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RESUMO

A composicao de quasiespécies do virus da Hepatite C (HCV) pode ter implicag¢des
importantes com relacdo a persisténcia viral e a resposta a terapia baseada em Interferon. A
regido NS5A completa foi analisada para avaliar se a composi¢do de quasiespécies do HCV
la/1b estd relacionada a resposta ao tratamento combinado de interferon peguilado (PEG-
IFN) e ribavirina. Seiscentos e noventa seqiiéncias correspondentes a regido nao estrutural SA
(NS5A) completa foram geradas a partir de amostras coletadas antes, durante a apds a
administracdo da terapia de pacientes respondedores, ndo respondedores e respondedores ao
final do tratamento. Este estudo apresenta evidéncias de que a homogeneidade da composicao
de quasiespécies, e a baixa complexidade e diversidade da regido NS5A em amostras pré-
terapia estdo associados a resposta virologica sustentada. Portanto, a alta diversidade e
complexidade de quasiespécies podem fornecer ao virus melhores oportunidades de evadir a
terapia antiviral. Andlises filogenéticas ndo demonstraram o agrupamento das seqiiéncias de
acordo os padrdes especificos de resposta ao tratamento. Contudo, o agrupamento distinto de
seqiliéncias pré e pos-terapia foi observado, sugerindo que um processo adaptativo ocorreu
durante o periodo analisado. Adicionalmente, a dinimica evolutiva da composi¢do de
quasiespécies demonstrou estar sob pressdo seletiva purificadora ou purificadora relaxada, o
que é condizente com a populacdo de quasiespécies diversificada no pré-terapia, seguida de
um aumento em freqiiéncia de quasiespécies predominantes nas amostras pds-tratamento,
provavelmente devido a conferirem alguma vantagem ao virus. Estes resultados sugerem que
a diversidade de quasiespécies da regido NS5A pode ser importante para o entendimento dos

mecanismos de baixa resposta viroldgica sustentada em pacientes com Hepatite C cronica.

Palavras-chave: Virus da hepatite C; quasiespécies; proteina ndo estrutural 5A; terapia de

interferon e ribavirina; andlise genética e evolutiva.



ABSTRACT

The quasispecies composition of Hepatitis C virus (HCV) could have important
implications with regard to viral persistence and response to interferon-based therapy. The
complete NSS5A was analyzed to evaluate whether the composition of NS5A quasispecies of
HCV 1a/1b is related to responsiveness to combined interferon pegylated (PEG-IFN) and
ribavirin therapy. Six hundred and ninety full-length NS5A sequences were generated from
samples collected before, during and after treatment from virological sustained responder,
non-responder and the end-of-treatment responder patients. This study provides evidence that
homogeneity of quasispecies composition, low diversity and less complexity of the NSS5A
region pre-therapy are associated with viral clearance. Therefore, higher diversity and
complexity of quasispecies could offer the virus a better opportunity of evading anti-viral
therapy. Phylogenetic relationships concerning complete NS5A sequences obtained from
patients did not demonstrate clustering associated with specific response patterns. However,
distinctive clustering of pre/post-therapy sequences was observed, suggesting that an
evolutionary process occurred during the time course examined. In addition, the evolution of
quasispecies over time was subjected to purifying or relaxed purifying selection. This could
explain the initial diversified composition of quasispecies at baseline, followed by an increase
in the frequency of a predominant quasispecies in ‘after treatment’ samples of non-responders
and end-of-treatment responders, probably because it offers some advantage for the virus.
These results suggest that quasispecies diversity of the NS5A region could be important for
elucidating the mechanism underlying treatment failure in patients infected with chronic

hepatitis C.

Key-words: Hepatitis C virus; quasispecies; non-structural SA protein; pegylated interferon

and ribavirin therapy; genetic and evolutionary analysis.
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1. INTRODUCAO

Historia e Patologia

Em 1989, Choo e colaboradores isolaram a partir do plasma de um
chimpanzé cronicamente infectado, parte do genoma do virus causador de hepatites ndo-A e
nio-B (NANB). Este virus foi entdo denominado de virus da Hepatite C (HCV) e foi
associado a cerca de 90% dos casos de hepatite NANB (CHOO et al., 1989; CHOO et al.,
1990). Desde sua identificag¢do, tornou-se evidente que um considerdvel nimero de pessoas
estd infectada cronicamente com este virus. O HCV € o principal causador de doencas
hepéticas e um dos mais importantes problemas de saide publica mundial (MUNIR et al.,
2010).

O figado € o 6rgdo alvo primdrio da infeccao pelo HCV. A infec¢do aguda é
frequentemente assintomadtica ou associada a sintomas leves e ndo especificos, dificultando o
diagndstico precoce. Somente 15 — 30% dos individuos infectados eliminam o virus durante a
fase aguda, sendo que os demais pacientes desenvolvem Hepatite C cronica, uma tendéncia
caracteristica da infec¢do pelo HCV (CHISARI, 2005).

A hepatite C cronica pode causar fibrose hepdtica severa e resultar no
desenvolvimento de cirrose hepatica em 1/5 dos individuos infectados ap6s aproximadamente
25 — 30 anos . Conseqiientemente, estd associada com um aumento do risco de faléncia
hepética e carcinoma hepatocelular (MORENO-OTERO, 2005; VOLK, 2010). A infeccao
cronica pelo HCV € atualmente a maior causa de indicacdo de transplante de figado,
compreendendo 40-50% de individuos que esperam a realizacdo de transplante e pacientes

que ja realizaram um transplante prévio (BROWN, 2005; DE MARTIN et al., 2010).
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Epidemiologia e Transmissao

A estimativa da prevaléncia global da infeccdo por HCV € de 170 milhdes
de individuos infectados, com aproximadamente 3 milhdes de novas infec¢des a cada ano
(LAVANCHY, 2009). No Brasil, a estimativa é de 1.5 a 1.7% para a populagdo em geral e
doadores de sangue (LYRA; FAN; DI BISCEGLIE, 2004), e de 17.7 a 25.6% para pacientes
co-infectados com HIV (REICHE et al., 2008). Nas diferentes regides brasileiras as
prevaléncias sdo: 0,9 a 2,4% no Norte, 1,7 a 3,4% no Nordeste, 1,0 a 1,4% no Centro-Oeste,
0,8 a 2,8% no Sudeste, e 1,1 a 2,1% no Sul (CAMPIOTTO et al., 2005).

Durante décadas, a fonte de infeccio por HCV mais importante foi a
transmissao por exposicdo parenteral de sangue contaminado, ou pelo uso ilicito de drogas
injetaveis. A transmissdo via transfusional foi significantemente reduzida como conseqiiéncia
da introdugdo dos testes de triagem de doadores de sangue para anti-HCV no inicio da década
de 1990 e pela utilizagdo de procedimentos de inativagdo viral na producdo de fatores
coagulantes sanguineos. Atualmente, o uso de drogas injetdveis € a principal via de
transmissdo do HCV, sendo responsavel por mais de 40% das infec¢des (Kew et al., 2004).
No Brasil, 5.8 a 36.2 % dos usudrios de drogas estdo infectados pelo HCV (LOPES et al.,
2009).

Os fatores de risco mais frequentemente relacionados a transmissdo de HCV
sdo as transfusdes sanguineas, usudrios de drogas injetdveis, injecOes terapéuticas ndo
seguras, hemodidlise ou tatuagem (ALTER, 2007). No entanto, 15-40% dos pacientes
infectados com HCV ndo apresentam um fator de risco evidente. Nesses casos, a transmissao
do virus por via ocupacional, perinatal, intrafamiliar e/ou sexual € questionada
(ACKERMAN, 1998; DE CARVALHO-MELLO et al., 2010).

