency of positive selection of NAs with better fitness. Some previously predicted permissive mutations, such as V2411
and N369K, found in different countries, were also detected in Brazil. Importantly, the change D344N, also predicted
to compensate loss of fitness imposed by H275Y mutation, was found in Brazil, but not in other countries in 2013. Our
results reinforce the notion that OST-resistant A(HINI)pdm09 strains with compensatory mutations may arise in an
independent fashion, with samples being identified in different states of Brazil and in different countries. Systematic
circulation of these viral strains may jeopardise the use of the first line of anti-influenza drugs in the future.

Key words: influenza A(HIN1)pdmO09 - oseltamivir - antiviral - resistance - H275Y - permissive mutation

Anti-influenza drugs are essential for prophylactic
and therapeutic interventions. Since antiviral resistance
to adamantanes is very common (Santesso et al. 2013),
neuraminidase inhibitors (NAI) have become the main
class of anti-influenza drugs in clinical use. Among
NAlIs, oseltamivir (OST) use has grown since the emer-
gence of 2009 pandemic influenza A [A(HIN1)pdm09].
Consequently, the pressure imposed by OST on A(HINI)
pdmO09 has led to the selection of OST-resistant mutants,
with a prevalence of 1-2% in different countries (Dixit et
al. 2013). Remarkably, community transmission of OST-
resistant influenza A(HIN1)pdm09 has drawn special
attention because mutation H275Y in the neuraminidase
(NA) may decrease viral fitness (Kelso & Hurt 2012).
Nevertheless, the H275Y change may emerge in a NA
endowed with permissive mutations (Kelso & Hurt
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2012), which compensates for the decrease in viral fit-
ness imposed by OST resistance. Viral strains carry-
ing predicted permissive mutations have been circulat-
ing (Hurt et al. 2011, 2012, Kelso & Hurt 2012, CDC
2013, Takashita et al. 2014, Zaraket et al. 2014, Correia
et al. 2015) and may have been responsible for A(HINI)
pdm09 OST-resistant outbreaks in community settings
(Hurt et al. 2011, 2012, Lackenby et al. 2011, Kelso &
Hurt 2012, Storms et al. 2012, CDC 2013, Souza et al.
2013, Takashita et al. 2014, Zaraket et al. 2014, Correia
et al. 2015). The largest cluster of community spread of
OST-resistant A(HIN1)pdm09 occurred in Australia,
with cases detected in cities 4,000 km apart (Hurt et al.
2011, 2012). In Brazil during 2012, we found an overall
incidence of 1.19% of OST-resistant strains of influenza
A(HINI)pdmO09 (Souza et al. 2013), with community
spread in cities 535 km apart. In the current study, 2013
influenza A(HIN1)pdmO9 surveillance data reveals the
circulation of OST-resistant strains with predicted per-
missive mutations, detected by Sanger sequencing, in
community settings in Brazil.

SUBJECTS, MATERIALS AND METHODS

Ethics - Since influenza surveillance is covered by
Brazilian public health policies and all data were ana-
lysed in an anonymous fashion, ethical committee ap-
proval and need for informed consent have been waived,
as previously described (Souza et al. 2013).
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Patients and data collection - A sub-set of samples
from patients displaying acute symptoms of respiratory
infection (fever, > 37.8°C and respiratory influenza-like
illness) (WHO 2011) were collected and sent to the Na-
tional Influenza Centre (NIC) in Brazil. Patients were
treated according to Brazilian guidelines for influenza
management (MS 2009). Patients’ information, such as
name initials, gender, age, city/state of onset of illness
and the dates of the beginning of the symptoms and sam-
ple collection, were registered.

Sample collection and diagnosis - Nasopharyngeal
aspirates or Dacron swabs were collected and RNA was
extracted using a viral RNA mini kit (QTAGEN, USA),
according to the manufacturer’s instructions. One-step
real-time reverse transcription-polymerase chain re-
action (RT-PCR) assays for influenza subtyping were
performed according to the World Health Organization
(WHO) recommendations (WHO 2011).

Cells and virus isolation - Madin-Darby canine kid-
ney cells (London line) were kindly donated by the Cent-
ers of Disease Control and Prevention (CDC), Influenza
Reagent Resources (FR-58). These cells were cultured
in Dulbecco’s modified Eagle’s medium (GIBCO, USA)
supplemented with 10% foetal bovine serum (Hyclone,
USA), 100 U/mL penicillin and 100 pg/mL streptomycin
and were incubated at 37°C in 5% CO, (WHO 2011). The
virus isolation was done according to WHO internation-
al protocol (WHO 2011). We confirmed viral isolation
by NA activity (Szretter et al. 2006, WHO 2009, 2011).
Viruses were passaged no more than two times.

Functional antiviral assay - To determine the half
maximum inhibitory concentration (IC,)) values of our
samples to OST carboxylate, we performed functional
antiviral assays using the NA-Star™ assay kit (Life
Technologies, USA), according to the manufacturer’s
instructions (Souza et al. 2013). Assays with wild-type
and resistant strains of influenza A(HIN1)pdm09, A/
Perth/265/2009 and A/Perth/261/2009, respectively,
were performed as a control. These control strains were
kindly donated by International Society for Influenza
and other Respiratory Viruses Diseases-Antiviral Group,
Neuraminidase Inhibitor Susceptibility Network.

Molecular antiviral assays - Single nucleotide poly-
morphisms in the NA gene were analysed by pyrose-
quencing, as described previously (Deyde et al. 2010).

The NA gene was sequenced by Sanger sequencing

according to a protocol described elsewhere (Baillie et
al. 2012). The amplified RT-PCR products were purified
using the QIAquick PCR Purification kit (QTAGEN)
and sequenced using a BigDye Terminator v.3.1 Cycle
Sequencing kit (Life Technologies). The products were
analysed in an ABI Prism 3130XL genetic analyser (Life
Technologies). Sequences with the mutation H275Y
found in our analysis were deposited in GenBank (acces-
sions KC984901, KC984933, KJ493404 and KJ493405).
The data generated were assembled in Sequencher 5.0
software (GeneCodes Corporation, USA) with an NA
reference sequence, A/California/4/2009 (GenBank
accession FJ966084). N1 numbering was used for NA
throughout this study.