A transmissdo ocupacional da infec¢ao por HCV € altamente relacionada

com trabalhadores da satide que tem sustentado uma contaminag@o por injurias com agulhas,
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sendo a taxa de infeccdo nessas circunstincias entre 0 a 3% (CHUNG et al., 2003). E
estimado que a transmissdo de HCV através de via perinatal ocorra em 2,7 a 6% dos
nascimentos de maes infectadas (DAL MOLIN et al., 2002; FERRERO et al., 2003). Estudos
ttm demonstrado a transmissdo por contato intrafamiliar em grupos com fatores de
transmissio nio convencionais (CAVALHEIRO NDE et al., 2009; HYDER et al., 2009). A
taxa de transmissdo foi de 8,9% e sugeriu que o uso compartilhado de objetos domésticos
pode ter um importante na transmissao do HCV (LA TORRE et al., 2006).

Em contraste com a consistente evidéncia da transmissdo parenteral, a taxa
de transmissdo sexual permanece controversa. Vdrios estudos sugerem que o risco de
transmissio sexual do HCV € minimo ou inexistente, com sua incidéncia variando de 0 a 3%
(BROOK, 2002; FLAMM, 2003).

Devido a grande variedade de atividades humanas que envolvem a
exposicdo parenteral de sangue ou derivados de sangue, existem muitos modos
biologicamente plausiveis de transmissdo do HCV, além dos associados claramente com a
infeccdo. Esses modos de transmissdo incluem procedimentos cosméticos e religiosos,
praticas culturais, tais como tatuagem e piercing, barbearia comercial, circuncisdo e
acupuntura (SHEPARD; FINELLI; ALTER, 2005).

Um estudo recente avaliou fatores epidemioldgicos que poderiam
influenciar a transmissdo do HCV, e sugeriu a associacdo de métodos de transmissdo ao
comportamento social, idade e subtipo viral. Neste estudo, foi reportado que a transmissao do
virus foi observada mais frequentemente em pacientes mais jovens e com alta conectividade

social (ROMANO et al., 2010).
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O virus da Hepatite C

O virus da hepatite C (HCV) é um virus de RNA fita simples, com
polaridade positiva, pertencente a familia Flaviviridae (KUIKEN; SIMMONDS, 2009). A
particula viral mede aproximadamente 50 nm. E formada por um envelope viral derivado das
membranas do hospedeiro, onde estdo inseridas as glicoproteinas virais E1 e E2, um capsideo
protéico formado por proteinas do core, e pelo genoma viral constituido de uma molécula de
RNA fita simples linear, constituida de 9600 nucleotideos, e de polaridade positiva (KAITO
et al., 1994) (Figura 1).

Capsideo protéico
(Core)

Glicoproteina E2

RNA Viral
(~9600 nt)

Glicoproteina E1

~50 nm

Figura 1. Morfologia do virus da hepatite C: particula viral. Fonte: adaptada de James, 2001.

O genoma do HCV possui uma tnica fase aberta de leitura (‘“open reading
frame” ORF), flanqueada por regides nado traduzidas (‘“untranslated region” UTR) nas
extremidades 5’ e 3’, com aproximadamente 340 e 230 nucleotideos, respectivamente
(PENIN et al., 2004). A regido 5’UTR possui seis dominios estruturais em forma de alga

(stem loop), dos quais os dominios II, IIT e IV formam o sitio de entrada do ribossomo (IRES
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“internal ribossomal entry site”), que facilita a traducdo do RNA do HCV. Esta regido
também contém sinais de replicacdo essenciais para a formacdo de fitas de RNA de
polaridade negativa, que tem fun¢do de intermedidrio replicativo. A regiao 3’UTR apresenta
uma estrutura tripartida e é essencial para replicacdo. E composta de uma seqiiéncia varidvel,
seguida de uma regido poli U (polipirimidina), e uma seqii€ncia tnica de 98 nucleotideos que

¢ altamente conservada (TANG; GRISE, 2009) (Figura 2A).

Figura 2. Estrutura gendmica e protedmica do HCV. (A) Organizacéo do genoma do HCV. Regido aberta de
leitura tnica flanqueada por regides ndo traduzidas S’UTR e 3’UTR. (B) Processamento da poliproteina e
localizacdo das 10 proteinas virais na membrana do reticulo endoplasmadtico. Tesouras indicam os sitios de
processamento de peptideos de sinal no RE; seta ciclica, processamento autocatalitico da juncdo NS2/NS3;
setas longas, sitios de processamento pelo complexo protease NS3/NS4A; seta intramembranica,
processamento por peptidases de sinal. Fonte: adaptada de Penin et al., 2004.

A tradugdo da ORF do genoma do HCV produz uma poliproteina precursora
de aproximadamente 3000 aminodacidos, que € processada proteoliticamente em 10 proteinas
virais por proteases celulares e viral. A regido amino-terminal da poliproteina codifica as

proteinas estruturais do virion: a proteina do core (C), e as glicoproteinas E1 e E2. Apds a
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regido estrutural, uma pequena proteina integral de membrana € traduzida, a p7. Em seguida,
encontram-se as proteinas ndo estruturais (NS) NS2, NS3, NS4A, NS4B, NS5A e NS5B, que
estdo envolvidas nos processos intracelulares do ciclo de replicagdo do virus. Peptidases de
sinal celulares processam proteoliticamente peptideos de sinal entre as proteinas C/E1, E1/E2
e E2/p7, e também a juncdo p7/NS2. O processamento na regido NS ocorre pela acdo de duas
enzimas virais: a NS2 e a NS3-4A serino protease (LINDENBACH; RICE, 2005; SHARMA,
2010) (Figura 2B).

A estratégia replicacio do HCV € parecida com outros virus de RNA de
polaridade positiva. O primeiro estdgio da infeccdo pelo HCV consiste da ligacdo do virus a
superficie da célula hospedeira, seguido da interacdo especifica entre as glicoproteinas do
envelope viral e receptores celular, como o CDS81, a mais bem caracterizada molécula
receptora para a entrada do HCV da célula (TANG; GRISE, 2009). Posteriormente, o
nucleocapsideo do HCV ¢€ liberado no citoplasma celular como resutado da fusdo entre as
menbranas virais e celulares. Apds a entrada do virus e liberagdo do material genético, o IRES
promove a iniciacdo da traducdo da poliproteina que segue o processamento das proteinas
virais. As proteinas estruturais se associam (core) ou se integram (El, E2 e p7) com a
membrana do reticulo endoplasmético (RE) (Figura 3) e formam oligdmeros funcionais que
promoverdo a montagem da nova particula viral. As proteinas nfo estruturais se associam do
lado citoplasméitico da membrana do RE onde interagem entre si e com as proteinas
hospedeiras para formar a maquinaria de replica¢do viral. Essa maquinaria usa seu proprio
genoma como molde para transcri¢ao de fita complementar negativa de RNA. A fita negativa
ou dupla fita, por sua vez, serve como uma molécula replicativa intermedidria na sintese de
uma nova molécula de RNA de polaridade positiva que pode ser usada para traducao,
replicacdo ou entdo ser empacotada para constituir novos virus (DE FRANCESCO et al.,

2003; CHEVALIEZ; PAWLOTSKY, 2006).
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Diversidade genética do genoma viral

A variabilidade genética do HCV existe em diferentes niveis. A comparacao
de seqiiéncias nucleotidicas de variantes de HCV obtidas de diferentes individuos, em regides
geograficas diversas, demonstrou a existéncia de pelo menos 7 grupos geneticamente distintos
(gendtipos 1 a 7). Considerando o genoma completo, os 7 grupos diferem em
aproximadamente 30 % de sitios de nucleotideos, com maior variabilidade em algumas
regides, como El, E2 e V3, e a regido de menor variabilidade no genoma do HCV ¢
encontrada na 5’UTR. Cada um dos sete gendtipos possui vdrios subtipos, identificados por
letras minusculas (a, b, ¢ etc) (SIMMONDS et al., 2005; MURPHY et al., 2007; KUIKEN;
SIMMONDS, 2009).