RESULTS AND DISCUSSION

In 2013, the Brazilian NIC received 1,498 speci-
mens from individuals with acute respiratory infection,
encompassing samples from three out of five Brazilian
Regions. Among these, 310 were positive for influenza
virus A(HIN1)pdmO09. Most of the cases were concen-
trated in the southern (52.9%) and southeastern (31.3%)
regions of Brazil. The analysed samples were collected
mainly during autumn (28.4%) and winter (36.1%). Based
on clinical-epidemiological forms completed, symptoms
of severe acute respiratory infection were found in 2%
of the patients, vaccines accounted for 13.5% of the in-
dividuals, comorbidities were registered in 13.9% of the
patients and 7.7% deceased. OST-treated patients ac-
counted for 15.9% of the individuals analysed. Among
all confirmed cases of A(HINI)pdm09, 208 samples
presented reliable pyrograms, with respect to screening
for the H275Y mutation (Deyde et al. 2010). Two speci-
mens contained A(HIN1)pdmO09 virus with the H275Y
amino acid substitution indicative for OST resistance
were found (Table). These were from individuals with
no registered use of OST (Table), as occurred in 2012
(Souza et al. 2013). The IC, values for sensitive strains
(n = 2006) isolated in 2013 were 0.5 = 0.4 nM (mean +
standard deviation) and the IC,  values for resistant
strains were 102 and 116 nM (Table).

In general, viral strains found in Brazilian commu-
nity settings from 2013 clustered in a different branch
than those from 2012 (Fig. 1) (H275Y viruses in red).
This temporal segregation of NA sequences may suggest
a tendency of positive selection of A(HINI)pdm09 NAs.
It is therefore likely that viruses with these NAs are bet-
ter adapted to propagate in their hosts than the predeces-

TABLE

Viral characteristics and clinical aspects of patients in which oseltamivir (OST)-resistant samples were detected

IC,, Symptoms onset Sample collection
Patients Mutations (nM) Region State Age Gender (date) (date) OST use Deceased
1 H275Y 102 Southeast RJ 40 F 2 April 2013 S April 2013 No No
2 H275Y 116 South RS 26 F 26 March 2013 5 April 2013 No No

IC,: the half maximum inhibitory concentration; OST: oseltamivir; RJ: Rio de Janeiro; RS: Rio Grande do Sul.
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Fig. 1: phylogenetic tree neuraminidase (NA) sequences from Brazil. Maximum-likelihood (ML) phylogenetic tree with NA from influenza
A(HIN1)pdm09 viruses circulating in Brazil from 2009-2013, rooted by NA sequences from A/California/4/2009 and A/California/7/2009.
Sequences with the mutation H275Y are shown in red. Amino acid changes associated with these specific clusters are indicated in the nodes
using N1 numbering. ML reliability of branches was evaluated using approximate likelihood-ratio test and the interior branch cut-off values >

0.9 are represented by asterisks.

sor strains. The NA from Brazilian strains from 2012
and 2013 had the changes V2411 and N369K in common.
These mutations have been found in Brazil since 2011
(Fig. 1) and are predicted to compensate for the nega-
tive effects of H275Y change (Hurt et al. 2012, Butler et
al. 2014). The V2411 and N369K enhance NA expression
and activity in in vitro studies and this effect improve
A(HINT)pdmO09 fitness (Butler et al. 2014). These two
changes have also been found in the community cluster
of OST-resistant A(HIN1)pdmO9 in the United States of
America (USA), Australia and Japan (Hurt et al. 2012,
CDC 2013, Takashita et al. 2014). The permissive muta-

141

tion N386K, on the other hand, was found in Australia
and Japan (Hurt et al. 2012, Takashita et al. 2014), but not
in the Americas (neither in USA or Brazil). Differently
than Australian samples, Japanese, North American and
Brazilian samples from 2013 had the change N200S
(Storms et al. 2012, Takashita et al. 2014). Remarkably,
one Brazilian sample from 2013 had the change D344N,
which is predicted to occur in A(HIN1)pdm09 NA by in
silico data and capable of compensating for the reduc-
tion in NA activity by H275Y (Bloom et al. 2011). In
addition, other changes of apparently minor importance
occurred in the NA sequences shown in red in the phy-
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Fig. 2: geographic detection of oseltamivir (OST)-resistant influenza A(HIN1)pdmO09 strains in community settings. This map shows the South-
ern Cone of Brazil and neighbour Latin American countries. OST-resistant influenza A(HIN1)pdm09 detected in community settings in 2012
and 2013 are highlighted in red and yellow, respectively. This map has been generated with the R-program.

logenetic tree (Fig. 1) (GenBank accessions KC984901,
KC984933, KJ493404 and KJ493405). For example, the
mutations N428S (2012) and N44S (2013) may create new
glycosylation sites (Hurt et al. 2012). Moreover, we also
found mutations in the A(HIN1)pdm09 NA close to their
equivalent amino acid residues in the widely disseminat-
ed OST-resistant seasonal HIN1 (Meijer et al. 2007, Hurt
et al. 2009, 2012); such as S79P, I188T and N225D.

For public health concerns, H275Y viruses from 2012
were found in the cities of Foz do Iguacu (state of Parand)
and Floriandpolis (state of Santa Catarina) (Souza et al.
2013), whereas the two samples from 2013 were collected
in Nova Iguacu (NIG) (state of Rio de Janeiro) and Porto
Alegre (POA) (state of Rio Grande do Sul) (Fig. 2). NIG
and POA are cities around 1,490 km apart and have popu-
lation densities of 1,527.60 and 2,837.52 inhabitant/km?
(IBGE 2010), respectively. High population densities, such
as these, increase the risk of respiratory virus infection
and highlight the potential to spread OST-resistant vari-
ants. Considering the data from 2012 and 2013, an area
of over 271,817 km? could be exposed to OST-resistant
A(HIN1)pdm09 found in community settings. Remark-
ably, this area is within the southern and southeastern
Brazilian regions, in which influenza activities are higher
due to transition from a temperate to tropical climate.

Our data not only suggests that OST-resistant strains
may be present in an even broader area of Brazil or South
America, than previously thought (Souza et al. 2013), but
also draws special attention to the community detection
of influenza A(HIN1)pdm09 H275Y in highly populous
developing countries in which antiviral resistance sur-
veillance may be neglected. Although low prevalence
of H275Y viruses with permissive mutations in the NA

is comparable to what is found in other countries, this
information is critical for further drug stockpiling and
pandemic preparedness.
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4 DISCUSSAO

4.1 Dinamica molecular do virus Influenza A (HIN1)p dmO09 no
Brasil de 2009 a 2014

A dinamica evolutiva do virus influenza A é formada por uma complexa rede
de interacdes entre a capacidade de mutacdo rapida (drift antigénico) e rearranjo
frequente entre os segmentos génicos (shift antigénico), gerando uma diversidade
viral que € modulada pela selecédo natural, pelos padrdes globais de circulacdo do
virus e pela biologia da populacédo hospedeira (Rambaut et al., 2008). No entanto, a
dindmica evolutiva de eventos pandémicos desde sua emergéncia inicial até seu
estabelecimento na populacdo humana ndo € bem compreendida. A emergéncia do
virus A (HIN1)pdmQ9 concomitantemente no México e EUA entre marco e abril de
2009 (Smith et al., 2009) e sua posterior disseminacdo global nos trouxe uma
oportunidade Unica de observacdo dessa dindmica, especialmente no Brasil, um
pais de dimensfes continentais e clima diferenciado nas suas diferentes regifes
geogréficas.

As analises filogenéticas conduzidas neste estudo revelaram uma evolucao
temporal dos virus A (HLN1)pdmQ9 que circularam no Brasil de 2009 a 2014, sendo
que as amostras de 2011 a 2014 acumularam um maior nimero de muta¢des nos
segmentos génicos de HA e NA em comparagdo com sequéncias do periodo
pandémico 2009 e 2010. Esse achado também foi observado em diversas partes do
mundo, como Turquia, india, Japdo e Tunisia (Dakhave et al., 2013, Dapat et al.,
2012, El Moussi et al., 2013, Guldemir et al., 2013). Esse acumulo de mutac¢des
pontuais no genoma dos virus Influenza ja era esperado devido a caracteristica de
baixa fidelidade do complexo de RNA polimerase viral, 0 que garante uma rapida
evolucdo ao virus (Duffy et al.,, 2008, Medina & Garcia-Sastre, 2011). Essa
diversidade genética também foi reportada por diversos trabalhos e alguns grupos
filogenéticos com assinaturas especificas foram previamente definidos (El Moussi et
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al., 2013, European Centre for Disease Prevention and Control, 2011, 2013, Nelson
et al., 2009, Potdar et al., 2010). De acordo com essa classificagdo, identificamos no
Brasil nove grupos genéticos que circularam no periodo de 2009 a 2014.

Na fase inicial da pandemia, pelo menos sete grupos filogeneticamente
distintos (G1, G2-pdm ao G7-pdm) circulavam globalmente, com co-circulacdo em
determinadas regides geograficas (Nelson et al., 2009, Potdar et al.,, 2010). No
Brasil, durante o periodo pandémico identificamos a circulacdo de pelo menos trés
destes grupos, G6-pdm, G7-pdm e sequéncias muito proximas ao G1. Os grupos
virais, G6-pdm e G7-pdm, co-cicularam entre a populacéo brasileira nas trés regides
geograficas analisadas confirmando dados prévios encontrados na literatura (Goni et
al., 2011, Oliveira et al., 2013, Sant'Anna et al., 2014). Como observado em véarias
partes do mundo, o G7-pdm também foi o grupo filogenético mais comum no Brasil,
sendo este detectado durante o periodo pandémico (Nelson et al., 2009, Potdar et
al., 2010). O predominio desse grupo pode estar relacionado a sua circulagéo inicial
na cidade de Nova lorque, uma cidade com grande interconectividade, facilitando
assim a rapida dispersao global dessa variante (Nelson et al., 2011). Aléem disso, foi
observado que o G7-pdm parece ter se adaptado melhor na populacdo humana se
mantendo nas epidemias dos anos subsequentes ao evento pandémico, dando
origem a novos grupos filogenéticos (European Centre for Disease Prevention and
Control, 2013, Maurer-Stroh et al., 2010). Dentro deste grupo predominante novas
mutacdes parecem ter sido adquiridas ja em 2010, como a mutacdo E391K, descrita
por Maurer-Stroh e colaboradores (2010), que estavam presentes em amostras de
Alagoas coletadas no fim da pandemia em 2010.

O fim do periodo pandémico foi declarado em agosto de 2010 (World Health
Organization, 2010b) e desde o inicio 2010 até 2011, os casos de influenza
reduziram drasticamente no pais (Secretaria de Vigilancia em Saude, 2012). Nés
especulamos que essa reducdo no numero de casos possa ter ocorrido devido a
imunidade adquirida ap6s a grande circulacdo viral na pandemia e a campanha de
vacinacdo em massa contra o A (H1N1)pdmOQ9 realizada em 2010, adicionada ao

periodo de Inter sazonalidade no hemisfério Sul. Desde entdo, nas epidemias
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subsequentes, o virus A (H1IN1)pdmQ09 tem circulado como um virus sazonal
juntamente com o virus Influenza A/H3N2 e as duas linhagens de Influenza B
(Victoria e Yamagata) causando epidemias anuais no Brasil com um menor impacto
em morbidade e mortalidade do que no periodo pandémico (Secretaria de Vigilancia
em Saude, 2012, 2013a, 2013b, 2014).

As analises filogenéticas revelaram que, apdés o periodo pandémico
(epidemias de 2011 a 2014) novas variantes virais emergiram a partir do G7-pdm
(European Centre for Disease Prevention and Control, 2011, 2013). Pelo menos seis
novos grupos genéticos foram detectados circulando ao redor do mundo, G2 ao G7,
uma vez que a vacina A/California/7/2009 é reconhecida como G1 (European Centre
for Disease Prevention and Control, 2011, 2013). As amostras brasileiras foram
observadas em trés destes grupos, G5, G6 e G7. Contudo, novas assinaturas
genéticas dentro destes grupos foram identificadas, sendo que apds a epidemia de
2012/13 na Europa foram classificados dentro do G6 trés subgrupos (6A ao 6C)
(European Centre for Disease Prevention and Control, 2013). Adicionalmente,
observamos um grupo genético com a substituicdo N260T o qual foi denominado
neste estudo como subgrupo 6D. Esta mutacdo apareceu em cepas detectadas no
Brasil no ano de 2012, mas desapareceu na epidemia do ano seguinte, sendo
observada majoritariamente em sequéncias de HA nas Américas, principalmente na
América latina, sugerindo um possivel padrao filogeografico (dados néo publicados).