Os gendtipos 1, 2 e 3 apresentam distribuicdo universal, mas a prevaléncia
de cada um destes gendtipos varia de acordo com a drea geografica. O genétipo 1 € o mais
prevalente mundialmente, sendo que a sua freqiiéncia varia de 40 a 80%, dependendo da
regidio. O genétipo 4 é endémico no Egito e encontrado em outros paises da Africa e Oriente
Médio. Gendtipos 5 e 6 sdo encontrados na Africa do Sul e Hong Kong, respectivamente
(SIMMONDS et al., 1994; SIMMONDS, 2004; MARTINS et al., 2006). No Brasil, o padrao
de distribuicao dos gendtipos segue o padrao mundial, sendo o gendtipo 1 o mais prevalente
(65%), seguido do genétipo 3 (30%), gendtipo 2 (4%), e outros gendtipos (1%) (Campiotto et
al., 2005; Martins et al., 20006).

Como outros virus de RNA, o HCV existe em um hospedeiro como um
conjunto de variantes distintas geneticamente, mas altamente relacionadas, que sao referidas
como quasiespecies (MARTELL et al., 1992; DOMINGO et al., 2006). As quasiespecies
diferem em sitios nucleotidicos no genoma viral em menos de 10% (ZHOU et al., 2007).
Muiltiplas variantes genOmicas presentes simultaneamente e a alta taxa em que novas

variantes sdo geradas, estdo relacionadas a falta de atividade corretiva da NS5B RdRp durante
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a replicacdo do genoma viral e a abundancia de virions que sdo produzidos diariamente. Estes
dados indicam que a taxa de mutacdo no HCV é de 1.5 — 2.0 X 10 substitui¢des de bases,
por sitio do genoma, por ano (LE GUILLOU-GUILLEMETTE et al., 2007).

Como conseqiiéncia das substituicdes incorporadas no genoma do HCV,
uma propor¢do substancial de quasiespecies serd defectiva devido ao potencial deletério de
determinadas mutacdes. Em contraste, mutagdes ndo deletérias que sao acumuladas durante os
ciclos de replicacdo, sdo transmitidas para a progénie viral e poderdo conferir vantagens ou
desvantagens para cada quasiespecies, de acordo com o ambiente replicativo (PAWLOTSKY,
2003). A variagdo nas quasiespecies representa um grande problema para os individuos
infectados, devido as implica¢des do potencial adaptativo do HCV na evasdo e controle da
resposta do hospedeiro a infec¢cdo, e na sensibilidade diferencial a terapia baseada em IFN
(GALE; FOY, 2005).

A persisténcia viral pode ser determinada por muitos fatores que incluem
alta heterogeneidade do virus. A alta diversidade do HCV pode favorecer e proporcionar
melhores chances na emergéncia de variantes resistentes ao tratamento, e varios estudos
relacionaram a composicdo de quasiespecies com resisténcia viral ao tratamento. Entretanto,
esses dados ainda sdo controversos, pois diferentes resultados foram obtidos por meio de
diferentes metodologias e regides virais distintas (TOYODA et al., 1997, PAWLOTSKY,
PELLERIN; et al., 1998; UEDA et al., 2004; PUIG-BASAGOITI et al., 2005; SALMERON

et al., 2006; JAIN et al., 2009; SALUDES et al., 2010).

Proteina Nao-estrutural SA

A NS5A ¢é uma fosfoproteina multifuncional de aproximadamente 447
residuos, que pode ser encontrada em uma forma basal fosforilada (56 kDa) e hiperfosforilada

(58 kDa). A hiperfosforilagdo € um processo dependente de residuos de serina na regido
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central (224, 228 e 231) e da associacdo entre a NS5A e a NS4A nos residuos 162-166
(TANJI, HUIKATA; et al., 1995; TANJI, KANEKO; et al., 1995; ASABE et al., 1997). A
proteina completa é dividida em trés dominios intercalados por sequéncias de baixa
complexidade: o dominio I (residuos 01 a 213), o dominio II (residuos 250 a 342) e o dominio
I (residuos 356 a 447) (TELLINGHUISEN et al., 2004; TELLINGHUISEN;
MARCOTRIGIANO; RICE, 2005) (Figura 3).

Os primeiros 30 aminodcidos no aminoterminal da NS5A sdo
correspondentes a um dominio de ligacdo a membrana e pode ser responsdvel pela localizacao
da proteina no reticulo endoplasmdtico. Esta regido foi predita formar uma alfa-hélice
anfipdtica altamente conservada e ser necessdria e suficiente para mediar a associa¢do da
NS5A com a membrana do Reticulo endoplasmatico (MACDONALD; HARRIS, 2004; HE;
A.; TAN, 2006). A funcdo de ancoragem a membrana € essencial para a replicagdo viral
(SAUTER et al., 2009). Os 180 aminoécidos seguintes formam o restante do dominio I, e
constitui uma regido altamente conservada e apresenta a estrutura do sitio de ligacdo ao zinco,
processo essencial para a replicacio do HCV (GALE et al., 1998; TELLINGHUISEN et al.,
2004) (Figura 3).

Os dominios II e III apresentam enovelamento ndo-definido e ndo sdo tdo
bem caracterizados quanto o dominio I (LIANG et al., 2007; HANOULLE et al., 2009).
Proteinas sem enovelamento demonstram alta flexibilidade, caracteristica que pode permitir a
adaptacao da estrutura local ou global ao ambiente celular. Essa flexibilidade intrinseca da
estrutura permite o reconhecimento de um grande nimero de ligantes sem comprometer a
especificidade protéica (WRIGHT; DYSON, 1999). O dominio III indica ndo ser essencial
para a o processo de replicagdo do RNA viral, mas foi demonstrado que participa da
montagem do virion. Além disso, foram identificados diversos sitios de fosforilacdo neste

dominio (APPEL et al., 2008; HUGHES et al., 2009).
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Figura 3. A) Esquema estrutural da NS5A, mostrando as principais regides conhecidas. CRS: ancora de
membrana, Zn-bd: regido de ligacdo ao Zinco, NS4A-bd: regido de ligacdo a NS4A, ISDR: regido de
sensibilidade ao Interferon, PKR-bd: regido de ligacdo a PKR, NLS: sinal de localiza¢do nuclear. Os nimeros
estdo de acordo com o protétipo HCV-J (HOFMANN; ZEUZEM; SARRAZIN, 2005). B) Esquema em cartoon e

superficie da CRS, de acordo com o arquivo do PDB 1R7C.

Um evento pos-traducional observado na NS5A € o processamento
proteolitico para ativar um sinal de localizacdo nuclear NLS (aa 2326-2334 do genoma
completo ou aa 354-362 da NS5A) (Figura 3). Embora a proteina NS5A completa esteja
localiza no citoplasma, formas da NS5A de 31 kDa (aa 2127-2361 do genoma completo ou aa
155-389 da NS5A), resultante de clivagens por caspases celulares, foram localizadas no
nicleo, sugerindo que estas formas da NSSA podem migrar para dentro do nicleo e agir como
ativadores transcricionais potentes. Outros estudos indicam que a presenca da regido N-
terminal de 27 aa, denominada sinal de reten¢do citoplasmatica CRS (aa 1973-1999 do
genoma completo ou 1-27 da NS5A) (Figura 3) € capaz de manter a proteina NS5A no