Assim como durante a pandemia, n0s observamos co-circulacdo de grupos
genéticos durante as epidemias de 2011 (G5 e G6), 2012 (G5, G6 e G7) e 2013 (G6
e G7). De acordo com o0 MS, a circulagdo do A (H1IN1)pdm09 como um virus sazonal
foi mais expressiva durante as epidemias de 2012 e 2013 com um alto niamero de
casos quando comparados com as epidemias de 2011 e 2014 (Secretaria de
Vigilancia em Saude, 2012, 2013a, 2013b, 2014). A co-circulagdo de multiplos
grupos genéticos durante esse periodo pode ter contribuido para o aumento da
circulacao viral. Entretanto, as amostras de 2014 foram agrupadas somente no
subgrupo 6B, como observado também em outros paises da Europa e Asia

(European Centre for Disease Prevention and Control, 2015, Fang et al., 2015). A
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circulacdo predominante deste grupo parece ser um novo gargalo para posterior
emergéncia de novos grupos filogenéticos, como observado pelo grupo G7-pdm em
2009/2010, para verificarmos essa hipotese um continuo acompanhamento genético
de variantes virais das proximas epidemias se torna necessario.

Varios dos grupos geneéticos identificados neste estudo foram observados
anteriormente no hemisfério norte antes de sua detec¢édo no Brasil. Virus coletados
durante a epidemia de 2010-2011 em paises da Europa deram origem aos grupos
filogenéticos do periodo poOs-pandémico, e a deteccdo deste virus no Brasil
ocorreram ap0s o més de maio de 2011 (European Centre for Disease Prevention
and Control, 2011, Ledesma et al., 2012). Isso sugere que a epidemia do ano
anterior no hemisfério norte pode prever e potencialmente dar origem a préxima
epidemia no Brasil, entretanto dados mais robustos sdo necessarios para confirmar
esta hipotese.

As taxas de variagcdo genética dos virus Influenza garantem a sobrevivéncia e
sua constante circulagcdo na populacado humana (Carrat & Flahault, 2007). Alteracdes
genéticas na HA e NA dos virus influenza podem significar que os antigenos
incluidos na vacina anual tenham que ser alterados para proporcionar protecao
contra as cepas circulantes (Carrat & Flahault, 2007). A sele¢do destas cepas é
baseada em diversos critérios entre eles, a deteccado de novas variantes e avaliacdo
da mudanca antigénica utilizando antissoros e soros de furbes infectados com
determinada variantes (WHO Global Influenza Network, 2011). Contudo, estudos
tém tentado avaliar o uso das mudancas de aminoacidos como base para prever
essas mudancas antigénicas (Bedford et al.,, 2014, Smith et al., 2004). Nossas
analises revelaram que amostras do periodo pés-pandémico apresentaram um
maior numero de substituicbes de aminoacidos do que as amostras da pandemia
quando comparadas com a vacina. Muitas dessas substituicdes ocorreram nos sitios
antigénicos (Cal, Ca2, Ch, Sa e Sh) da HA (Sriwilaijaroen & Suzuki, 2012). A grande
maioria (99,1%) das amostras brasileiras apresentaram até quatro mutacdes nos

sitios antigénicos de HA, no entanto estudos anteriores indicam que até 4 mutacdes
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em sitios antigénicos ndo contribuem para uma mudanca significativa na
antigenicidade (Dapat et al., 2012).

Embora os grupos genéticos identificados neste estudo mostraram alteracdes
em diferentes epitopos de HA, o que poderia contribuir uma diminuicdo teorica da
eficacia da vacina (Deem & Pan, 2009, Gupta et al., 2006), os resultados obtidos
pela caracterizagdo antigénica, realizada com variantes semelhantes ndo mostram
uma mudanc¢a marcada consistente na antigenicidade em comparacdo com o virus
da vacina A/California/7/2009 (European Centre for Disease Prevention and Control,
2011, 2013). Isso mostra a importancia do teste fenotipico para se avaliar a eficacia
da vacina e indica que os algoritmos para avaliar as alteragfes genéticas precisam

de refinamento antes que possam ser utilizados para inferir na escolha da vacina.

4.2 Polimorfismos no gene de HA e associagbes com 0 desfecho

clinico da infeccao

A associacdo entre dados clinicos e informacdes genéticas virais € importante
para a identificacdo de novos marcadores de viruléncia (Pepin et al., 2010). Um dos
residuos frequentemente apontados pela literatura como um potencial marcador de
viruléncia é o aminoacido localizado na posi¢cao 222 do gene da HA (Cheng et al.,
2012, World Health Organization, 2010c). Sua localizacdo € no sitio de ligacdo ao
receptor celular e alteracdes genéticas nesta posicdo podem levar a um tropismo
viral diferenciado (Chutinimitkul et al., 2010, Liu et al., 2010). A substituicdo D222G
aumenta a afinidade da HA por AS-a2,3 (presente majoritariamente no trato
respiratorio inferior) e favorece, consequentemente, infec¢ao respiratoria baixa, cujo
progndéstico é geralmente pior (Belser et al., 2011, Chutinimitkul et al., 2010, Liu et
al., 2010, World Health Organization, 2010c). Alguns trabalhos apontam ainda a
importancia da presenca de subpopulagdes virais mistas (quasispecies virais) devido

a polimorfismos localizados no residuo 222 (Chen et al., 2010, Kuroda et al., 2010,
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Rykkvin et al., 2013, Selleri et al., 2012, Vazquez-Perez et al., 2013, Wang et al.,
2011, Wedde et al., 2013).

Considerando estes dados nés investigamos se a diversidade de
subpopulacdes virais que circularam no Brasil apresentava associacdo com
morbidade e mortalidade (Resende et al., 2014). Para deteccdo de quasispecies
empregamos a metodologia PSQ, a qual apresentou maior sensibilidade do que
outras técnicas convencionais (Levine et al., 2011). De fato, nossos resultados
apresentaram uma forte associacdo da presenca de quasispecies no residuo 222
com infeccbes graves e fatais. Esta associacdo de populacdes heterogéneas se
mostrou mais forte que a presenca do polimorfismo D222G sozinho na populagao
viral, como observado por outros autores (Kuroda et al., 2010, Levine et al., 2011,
Selleri et al., 2012, Vazquez-Perez et al., 2013, Wedde et al., 2013). Isso nos
permitiu investigar a existéncia de outros tipos de associacdes, como de
polimorfismos no residuo 222 com alguns fatores de risco (gestagdo, sintoma
respiratério grave, imunocomprometimento, doencas crénicas entre outros). E os
dados mostraram uma forte correlacdo de mortalidade, especialmente em variantes
detectadas em gestantes e pacientes com sintomas graves de infeccao respiratoria,
com a presenca de quasispecies virais.

As gestantes de fato foram gravemente afetadas pela pandemia (Mosby et al.,
2011). Uma possivel explicacdo para o perfil heterogéneo viral ter sido observado
principalmente em gestantes pode ser a natural exacerbacdo da expressdo de AS
durante o periodo gestacional, com consequente aumento nos niveis de AS-a2,3 no
trato respiratorio (Orczyk-Pawilowicz et al., 2012). Desse modo parece plausivel
especular que os niveis aumentados de AS-a2,3 podem auxiliar na selecéo de virus
mutantes, por facilitar sua fixacao e invasao de células hospedeiras. Portanto, néo é
surpreendente que: encontramos uma associacao significativa de quasispecies no
residuo 222 e fatalidade para as gestantes; e as altas taxas de hospitalizacao devido
a infeccao por influenza tém sido descritas para este grupo de pacientes (Mosby et
al., 2011). Em um trabalho experimental, o virus mutante D222G também foi mais

virulento para ratas em periodo gestacional (Chan et al., 2010), no entanto, as
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misturas de virus que representam composicoes heterogéneas de aminoacidos no
residuo 222 ndo foram testadas neste estudo.

O segundo grupo mais afetado pela presenca de quasispecies relacionadas
ao residuo 222 foram os pacientes com sintomas graves de infeccdo respiratoria
(SRAG, dispneia ou pneumonia). De fato, esses individuos tém piores resultados
clinicos devido a associagfes anteriores com a mutagdo D222G e até mesmo
subpopulacdes virais com 222DGN (Kuroda et al., 2010, Vazquez-Perez et al.,
2013). Apesar das associa¢cOes destes polimorfismos com os casos de mortalidade,
permanece incerto se o impacto do tropismo viral dessas variantes para o trato
respiratério inferior seria a causa ou a consequéncia de doencas graves
(Chutinimitkul et al.,, 2010, Weinheimer et al., 2012). No entanto, o potencial
patogénico da infeccdo por influenza ndo pode ser atribuido apenas ao tropismo
viral, mas também esta relacionado com a capacidade viral de se replicar em
pneumacitos do tipo Il. Isso permite o escape da resposta imune adaptativa e um
retardo na eliminacéo do virus, o que propicia um ambiente favoravel para acumular
variantes mutantes no residuo 222 (Chutinimitkul et al., 2010, Weinheimer et al.,
2012).

Por sua vez, os polimorfismos K-15E, P83S e Q293H, que correspondem ao
G6-pdm, foram algumas vezes associadas a morbidade e mortalidade de pacientes
infectados com essa variante (Glinsky, 2010, Potdar et al., 2010). Entretanto, alguns
estudos se revelaram controversos, pois estes mesmos polimorfismos foram
encontrados também em virus coletados de diversos casos brandos (Graham et al.,
2011, Lee et al., 2010, Nelson et al.,, 2009), reforcando a no¢cédo de que fatores
especificos do hospedeiro também podem contribuir para o desfecho clinico da
infeccdo (Mossad, 2009). Considerando o componente viral e 0 componente
hospedeiro no desfecho clinico da infeccéo, especulamos se a infec¢do por virus
com o perfil de mutagbes do grupo G6-pdm poderia ser potencialmente fatal para
individuos imunocomprometidos. Assim, analisamos sequéncias de HA de amostras
de A (HIN1)pdmO9 obtidas de pacientes que receberam transplante de medula

0ssea (grupo classico de individuos imunossuprimidos). Contudo, nossos resultados
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nao revelaram associacao entre variantes virais e a gravidade da doenca, ja que 0s
transplantados infectados com uma variante apresentando os polimorfismos K-15E,
P83S e Q293H nao apresentaram uma sintomatologia grave. Isso corroborou aos
dados obtidos por Graham e col. e Lee e col. (Graham et al., 2011, Lee et al., 2010)
e discordou dos achados de Glinsky e col. e Potdar e col. (Glinsky, 2010, Potdar et
al., 2010). Entretanto, o acamulo de informac¢des globais de diferentes grupos de
pacientes ainda é necessario para obter conclusdes sobre a importancia destas
mutacdes na gravidade da infeccao.

Diante dos potenciais marcadores de viruléncia apresentados vale ressaltar
gue fatores os genéticos dos hospedeiros devem ser considerados e talvez sejam os
mais importantes para o desfecho clinico da infeccdo, uma vez que uma mesma

variante potencialmente patogénica pode ocasionar desfechos clinicos distintos.

4.3 Marcadores genéticos no gene da NA associados a resisténcia

ao antiviral oseltamivir

Os INA, tais como o fosfato de OST e 0 ZAN, séo as principais drogas em uso
clinico contra infec¢cdes causadas pelo virus Influenza (Bautista et al., 2010,
Ministério da Saude, 2013, Pizzorno et al., 2011). Com o advento da pandemia de
2009, o uso de OST cresceu, impondo uma pressédo seletiva para estes virus. A
despeito disso, a maioria dos virus Influenza A que circulam atualmente na
populacdo humana, Influenza A (H1N1)pdmO09 e (H3N2) e as duas linhagens de
Influenza B, permanecem susceptiveis ao OST (Ison, 2011). A circulacédo global de
virus A (HIN1)pdmQ9 resistentes ao OST esta em torno de 1 a 2%, entretanto
preocupacdes sobre a circulagdo comunitaria dessas variantes tém sido levantadas
(Fry & Gubareva, 2012, Hurt et al., 2012, Takashita et al., 2015b). Especialmente se
levarmos em consideracdo que os dados globais sdo limitados e que muitos dos
paises em desenvolvimento desconhecem o perfil da circulagdo de variantes

resistentes.
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No Brasil, detectamos alguns marcadores genéticos no gene da NA que sao
apontados pela literatura como redutores de sensibilidade ao OST (Deyde et al.,
2010, Ison, 2011). Durante o periodo pandémico (2009-2010) investigamos a
ocorréncia de variantes apresentando marcadores de resisténcia em amostras de
pacientes imunocomprometidos, e em amostras de individuos hospitalizados e que
foram a 6Obito, no entanto, ndo encontramos a circulacdo destas variantes (Souza et
al., 2011). Apesar de néo termos detectado a presenca de variantes resistentes ao
OST este estudo serviu de base para implementacdo de um sistema de vigilancia
laboratorial de variantes de Influenza resistentes no pais.