citoplasma, mostrando uma atividade dominante sobre a NLS (Reyes, 2002).
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A proteina NS5A € a proteina mais relacionada a resisténcia ao IFN.
Seqiiéncias gendomicas completas do HCV de pacientes respondedores e nao-respondedores
ao IFN-a (Interferon-at) foram analisadas, resultando na identificacdo de uma regido
heterogénea na NSS5A descrita como regido determinante de sensibilidade ao Interferon
(ISDR) (Figura 3). O aumento do nimero de mutagdes nesta regido foi correlacionado ao
aumento da taxa de resposta viroldgica sustentada, sugerindo uma possivel relacdo da NS5A
em conferir sensibilidade ou resisténcia a terapia com IFN-a (ENOMOTO et al., 1995;
ENOMOTO et al., 1996). Entretanto, o fator preditivo das muta¢des na ISDR na resposta ao
tratamento com IFN foi questionado por outros estudos, que observaram resultados
contrastantes (CHAYAMA et al., 1997; KOMATSU et al., 1997; KUROSAKI et al., 1997).
Posteriormente, dois estudos baseados na andlise de 675 e 1230 seqiiéncias ISDR publicadas
individualmente em banco de dados demonstraram uma forte correlacio da NSSA ISDR com
a resposta ao IFN (WITHERELL; BEINEKE, 2001; PASCU et al., 2004). A resisténcia ao
IFN seria explicada pela habilidade da NS5A ligar-se a quinase indutora de interferon ativada
por RNA dupla fita (PKR), levando a sua inibicdo (GALE et al., 1997).
Apesar da intensiva investigacdo no papel da NSS5A na resposta ao
tratamento, uma resposta conclusiva ainda nao foi obtida. Alguns estudos reportaram que a
baixa complexidade e variabilidade da regido NS5A completa, ou sub-regides, de variantes
virais observadas em amostras coletadas antes do inicio do tratamento de pacientes infectados
cronicamente com C, estdo associadas a resposta virolégica sustentada (PUIG-BASAGOITI
et al., 2005; JAIN et al., 2009). Jain e colaboradores, concluiram em seu estudo que o efeito
antiviral inicial do interferon é determinado, pelo menos em parte, pela composi¢ao viral no
inicio da terapia, quando analisada a regido NS5A (JAIN et al., 2009). Por fim, evidencias

sugerem que certas caracteristicas do HCV, como a alta variabilidade genética viral da regido



25
NS5A, podem ser indicativas da resisténcia ao tratamento baseado em IFN (PAWLOTSKY,

GERMANIDIS; et al., 1998).

Tratamento

O Interferon o (IFN-a) foi o primeiro tratamento que mostrou ter um efeito
benéfico nos pacientes com hepatite C cronica. Porém, a administragcdo de IFN-o como
monoterapia apresentou uma taxa de resposta virolégica sustentada em 16 — 20% dos
pacientes tratados, e em 35 - 40% dos pacientes submetidos a tratamento combinados de IFN
e ribavirina (FELD; HOOFNAGLE, 2005; PAWLOTSKY, 2006).

Posteriormente, terapias baseadas na administracdo de interferons
modificados pela adicdo de uma molécula de polietileno glicol demonstraram ser mais
eficientes que as terapias que envolvem a utilizacdo do interferon convencional. O maior
efeito do PEG-IFN ¢é o retardamento na eliminacao da droga, possibilitando a manutencao de
uma concentracdo estdvel no sangue, com a administracdo da droga uma vez por semana.
(MORENO-OTERO, 2005; HAYASHI; TAKEHARA, 2006).

Atualmente, a combina¢do de PEG-IFN e ribavirina € a melhor terapia para
o tratamento da hepatite C cronica. Em estudos com pacientes cronicamente infectados, que
ndo apresentavam cirrose hepdtica, a taxa de resposta viroldgica sustentada foi de 76 — 84%
em pacientes com infeccdo pelo gendtipo 2 ou 3 do HCV, e de 42 — 52% em pacientes
infectados com HCV do gendtipo 1 (WOHNSLAND; HOFMANN; SARRAZIN, 2007,
KLENERMAN; FLEMING; BARNES, 2009). Entretanto, o tratamento com PEG-IFN é caro
e apresenta efeitos colaterais diversos levando a complicagdes durante o tratamento. Além
disso, devido ao alto custo da terapia, o IFN convencional ainda se mantém como terapia

principal em paises subdesenvolvidos (MUNIR et al., 2010).
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A resposta viroldgica sustentada (SVR, sustained virological response) é
definida pela auséncia de detec¢do de RNA do HCV por no minimo 6 meses apés o término
da terapia, com limite de deteccdo de 50 unidades internacionais/mL (LINDSAY, 1997).
Outro padrio de resposta a terapia € a resposta ao final do tratamento (ETR, end of treatment
response) que ocorre em 10 - 25 % dos pacientes, e é determinada pela auséncia de RNA de
HCV ao final do tratamento com posterior deteccdo no periodo pods-tratamento. Nao
respondedores (NR, non-responders) compreendem um terco dos pacientes infectados
tratados, e sdo pacientes no qual é observada a deteccdo continua do RNA de HCV durante e

apo6s o tratamento (FELD; HOOFNAGLE, 2005; HAYASHI; TAKEHARA, 2006) (Figura

4).
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Figura 4. Resposta viroldgica a terapia de peginterferon e ribavirina. SVR: resposta virolégica sustentada,
NR: ndo-respondedor, ETR: Resposta ao final do tratamento. Fonte: adaptada de Feld & Hoofnagle, 2005.



27
Alguns fatores estdo relacionados com a resposta a terapia baseada em IFN.
Estes fatores compreendem caracteristicas do hospedeiro, tais como sexo, idade, peso
corporal, racga, co-infeccdo com virus da hepatite B, duracdo da infec¢do e doenca avancada
do figado, bem como caracteristicas virais, tais como genotipo, carga viral e quasiespecies
(FELD; HOOFNAGLE, 2005; MORENO-OTERO, 2005; SALMERON et al., 2006;
WOHNSLAND; HOFMANN; SARRAZIN, 2007).
Embora um melhor conhecimento sobre os aspectos biologicos do HCV
tenha ocorrido nos udltimos anos, uma terapia eficaz para o tratamento da hepatite C
permanece uma problemdtica para a maioria dos pacientes infectados (JAWAID;
KHUWAIJA, 2008; CHATTOPADHYAY et al., 2009). Estratégias como a formulagcdo de
novas moléculas de IFN como o Albuferon, formada pela fusdo de IFNa e albumina humana,
inibidores da protease NS3/4A e a polimerase NS5B viral, interferéncia de RNA etc estdo em
desenvolvimento (SHIMAKAMI; LANFORD; LEMON, 2009; MALLET; VALLET-
PICHARD; POL, 2010). Entretanto, a natureza altamente replicativa e a capacidade viral do
HCV em sustentar mudancas nucleotidicas no genoma viral de forma eficiente, produzindo
variantes resistentes a drogas apresentam-se como grandes barreiras para o desenvolvimento
de terapias bem sucedidas para o tratamento da hepatite C (KITAZATO; WANG;

KOBAYASHLI, 2007).
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2. OBJETIVO

Analisar a dinamica evolutiva das quasiespécies do HCV gendétipo 1 por
meio da regido NS5A em amostras de pacientes tratados com PEG-IFN e ribavirina, e avaliar

a importancia da diversidade genética na resposta ao tratamento.
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ABSTRACT

The quasispecies composition of Hepatitis C virus (HCV) could have important implications
with regard to viral persistence and response to interferon-based therapy. The complete NS5A
was analyzed to evaluate whether the composition of NS5A quasispecies of HCV 1a/lb is
related to responsiveness to combined interferon pegylated (PEG-IFN) and ribavirin therapy.
Six hundred and ninety full-length NS5A sequences were generated from samples collected
before, during and after treatment from virological sustained responder, non-responder and
the end-of-treatment responder patients. This study provides evidence that homogeneity of
quasispecies composition, low diversity and less complexity of the NS5A region pre-therapy
are associated with viral clearance. Therefore, higher diversity and complexity of quasispecies
could offer the virus a better opportunity of evading anti-viral therapy. Phylogenetic
relationships concerning complete NS5A sequences obtained from patients did not
demonstrate clustering associated with specific response patterns. However, distinctive
clustering of pre/post-therapy sequences was observed, suggesting that an evolutionary
process occurred during the time course examined. In addition, the evolution of quasispecies
over time was subjected to purifying or relaxed purifying selection. This could explain the
initial diversified composition of quasispecies at baseline, followed by an increase in the
frequency of a predominant quasispecies in ‘after treatment’ samples of non-responders and
end-of-treatment responders, probably because it offers some advantage for the virus. These
results suggest that quasispecies diversity of the NS5A region could be important for
elucidating the mechanism underlying treatment failure in patients infected with chronic