Em um segundo estudo realizado com amostras das epidemias dos anos
seguintes, 2011 e 2012, em conjunto com a analise retrospectiva de amostras de
2009 foi possivel detectar detectar as primeiras variantes resistentes ao OST no
Brasil (Souza et al., 2013). Cinco amostras apresentaram o marcador de resisténcia
H275Y e duas o marcador de diminuicdo de sensibilidade S247N (Deyde et al.,
2010, Hurt et al., 2011b), sendo grande parte destas amostras detectadas na regiao
Sul do pais, que faz fronteira com outros paises da América Latina, como Argentina
e Paraguai. Assim parece plausivel especular que virus potencialmente resistentes
também podem estar circulando nos paises vizinhos, onde nenhum caso foi
reportado. Na capital da Argentina, poucos registros destas variantes foram
descritos em pacientes que fizeram uso do antiviral (Barrero et al., 2011, Cane et al.,
2010), contudo nenhuma informacéo sobre estas variantes foi observada na regiao
nordeste da Argentina, a qual faz fronteira com o Brasil. Detectamos ainda, duas
amostras que possuiam marcadores de resisténcia para o OST coletadas de
pacientes que nao fizeram uso do antiviral. Além destas na epidemia do ano
seguinte mais duas amotras resistentes foram detectadas com o mesmo perfil
(Souza et al., 2013, Souza et al., 2015). Assim, a especulacdo de uma transmissao
comunitaria desta variante ndo pode ser descartada. De fato, a transmisséo
comunitaria de virus com a substituicdo H275Y tem sido descrita em outras partes
do mundo (Fry & Gubareva, 2012, Hurt et al., 2012, Takashita et al., 2015b). Como,
31 casos de virus resistentes registrados entre maio e agosto de 2011 em
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Newcastle, Australia (Hurt et al., 2011a, Hurt et al., 2012) e 104 casos registrados
entre setembro de 2013 a julho de 2014 em Sapporo/Hokkaido no Japéo (Takashita
et al.,, 2015a). Acredita-se que esse ganho de adaptabilidade, transmissédo e
replicacdo de virus resistentes H275Y se deve a presenca de mutacdes permissivas
como V241l e N369K na NA viral (Bloom et al., 2011, Hurt et al., 2012, Takashita et
al., 2015a), que estdo presentes nas amostras que circulam no Brasil desde a
epidemia de 2011. Isso reforga a possibilidade de transmissdo comunitaria da
variante resistesnte e alerta para a emergéncia de uma variante totalmente
resistente as classes de antivirais disponiveis atualmente. Este cenario mostra a
importancia da continua vigilancia da emergéncia de variantes ao OST nos paises
em desenvolvimento, como o Brasil, uma vez que este fato que pode conduzir
decisfes criticas em saude publica, como o estoque de drogas para as intervencdes

terapéuticas na populacao.
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5 PERSPECTIVAS

Diante dos trabalhos expostos nesta tese apontamos algumas perspectivas
de possiveis linhas de pesquisa a serem abordadas e sugestbes para alguns
projetos a serem realizados a partir dos dados de dindmica molecular, analise de
viruléncia e resisténcia antiviral.

Uma destas linhas sugere o estudo mais aprofundado da dinamica evolutiva
dos virus Influenza A (HIN1)pdmO9 no pais. O Brasil € um pais com dimensdes
continentais, esta geograficamente localizado entre o Equador e os trépicos e
consequentemente possui climas diferenciados, isso propicia a realizacdo de um
estudo de dinamica populacional viral que visa propor uma hipotese de introducéo e
migracao viral dentro do pais. Entretanto, para um projeto deste porte ser realizado é
necessario um maior nimero de amostras coletadas, com boa representatividade
temporal e geografica, representando as cinco regides geograficas do pais. A
representatividade amostral € uma dificuldade que estamos tentando solucionar,
especialmente no que se diz respeito a obtencdo de amostras das regides Norte e
Centro Oeste do pais, onde os dados moleculares de Influenza séo escassos.

Outra perspectiva € a necessidade de investigar marcadores genéticos
humanos associados ao aumento da gravidade da infeccdo. Isso porque
observamos com este estudo que apesar de existirem indicios que algumas
mutacOes virais podem estar associadas a gravidade da infeccdo por Influenza,
muitos casos graves ndo puderam ser explicados pela viruléncia da cepa.
Observamos que alguns individuos infectados pela mesma variante viral possuem
um desfecho clinico distinto. Isso indica que existem outros fatores nao virais, como
os fatores genéticos do hospedeiro, que poderiam estar influenciando na gravidade
da infecgao.

Em relagcdo a investigagcdo de marcadores de resisténcia aos antivirais este
estudo contribuiu bastante para o inicio da vigilancia de variantes resistentes no

Brasil. Detectamos as primeiras variantes resistentes circulando no pais e ainda
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identificamos potenciais mutacdes permissivas, que garantem ao virus resistente
uma maior adaptabilidade na populacdo, sugerindo uma transmissdo comunitaria
desta variante. Contudo, mesmo a circulacdo do virus resistente ainda estd em torno
de 1 a 2%, a aquisicdo de mutacdes permissivas indica um possivel risco de
circulacdo comunitaria de variantes resistentes as classes de antivirais disponiveis
para uso atualmente. Isso instiga a investigacdo de novos alvos antivirais e o teste
de novas drogas antivirais para o controle destes virus.

Por fim, com a pandemia o interesse para conhecer melhor as caracteristicas
do genoma dos virus influenza aumentou significativamente e a necessidade de
aprimoramento a aplicacao de novas metodologias para caracterizagao viral, como o
SNG, se tornou evidente a fim de extrair uma informacdo de melhor qualidade do
genoma de maneira rapida e precisa. Com isso, recentemente iniciamos estudos
utilizando distintos protocolos de SNG, um utilizando a plataforma de
sequenciamento GS FLX 454 abordando a estratégia de amplicons para os genes
de HA e NA e um segundo trabalho utilizando a plataforma de sequenciamento lon
Torrent abordando a estratégia de sequenciamento do genoma completo dos virus
Influenza A. Utilizando essa Ultima estratégia publicamos o trabalho “Whole-genome
sequences of influenza A(H3N2) viruses isolated from Brazilian patients with mild
illness during the 2014 season”, na revista Memorias do Instituto Oswaldo Cruz
(Anexo 1). Este trabalho foi pioneiro no que diz respeito ao sequenciamento do
genoma dos virus Influenza A utilizando a metodologia de SNG no Brasil. Apesar
deste subtipo viral ndo ser o foco desta tese é importante mencionar essa
publicacdo, pois o protocolo utilizado para a amplificacdo e sequenciamento do
genoma viral € o0 mesmo que utilizaremos para a obtencdo de genomas completos
do subtipo A (H1IN1)pdmOQ9 futuramente.
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6 CONCLUSOES

e Cinco anos apds a emergéncia da variante A (HLIN1)pdmOQ9, o virus continua a
circular na populacdo brasileira como um virus sazonal, causando epidemias
anuais, com consideravel morbidade e mortalidade.

* A analise filogenética revelou que, pelo menos, nove grupos genéticos circularam
no pais de 2009 a 2014. Foi observada uma constante substituicdo de variantes
formando novos grupos filogenéticos, com co-circulacdo destes grupos em
alguns anos.

* A emergéncia de novos grupos filogenéticos parece ocorrer primeiramente em
paises do hemisfério norte, chegando ao Brasil na epidemia seguinte. Entretanto,
analises mais especificas de filodindmica sdo necessarias para confirmar esta
hipotese.

* Embora observado um aumento de mutacdes em sitios antigénicos da HA viral,
com reducdo na eficacia tedrica da vacina, os dados da rede de vigilancia da
OMS demonstram que a cepa vacinal A/California/7/2009 ainda confere protecao
contra 0s grupos genéticos que circulam mundialmente.

» Diante do aumento da diversidade dos virus A (HL1N1)pdmOQ9, reforcamos a
importancia da continua vigilancia para detectar a emergéncia de novas
variantes, pois esta € essencial para a reformulacdo da vacina anual anti-
influenza.

» Correlacionando as caracteristicas genéticas virais com os dados clinicos dos
pacientes, nossos resultados sugerem que o virus A (HIN1)pdm09 néao
apresenta outros marcadores de viruléncia, além do polimorfismo nos residuos
222 da HA viral;

* As amostras brasileiras que apresentaram a mutacdo D222G ou populacdes
virais mistas (quasispecies) D222D/G/N foram significativamente associadas a

infeccdo mais grave e oObitos por Influenza.
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Uma vez que varios casos graves e 6bitos ndo puderam ser explicados apenas
por alteracdes genética virais, a gravidade da infeccdo pode também estar
associada a outros fatores. Entre eles, fatores adquiridos (doencas crénicas,
imunossupressao entre outros fatores de risco) ou ainda a fatores genéticos do
hospedeiro.

A vigilancia de variantes resistentes aos antivirais € extremamente importante e
necesséria para a definicdo e planejamento das politicas de saude publica
voltadas a intervencgdo terapéutica e ao estoque de antivirais no Brasil.

Com o constante monitoramento ao longo destes cinco anos, identificamos a
circulacdo de 1,1% de variantes resistentes no Brasil conforme mundialmente
observado.

A identificacdo das mutacdes permissivas (V2411 e N369K) no gene da NA, que
conferem maior aptidao viral as variantes resistentes, favorece a possibilidade de
transmissao comunitaria destes virus.

Considerando o potencial de emergéncia e dispersdo de variantes virais
resistentes ao OST no pais, é importante fortalecer a vigilancia viral no Brasil,
bem como nos paises vizinhos, onde existem poucas informacfes sobre a

circulacao de variantes resistentes.
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ANEXO | - WHOLE-GENOME SEQUENCES OF INFLUENZA
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WITH MILD ILLNESS DURING THE 2014 SEASON
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Whole-genome sequences of influenza A(H3N2) viruses isolated from
Brazilian patients with mild illness during the 2014 season
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Milene Miranda, Marilda M Siqueira
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The influenza A(H3N2) virus has circulated worldwide for almost five decades and is the dominant subtype in
most seasonal influenza epidemics, as occurred in the 2014 season in South America. In this study we evaluate five
whole genome sequences of influenza A(H3N2) viruses detected in patients with mild illness collected from January-
March 2014. To sequence the genomes, a new generation sequencing (NGS) protocol was performed using the lon
Torrent PGM platform. In addition to analysing the common genes, haemagglutinin, neuraminidase and matrix, our
work also comprised internal genes. This was the first report of a whole genome analysis with Brazilian influenza
A(H3N2) samples. Considerable amino acid variability was encountered in all gene segments, demonstrating the
importance of studying the internal genes. NGS of whole genomes in this study will facilitate deeper virus charac-
terisation, contributing to the improvement of influenza strain surveillance in Brazil.

Key words: influenza - H3N2 - Ion Torrent - NGS

Influenza A(H3N2) viruses have circulated world-
wide since 1968 causing high rates of morbidity and
mortality (WHO 2014a). During the 2014 season in the
Southern Hemisphere, especially in South America’s
South Cone and Brazil, the subtype A(H3N2) was pre-
dominant among circulating influenza subtypes (PAHO
2014, Silva et al. 2014). Due to its important impact on
public health, the constant improvement of method-
ologies for virus characterisation and evaluation of the
match between circulating viruses and vaccine strains is
necessary. As part of the efforts to characterise influen-
za A(H3N2) viruses circulating in Brazil, we sequenced
the whole genome of five samples with a new generation
sequencing (NGS) protocol. This allowed for a compari-
son among the Brazilian sequences and the World Health
Organization (WHO) vaccine recommended strains for
the 2013-2014 period in addition to implementing a new
genomic tool in the Brazilian surveillance network.