hepatitis C.
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INTRODUCTION

Hepatitis C virus (HCV) is the major etiological agent of chronic hepatitis worldwide and
approximately 130 million people are infected with this virus [1]. Chronic infection frequently
progresses to liver cirrhosis with an elevated risk for the development of hepatocellular
carcinoma [2,3].
The only effective treatment for chronic hepatitis C is based on interferon (IFN) or pegylated
IFN in combination with ribavirin (RBV), leading to a sustained virological response in
approximately 50% of patients infected with genotypes 1a/1b [4,5]. Several host parameters,
disease characteristics and virus-related factors are relevant to the possibility of permanent
viral clearance after therapy [6,7].
A member of the family Flaviviridae, HCV is an enveloped virus with a positive, single-
stranded RNA genome approximately 9.5 kb in length, encoding a single polyprotein of
approximately 3000 amino acids that is co- and post-translationally cleaved by viral and
cellular proteases into structural and non structural proteins [8].
HCV is classified into seven genotypes, HCV-1 to -7, with each genotype being further
subdivided into subtypes such as HCV-1a and 1b [9,10]. Furthermore, in infected individuals,
HCV circulates as a population of several closely related viral variants referred to as
“quasispecies” [11,12]. New variants are continuously generated during viral replication as a
result of errors made by the viral RNA-dependent RNA polymerase, which lacks proofreading
activity, during rapid replication [13]. The quasispecies nature of HCV could have important
implications for viral persistence, pathogenicity and resistance to anti-viral agents [14,15].
The non-structural SA (NS5A) protein is implicated in interferon resistance [16]. Enomoto et
al. [17,18] suggested that the genetic heterogeneity of a specific domain of the NS5A region
of HCV, termed the IFN sensitivity determining region (ISDR), was related to treatment

responses in Japanese patients with HCV genotype 1b infection. This is a controversial issue,
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but analysis of published information supports the hypothesis that a relationship exists
between NS5A heterogeneity and response to therapy [19,20,21,22].

NS5A is an RNA binding phosphorylated protein comprising three domains separated by
trypsin-sensitive low complexity sequences (LCS I and LCS II) and an N-terminal
amphipathic alpha-helix that anchors the protein to intracellular membranes [23,24,25]. Full-
length NS5A protein appears to be located exclusively in the cytoplasm. However, N-terminal
deleted forms have been found in the nucleus, suggesting that they can move to the nucleus
and act as potent transcriptional activators [26,27,28].

The NSS5A region has generated much interest owing to its association with responses to
therapy. In the present study, the evolution of the complete NS5A region of HCV genotypes
la and 1b was examined in patients undergoing pegylated IFN plus ribavirin therapy. The
results demonstrate that quasispecies diversity and complexity of the NS5A region could help
elucidate the mechanism underlying treatment failure in patients infected with chronic

hepatitis C.

RESULTS

Patient characteristics

The characteristics of the patients are presented in Table 1. The population was predominantly
male (NR 75% vs. SVR 67% vs. ETR 100%); 55% of patients were infected with HCV
genotype la (NR 25% vs. SVR 67% vs. ETR 75%) and 45% of patients were infected with
HCV genotype 1b (NR 75% vs. SVR 33% vs. ETR 25%). The mean age of the patients was
43 +13.9 years (NR 46.3 £10.6 vs. SVR 39.7 + 2.6 vs. 42.3 £ 6.2). No statistically significant
differences were observed between groups.

The levels of viremia in baseline samples did not differ significantly among the patient groups

(NR 6.52 vs. SVR 6.39 vs. ETR 6.17). Patients who did not respond to therapy had a
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significant decrease in viremia after 12 weeks of treatment (4.99 £ 0.94 log IU/ml; p=0.002),
with recovering levels in samples collected after therapy was complete (6.30 — 6.86 log
[U/ml). The viral load values varied among the samples from end of treatment responders.

The mean viremia levels for these patients ranged from 4.99 to 5.90 log IU/ml (Table 1).

Nonsense mutations in the NS5A region are observed in vivo

The dataset of 690 entire NS5A sequences was submitted for genetic analysis. Eight nonsense
mutations were detected in the NS5A sequence, two of them being common to more than one
sequence. Codon 9 nonsense mutation was observed in two clones (before treatment samples
from patients PCZ and EAC) and codon 84 in three clones (two clones in the EAO6m and one
clone in the AAF4m sample). Nonsense mutations were also observed in codons 47 (before
treatment sample from RMO), 233 (CSM5m) and 399 (ACC12wt) (Figure 1). The majority of
nonsense mutations were detected in Domain I of the NS5A region (codons 47 and 84), with
only one being located in domain III (codon 399), one in the Alpha Helix (codon 9) region
and one in the Low Complexity Sequence I Region (codon 233). The numeration of codons
was based on the NS5A protein, the first codon being the first amino acid coded for in the
NSS5A genomic region.

Part of this nonsense mutation could provide a functional NS5A protein. Therefore, the
sequences at the N-terminal region of NS5A in which the nonsense mutation occurred were
analyzed to locate the next methionine residue. The methionines are highlighted in figure 1a.
The nonsense mutation 399 was not investigated owing to the presence of a methionine after
it. This sequence could provide functional proteins despite missing a C-terminal portion

(Figure 1b).
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Low genetic complexity and diversity of NS5A are indicative of sustained response
Shannon entropy analysis showed that the genetic complexity of the NS5A region at baseline
was significantly lower for the SVR group (mean value 0.00706) than for the NR (0.017529)
and ETR groups (0.017427) (p=0.0253 and p=0.0265, respectively) (Figure 2a). The genetic
diversity, calculated using the genetic distance, was also significantly lower for the SVR
group (0.0050) than for the NR (0.0133) and ETR (0.0148) groups (p=0.021 and p=0.022,
respectively; Figure 2b). These results demonstrated that quasispecies of SVR samples at
baseline are less complex and diverse than those of NR and ETR samples. The mean entropy
and genetic distance of during-treatment samples for NR and after the completion of therapy
for NR and ETR samples were comparable when the results of diversity and complexity of
each patient were analyzed individually, but no profile was detected for patients in the same
response group. Generally, values had a propensity to decrease in samples collected during
and after the end of treatment. However, these differences were not significant (Table 1 and

Figure 2).

NSS5A quasispecies composition is dynamic over time

In order to evaluate the number of NS5A quasispecies in each sample, all sequences in this
study were analyzed using LOCQSPEC 1.0 software. Figure 3 presents LOCQSPEC 1.0
analyses for ETR and NR patients. The percentages of different quasispecies in ETR, NR and
SVR samples are presented in table 2.

Concerning ETR patients, there was no specific profile of quasispecies diversity. However,
samples showed a more varied quasispecies composition before treatment (PCZ 87%, CSM
80%; AAF 93% and RMO 100%) and a more homogeneous composition in several of the
after-treatment samples (PCZ5m 33%; CSM5m 54% and RMO5m 73%, for example).

Despite this, the composition of quasispecies in the samples collected after treatment
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demonstrated different dynamics. PCZ and CSM samples presented with an oscillation in the
quasispecies composition. There was a decrease in diversity in the 2m samples (PCZ2m and
CSM2m 47%), an increase in the 4m samples (PCZ4m 67% and CSM4m 73%), a decrease in
the Sm samples (PCZ5m 33% and CSM4m 54%) and an increase in 6m samples (PCZ6m
47% and CSM6m 73%). Patient RMO presented with a significant decrease in the 4m (60%)
and increase in the 6m sample (100%), and patient AAF showed a degree of homogenization
in the last sample analyzed (AAF6m 87%) Table 2.

In some cases, the homogenization of quasispecies composition appeared to be related to the
appearance of predominant quasispecies. For patient PCZ, the predominant quasispecies was
identified two months after the end of treatment (40% of sequences) and was sustained
(PCZ3m 40%; PCZAm 26%; PCZ5m 73%; PCZ6m 60%). The same dynamic was observed
for patient CSM (CSM 2m 60%, CSM 3m 60%; CSM 4m 33%; CSM 5m 53%; CSM 6m
33%). Patient AAF revealed the same quasispecies throughout the after treatment samples but
the frequency was low (AAF4m/5m 6%; AAF6m 13%). A quasispecies was identified across
RMO samples (RMO3m/4m 6%; RMOS5m 27%), but the same quasispecies was not identified
at RMO6m (Figure 3a).