The Brazilian samples were collected from patients
with mild infection from January-March 2014 in the
southern [state of Parana (PR), lat: -25.252089/long:
-52.021542, and the state Santa Catarina, lat: -27.242339/
long: -50.218856] and southeastern (state of Rio de Ja-
neiro, lat: -22.908300/long: -43.197077) regions. Viral
RNA was extracted directly from one clinical sample
and from four isolates after one passage in Madin-
Darby canine kidney (MDCK) cells using QIAmp Vi-
ral RNA Mini Kit (Qiagen, Germany) following the
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manufacturer’s instructions. All eight influenza gene
segments were amplified at Respiratory and Measles
Viruses Laboratory (Oswaldo Cruz Foundation) with
PathAmp™ FluA Reagents (Life Technologies, USA),
a two steps multiplex reverse transcription-polymerase
chain reaction (PCR) rendering a six-band profile on a
standard 2% agarose gel. All subsequent bench work for
massive parallel sequencing was carried out at Thermo
Fisher Scientific Brazil’s headquarters laboratory in the
state of Sdo Paulo. In summary, the quality, quantity
and integrity of total DNA pools were evaluated using
Qubit® dsDNA HS Assay Kit and Qubit 2.0 fluorometer
(Thermo Fisher Scientific, DE). After that, the genome
segments from each sample were enzymatically cleaved
in fragments of approximately 250 base pairs (bp) and a
barcode was linked to each pool of genome fragments,
forming the libraries. After the emulsion PCR, DNA-
positive beads were recovered, enriched and subjected
to ion semiconductor sequencing using a 314 chip on the
Ion Torrent sequencer (Thermo Fisher Scientific, DE).
The reads obtained were subjected to quality filtering
using a specific plug-in available from <ioncommunity.
lifetechnologies.com/docs/DOC-7384>. All reads with
Q score > 20 were aligned with reference sequences,
A/Texas/50/2012 (GISAID EPI ISL 164401), used in
the 2014 epidemic, and A/Switzerland/9715293/2013
(GISAID EPI ISL 166310), the vaccine strain elected for
2015 season (WHO 2013, 2014b). The comparison with
reference genomes and posterior analysis were conduct-
ed using Geneious software v.6.1.6 (Biomatters).

The concatenated whole genome of influenza
A(H3N2) strains was 13,138 bp in length, with a 43.33%
G+C content. The length of segments ranged from ~2,300
for the polymerase basic (PB)2 gene to ~900 bases for the
non-structural (NS) gene. The sequencing protocol gen-
erated high coverages for each sample and the average
coverage for each genomic segment ranged from 144-968
reads. The quality of sequencing was high for the major-
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TABLE

Accessions in the Global Initiative on Sharing All Influenza Data database

Accessions

Gene A/RS/23/20144 A/RS/23/2014 A/RIJ/34/2014 A/PR/87/2014 A/PR/88/2014
PB2 EPI1543520 EPI1543528 EPI543542 EPI543548 EPI543556
PB1 EPI543521 EPI1543529 - EPI1543549 EPI1543557
PA EPI543522 EPI543530 - EPI543550 -

HA EPI1543523 EPI1543531 EPI1543543 EPI543551 EPI543558
NP EPI1543524 EPI1543532 EPI1543544 EPI1543552 EPI1543559
NA EPI543525 EPI543533 EPI1543545 EPI543553 EPI543560
M EPI1543526 EPI543534 EPI1543546 EPI1543554 EPI543561
NS EPI1543527 EPI543535 EPI543547 EPI1543555 EPI1543562

a: original specimen; HA: haemagglutinin; M: matrix; NA: neuraminidase; NP: nucleoprotein; NS: non-structural; PA: polymerase
acidic; PB: polymerase basic; PR: state of Parand; RJ: state of Rio de Janeiro; RS: state of Rio Grande do Sul.

ity of the genomic segments, however, two samples pre-
sented low coverage for the polymerase acidic (PA) and
PBI genes, yielding partially sequenced fragments.
Analysing the theoretical translation of whole genom-
es, we detected an average of 23 amino acid substitutions
in the 2014 Brazilian A(H3N2) sequences in comparison
to the genome of the A/Texas/50/2012 vaccine strain.
Amino acid substitutions were found in all genes, espe-
cially in those that code for the surface glycoproteins,
haemagglutinin (HA) and neuraminidase (NA). The HA
gene accumulated more substitutions (5-8) in comparison
to the other genes, such as N144A, R158G, N161S, P214S,
V363M. No differences were observed between the clini-
cal and isolated viruses from the A/RS/23/2014 sample,
however it was the virus that presented the most substitu-
tions among analysed samples, bearing the changes N228S,
A388S and A492V, which were not observed in the other
samples. Phylogenetically, the HA gene sequences from
the Brazilian samples were included inside the group
3C.3, a distinct group from A/Texas/50/2012 at group
3C.2 according to the report sent to WHO for Vaccine
Recommendation meeting (SVS 2014). The NA gene sub-
stitution HIS0R was detected in all samples when com-
pared to the A/Texas/50/2012 vaccine strain. In addition,
the isolated samples (A/PR/87/2014 and A/PR/88/2014)
from PR presented 1222V, N329T and D339N. The mu-
tations found in the NA genes were not associated with
decreased sensitivity to the antiviral oseltamivir. It was
noted that when the NA sequences from isolated and non-
isolated A/RS/23/2014 samples were compared, the resi-
due D151 was observed in the non-isolated sample while
the polymorphism D/N151 was observed in the MDCK
isolated virus. In addition, virus from the isolated sample
also presented the polymorphism I73I/T. These find-
ings suggest that viruses isolated in MDCK cells might
promote a viral pressure to adapt the virus as in agree-
ment with a previous study (Tamura et al. 2013). The
matrix gene only presented the substitution E290K when
compared to the vaccine strain. Assessing the internal
genes, we found several mutations, namely PB2 (V122I,

L384F, E472D, R630K and D740N), PB1 (A83V, R215K
and D464D), PA (V323l, V6021, N614S and 1621V), NS
(E26K, R44K, K67R, Q193H, K217R, R227G and the
R248 stop codon) and for the nucleoprotein gene (S69S/P,
V1001, V1971 and T472A).

Concerning the WHO vaccine recommendations for
the 2015 influenza season (WHO 2014b), the new pro-
totype A/Switzerland/9715293/2013 (H3N2)-like virus
was genetically closer to the Brazilian sequences than A/
Texas/50/2012. This assumption is based mainly on the
changes N144A, R158G and P214S of the HA epitopes A,
B and D, respectively, diminishing the distance among
the vaccine prototype and the more recent circulating
strains. The information obtained with whole-genome
sequencing of the A(H3N2) isolates in this study is im-
portant for strain surveillance, forecasts the emergence
of new variants and corroborates the decision to change
the vaccine strain for the 2015 epidemic season.

Nucleotide sequence accessions - The whole-genome
sequences of the Brazilian influenza A(H3N2) samples
from 2014 were deposited in the GISAID database
(Global Initiative on Sharing All Influenza Data) under
the accessions listed in Table.
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