The NR samples presented with a more heterogeneous quasispecies composition than the
ETR patient samples (Table 2). Patients EAO and ACS showed a decrease in quasispecies
diversity in samples collected during treatment (EAO12wt/ACS12wt). A specific quasispecies
was observed across the samples but did not appear to be related to homogeneity. The ICC
was the only patient in whom the same quasispecies were identified in before- and after-
treatment samples (Figure 3b).

The SVR samples contained the most homogeneous quasispecies composition when

compared with ETR and NR samples collected before treatment (Figure 3c).
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NS5A quasispecies experience genetic evolution over time
Phylogenetic trees were reconstructed from 690 full-length NS5A sequences and reference
sequences as described in the Methods section. Sequences clustered according to genotype,
presenting monophyletic clusters with genotype la or 1b references. Viral isolates
corresponding to the same patient samples also clustered, showing they were more closely
related than other patient isolates (Figure 4). The topology of sequences from each patient was
individually analyzed to evaluate the phylogenetic relationship among isolates. In general, the
phylogenetic analysis suggested clustering of isolates of samples collected before treatment
from ETR patients (Supporting Information Fig S1-S4). All quasispecies from samples
collected before treatment were grouped in a monophyletic group for patients AAF and PCZ.
The isolates of samples collected at different times after treatment were mixed and grouped
into another cluster. The topology of clusters was 80% sustained by the bootstrap value for
PCZ sequences. Fourteen of the fifteen quasispecies identified in samples collected before
treatment were grouped together in a monophyletic group (67% sustained by the bootstrap
value) in the CSM sample analysis. Patient RMO topology demonstrated a monophyletic
group of 11 ‘before-treatment’ quasispecies (89% sustained by the bootstrap value). Before
treatment, quasispecies clustering was observed for EAO from NR patients, where 13 of the
15 isolates were grouped as a monophyletic cluster. Sequences from samples collected before
treatment from patients ACC, ACS and ICC tended to group together with quasispecies
identified after 12 weeks of treatment. However, bootstrap values only sustained clusters for
patient ACS (bootstrap value of 69%). (Supporting Information Fig S5-S8)
In some cases, the phylogenetic analysis suggested that isolates identified in samples collected
after treatment demonstrated the longest distances from the main nodes (Supporting

Information).
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NSS5A quasispecies are under relaxed purifying selective pressure
Phylogenetic trees were reconstructed using DNA alignment of pre and post-therapy NS5A
sequences corresponding to each patient in the study. The set of sequences relative to a
specific patient was subjected to phylogenetic reconstruction by maximum likelihood. As a
result, eight individual phylogenetic trees were generated (Supporting Information Fig S1-
S8). In order to test whether selection pressure varied among different clades, one or two
clades of interest were selected for testing. Clades with predominant quasispecies and those in
which isolates identified in samples collected after treatment that demonstrated the longest
distances from the main nodes were selected, making the assumption that the clade of interest
would demonstrate different values of ® (dN/dS) from other branches of the tree. For patient
CSM, it was not possible to select any specific clade; the detailed results are presented in
Table 3. The values of ® ranged among patients from ® = 0.1101 to ® = 0.7177, and the
majority of values indicated a purifying selection or relaxed purifying selective pressure. In
Figure 5, the ® values illustrate this variation. For patients RMO and ACS, the foreground ®
values were statistically different from the background ones. For these patients, two clades
were selected for analysis using phylogenetic topology. For patient RMO these were clade
one, where post-therapy quasispecies demonstrated the longest distances, and clade two,
where predominant quasispecies were grouped. Accordingly, their ® values were different
(clade 1: ®F = 0.2487, 2Al = 6.4343, and clade 2: oF = 0.7177, 2Al = 21.4983). For patient
ACS, clade one, where post-therapy quasispecies were located, and clade two, where
quasispecies from the first sample collected after the end of therapy were grouped, were
selected for analysis. The ® values were different for each of these clades (clade 1 ®F =
0.2685, 2Al = 9.264, and clade 2 ®F = 0.5783, 2Al = 11.8750). These results indicate a
relaxed purifying selection, with the exception of ®F = 0.7177, which approximates to neutral

evolution.
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DISCUSSION

Hepatitis C virus (HCV) has been the subject of research and clinical investigations because
of its worldwide prevalence and major role in chronic liver disease. The only approved
therapy is interferon-based in combination with ribavirin, but it results in low rates of
sustained virological response (SVR). Many viral and host factors are predictive of the
virological response [6,7]. Viral factors other than genotype and viral load may be involved in
the response to combined Pegylated IFN and ribavirin therapy.
Quasispecies composition appears to be important in the IFN resistance mechanisms [29], and
genetic variability has been studied in various regions of the HCV genome, mainly in the E2
and NS5A regions [30,31,32,33]. However, few reports have investigated the complete NS5A
region [30,31,34,35,36,37] and/or the quasispecies evolution during Pegylated Interferon and
Ribavirin anti-viral therapy [21,38]. Additional investigation of NS5A region variability may
be relevant as heterogeneity in this region before treatment has been related to IFN-
monotherapy responsiveness. However, studies have presented controversial data and the
mechanism underlying how NS5A interferes with responsiveness to treatment has yet to be
elucidated.
In the present study, the genetic variability of the complete NS5A region in patients infected
with HCV genotype 1 was analyzed. Six hundred and ninety sequences of the entire NS5A
genomic region from 11 patients’ samples were analyzed. No specific profile of quasispecies
diversity for all patients from each response type could be identified. However, samples
showed less complexity and lower diversity of quasispecies composition pre-therapy
(baseline) for sustained virological responders (SVR) than for non-responders (NR) and
patients who relapsed after the end of therapy (ETR).
These findings are consistent with previous observations made on patients undergoing anti-

HCYV therapy. It was suggested that less complexity and lower diversity of HCV quasispecies
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at the baseline is associated with viral clearance [19,21,39,40,41]. In addition, evidence
indicates that HCV characteristics including the high genetic variability could be responsible
for the low efficiency of anti-HCV treatment [22]. Jain et al. observed that the initial anti-viral
effect of interferon is influenced by the genetic composition of the viral quasispecies at the
time of treatment initiation, and patients who demonstrated high viral diversity are less likely
to respond to combined treatment [21]. Therefore, it is possible that higher diversity of
quasispecies provides the virus with a better opportunity of evading anti-viral therapy.

In agreement with the genetic distance and entropy results, the number of viral strains at
baseline was lower for SVR patients than NR and ETR patients, showing that quasispecies
composition was more homogeneous than other groups of responses. A recent study
evaluating the clinical and virological parameters that could be associated with or predictive
of therapy outcome at baseline demonstrated that a higher number of quasispecies variants in
the E1 E2 region was significantly associated with treatment failure. The authors inferred that
independent factors cannot provide a consistent prediction of therapy response, and that host
and virus characteristics are involved in treatment failure [42].

Analyzing ETR samples, it was evident that quasispecies composition, analyzed by tracking
the number of strains in post-therapy samples, was more homogeneous than in other samples.
This homogeneity was most dramatic in patients CSM and PCZ, who presented with
homogeneous quasispecies composition from the rebound and sustained it (last processed
sample 24 weeks after the end of therapy). As with ETR patients, the HCV RNA is
undetectable by the end of therapy, suggesting that the selective pressure of therapy acts on
quasispecies diversity during therapy until HCV becomes undetectable in samples. It is
plausible that during or after the end of therapy a predominant quasispecies rises in frequency

owing to its ‘better fitness’, while others decrease progressively in frequency or are
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eliminated. The persistence of this predominant variant could be favorable for sustaining the
infection, causing it to become chronic again.

Farci at al. evaluated the quasispecies composition of the E1/E2 region in samples from
patients who were untreated or treated with conventional IFN combined with ribavirin.
Analyzing samples of relapse patients, they observed greater viral diversity at baseline (no
strain comprising more than 25% of the population), and an emergence at relapse of a new
dominant strain, or the emergence of a minor dominant population [43]. They inferred that the
emergence of a new viral strain after rebound implies that the majority of baseline variants
were sensitive to IFN and that the origin of these new strains is uncertain. The authors
suggested several hypotheses for the origin of these new strains including that they could be
new mutants, variants that were present at undetectable levels before its onset, or variants that
pre-existed in viral reservoirs that were less accessible to IFN. The authors concluded that it is
probable that very low levels of virus replication continued to occur despite the disappearance
of viremia [43].

A study focusing on breakthrough response pattern, defined by patients who have an initial
response followed by reactivation whilst receiving IFN therapy, did not identify quasispecies
variants from breakthrough in baseline samples [38]. This study assumed that HCV variants
sampled at the time of breakthrough represent drug-resistant quasispecies, and if present at
baseline, they must be present very low frequency. According to the authors it is possible that
viral breakthrough could be attributed to the selection of pre-existing drug-resistant variants
or the emergence of a different quasispecies with reduced sensitivity to IFN, explaining the
new viral variants evident at breakthrough. The study indicated that selection is mostly
responsible for appearance of drug resistant quasispecies at the breakthrough point [38]. As

breakthrough and relapse indicate rebound of infection after undetectable HCV RNA levels, is
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reasonable that the results presented herein are in agreement when considering the
quasispecies composition and diversity at breakthrough and relapse time.

The data collected from non-responder samples revealed a very diverse composition of viral
strains over the time course of the investigation. As described previously, the high variability
of the quasispecies population in these patient samples might represent a continuous process
of adaptation [44], as these variants were continuously eliminated during and after the end of
treatment in most cases. Alternatively, it could offer the virus some advantage in sustaining
the infection as a large number of quasispecies may indicate a better opportunity for virus
persistence [45,46].

Pawlotsky et al. compared pre- and post-therapy NS5A amino acid sequences from non-
responder patients and demonstrated that most variants from after-treatment samples were not
detected before treatment, whereas most pre-treatment variants were no longer evident after
treatment [22]. The data presented here agree with their findings, with the exception of
samples from patient ICC. In the ICC samples, when investigating quasispecies composition,
a variant was identified at baseline (13% of NS5A amino acid sequences) that was detected
after 12 weeks of treatment and two months after therapy was completed. Several studies have
showed that variants resistant to therapy may be present before treatment, and it is proposed
that the persistence of these variants in patients who fail to respond suggests the existence of
virus strains with inherent resistance to IFN [43,47].

Consistent with previous observations, phylogenetic analysis of virus sequences obtained
from patients failed to show any clustering associated with specific response [35,36,43,48].
However, the data suggested that pre- and post-therapy isolates from samples of ETR patients
tended to group in different branches. For NR samples, before-treatment quasispecies variants
tended to group with quasispecies found after 12 weeks of treatment, and post-therapy

sequences grouped together in another branch. The distinctive clustering of pre/post-therapy
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sequences had been described previously [22,38,49], and suggests that an evolutionary
process occurred over time. In some cases, the phylogenetic analysis demonstrated that
isolates identified in after-treatment samples had the longest distances from the main nodes.
This may suggest that changes can improve the fitness of quasispecies in order to establish a
persistent infection after treatment selection pressure.

In order to investigate whether quasispecies in samples collected after treatment or
predominant quasispecies identified over the time course were under differential selective
pressure, the set of sequences of each NR and ETR patient underwent selective pressure
analysis. Anti-viral drugs could put selective pressure on regions of the virus genome,
resulting in predominance of more adaptive variants. In general, the results showed that a
purifying selection is driving the evolution of quasispecies over time. This may explain the
initial diversified composition of quasispecies at baseline for some ETR and NR patients, and
an increase of a predominant quasispecies probably offers some advantage for the virus. The
purifying selection was relaxed in some cases (clades selected for patients ACS and RMO),
and allows non-predominant and less advantageous variants to survive at a lower frequency.
Relaxed purifying selection may be indicative of some codons of the entire protein being
under positive selection. A study analyzing PKR binding domain and the V3 domain in the
NSS5A region identified positively selected sites but failed to detect a pattern mechanism for
the inefficient response to anti-viral treatment. The strategies that HCV applies to escape
selective pressure of treatments and the host immune system depend on a set of factors that
confer resistance so that the virus persists [50].

Genetic analyses identified nonsense mutations in the NS5A sequence of some HCV variants.
Nonsense mutations in samples from HCV-infected patients have been described [35,36,51],
but the structural and functional implications of such mutations detected in vivo are unclear.

Most of the nonsense mutations detected were located in the N-terminal region of NS5A
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(Alpha Helix, Domain I or Low Complexity Sequence I regions of the NS5A); only one was
located in the C-terminal region (domain III). It is known that N-terminal mutants of NS5A
are preferentially located in the nucleus and are reported to function as transcriptional
regulators. A recent study using a HCV replicating cell system revealed that during the life
cycle a variety of N-terminally truncated NS5A fragments are generated [52]. Tests on several
of these truncated NS5A fragments demonstrated that the truncated forms NS5A 31-449,
NS5A 221-449 and NS5A 301-449 were preferentially located in the nucleus, and NS5A 105-
449 was equally distributed between the cytoplasm and nucleus. The full length NS5A (1-
449) was located in the extra-nuclear compartment as previously described. However,
truncated forms impaired HCV replication. In contrast, domain III of the C-terminal NS5A
region can be deleted with no or minimal effect on RNA replication [53,54], but the C-
terminal region residing between amino acid residues 2404 and 2435 of domain III is crucial
for virus production [55]. In order to elucidate the effects of nonsense mutations identified in
the present study, further analysis with HCV replicating cells is necessary. Truncated NS5A
forms observed in previous studies show drawbacks in terms of replication or assembly, but
these effects could be overcome by the diversity of quasispecies composition. Furthermore,
the generation of N-terminally truncated forms of NS5A that interfere with the vital process
of virus replication may represent an alternative mechanism to regulate HCV replication [52].
In conclusion, this study demonstrates that the analysis of quasispecies diversity of the NSSA
region could provide important information for elucidating the mechanism underlying
treatment failure in patients with chronic hepatitis C infection. The results indicate that
heterogeneous diversity of quasispecies pre-therapy could be indicative of a low response to
IFN-based therapy, and that homogeneity of quasispecies composition at baseline is
associated with viral clearance. In addition, quasispecies distribution of NS5A was variable

and distinctly clustered over time, indicating an evolutionary process driven by the pressure of
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therapy. Therefore, the quasispecies composition and evolution over time are relevant factors

to be considered in terms of patient outcome after combined therapy for chronic hepatitis C.

MATERIALS AND METHODS
Patients
Eleven naive patients infected chronically with HCV RNA genotypes 1a or 1b were enrolled
from the Hepatology Department of the Sdo José do Rio Preto School of Medicine. Patients
with other concomitant liver diseases [hepatitis B virus (HBV) or other hepatotropic virus
infections, alcohol abuse, autoimmune hepatitis and hereditary liver diseases] were excluded.
The Ethics Committee of the Sdo José do Rio Preto School of Medicine approved the study
(protocol number 2025/2004) under the resolution CNS 196/96 of this committee. Written
informed consent was obtained from all patients. Plasma samples were collected before,
during and after the end of treatment. During the 48-week treatment, patients received PEG-
IFN-0-2b (according to body weight) subcutaneously once a week and RBV daily, taken
orally at a dose of 600-1,200 mg (according to body weight).
The patients were classified into three groups according to their response to therapy: three
patients demonstrated sustained virological response (SVR); four patients were non-
responders (NR) and four patients were end-of-treatment virological responders (ETR) (Table
1). SVR was defined as absence of HCV RNA in plasma using qualitative PCR six months
after the end of therapy. NR was defined as continued presence of HCV RNA in plasma
during treatment and six months after the end of treatment. Patients who were HCV RNA-
negative at the end of therapy but experienced a relapse were classified as ETR.
For all patients, one sample before treatment was analyzed. Additional samples were collected

during therapy (12 weeks of therapy) and after the end of therapy (14 days, two and six
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months) for non-responders, and at the relapse time and then monthly for end-of-treatment

responders. Samples analyzed for each patient are detailed in Table 1.

RNA extraction, RT-PCR and NS5A amplification

Total RNA was extracted from 140 pl of plasma using the commercially available QIAamp
Viral RNA Kit (Qiagen, Uniscience). RNA was reverse-transcribed into cDNA using a High-
Capacity cDNA Archive kit (Applied Biosystems, Foster City, CA, USA) and random
primers. The mixture was incubated at 37°C for two hours. For amplification of the entire
NS5A region of the HCV genome, a nested polymerase chain reaction (PCR) was performed
using the primers described previously [35].

The viral load was quantified using the Cobas TagMan HCV Test according to the

manufacturer’s instructions.

Cloning and sequencing

PCR products of approximately 1.7 kb were purified and ligated into the pCR-XL-TOPO-
vector using the TOPO XL PCR cloning kit (InvitrogenTM Life Technologies, Carlsbad, CA,
USA). The ligation products were transformed into Escherichia coli competent cells
(InvitrogenTM Life Technologies, Carlsbad, CA, USA). Fifteen transformants were randomly
chosen for further studies, and plasmid DNA was isolated from a 3.0-ml broth culture using
the GeneJET plasmid Miniprep Kit (Fermentas). Recombinant pCR-XL-TOPO-NS5A clones
were sequenced using dideoxy terminator automated sequencing (ABI Prism Ready Reaction
Mix; Applied Biosystems, Foster City, CA, USA) using an ABI Prism 377 and ABI 3130XL
sequencers, according to the manufacturer’s instructions (Applied Biosystems Inc, Foster
City, CA, USA.). Eight to ten sequencing reactions were performed for each clone, using

flanking primers, M13 Forward and M13 Reverse (Invitrogen TM Life Technologies,
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Carlsbad, CA, USA), internal forward primers (1aF1 5’CACCAGTGGATAASCTCGGA3’,
laF2 5’CCCATYAATGCCTACACCAC3’, 1aF3 5’CTGTCYGCTCCATCTCTCA3’ and
laF4 5’GARTCAGARAACAAAGTGGTG3’ for genotype la; 1bF1 5’ATCCTCTCHAR-
CCTTACCAT3’, 1bF2 5° GRACATTCCCCRTCAACGC3’, 1bF3 5° 5’GTCCTRACAG-
AATCCACMGTG3’ and 1bF4 5’CCARTTGTCTGCGCCTTC3’ for genotype 1b) and
internal reverse primers (laR1 5’ACATWGAGCAACACACGAC3’, 1aR2 5’GTTCCC-
TTGAGAGATGGAGC3’ and 1aR3 STAGGCATTRATGGGGAAGGT3’ for genotype la;
1bR1 5’ARCARCAGACGACGTCCTC3’, 1bR2 5’ AGCGGGTCGAAAGAGTCCA 3’ and

IbR3 5° GAACCGTTTTTGACATGTCC3’ for genotype 1b).

Genetic Analysis of NS5A and Phylogenetic reconstruction

All sequences were subjected to Phred-Phrap programs [56,57,58]. These programs analyze
the quality of the sequences and align them in complete NSS5A contigs. Six hundred and
ninety full-length NS5A sequences were generated in this study, corresponding to 11 patients.
The nucleotide sequence contigs (1344 nucleotides for genotype 1a and 1341 for genotype 1b)
were aligned using the Clustal X program (version 1.81) [59] and amino acid sequences were
obtained. Primer sequences were removed from all sequences using the BioEdit program
(version 7.0.5.3) [60]. The genetic distance between pairs of sequences were calculated with
MEGA version 4 using the p-distance method [61]. The variability of amino acid residues in
each position (i) was measured by calculating the Shannon entropy [22]. The entropy value is
a measure of the lack of information at each position of the amino acid sequence. The
Shannon Entropy was calculated at the amino acid level as follows: H(i) = -(Zf(b,i)log(base
2)f(b,1)), where f(b,i) is the frequency with which each residue b appears in position i of the

protein. When different groups of virological response were compared, the value was
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normalized by Sn=H/logN, where N is the total number of sequences analyzed in each sample
[60].

To construct the phylogenetic tree of NS5A variants obtained from the patient samples, the
PAUP#* version 4 program was used [62]. Phylogenetic trees were constructed using the
maximum likelihood method [63] with the model of substitution, as determined by
hierarchical likelihood ratio test score criteria in Modeltest 3.06 [64]. Base frequency, gamma
distribution and transition/transversion ratios were determined (from the data) by Modeltest
3.06. A thousand replicates were used to test the reliability of the tree topology, and bootstrap
values >70 were considered significant [65]. Genetic and phylogenetic analyses were
performed using the standard genotype la sequence H77 (NC_004102.1) as a reference and

genotype 1b sequence HCV-J (D90208.1), obtained from GenBank.

Analysis of variable selective pressure

The ratio between the relative rate of non-synonymous substitution to the relative rate of
synonymous substitution (w=dN/dS) measures the strength of selection acting on a protein-
coding gene. Assuming synonymous mutations are subjected to almost strictly neutral
selection, o<1, w=1, and ®>1 represent negative selection, neutral evolution, and positive
Darwinian selection, respectively [66]. Maximum likelihood analysis of the sequence
evolution was performed using the CODEML program in the PAML 3.15 software package
[67]. Initially, phylogenetic trees were reconstructed using the maximum likelihood method
and the HKY model of substitution, as determined by hierarchical likelihood ratio test score
criteria in Modeltest 3.06 for each dataset of NS5A sequences corresponding to each non-
responder and end-of-treatment responder in this study. The ratios of global synonymous
changes per site (dS) versus replacement changes per site (dN) for each tree were calculated

using two models described by Yang [68]. The one-ratio model assumed an equal o ratio for
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all branches in the phylogeny. The two-ratio model assumed two ® ratios: one branch for the
background (® B), one for the foreground branch (o F = branch of interest) leading to a
specific clade of the phylogenetic trees, specified in the Supporting Information. This analysis
makes different assumptions about the dN/dS ratios for branches of interest relative to the
background dN/dS ratio for all other branches. For instance, the ‘‘two-ratio’” model assumes

that the branches of interest have a dN/dS ratio that is different from the background ratio.

Analysis of quasispecies composition

For analyzing quasispecies variability, software LOCQSPEC 1.0 was designed [69]. This is a
tool built in C++ programming language that allows a set of sequences to be compared,
finding similar or different sequences as results. All sequences of complete NS5A generated
in this study were subjected to the program, and the contigs that presented the same
nucleotide or amino acid sequences were grouped together. Each group corresponds to a set of
identical sequences that were identified more than once. The construction of each group
started with an identity verification based on parity among sequences that were grouped. The
first sequence of the set was directly associated with the first group. For the other sequences,
their identity was checked with regard to the entire set of existing groups. There was an
optimization step in this process to stop the verification when a mismatch was identified.
Otherwise there was identity, the sequence was associated with the group, and the next
sequence started to be verified. If all existing groups were verified and no identity was found,
a new group was formed and the new sequence was associated with it. Therefore, it was

possible to determine the number of varied and identical quasispecies in the same sample.
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Statistical Analysis
The results are presented as mean + SD, or as percentages. Comparisons among the sustained
virological responders, end of treatment responders and non-responders were determined
using Tukey’s or Fisher’s statistical test after performing an one-way ANOVA or Chi square.

In all tests, a P value less than 0.05 was considered significant.

Accession numbers
All sequences obtained in this study were submitted to the GenBank nucleotide sequence

database (http://www.ncbi.nlm.nih.gov/eenbank/) under the follow accession numbers:

HQ823765 - HQ824349, EU309511 - EU309525, EU309586 - EU309599 and EU309600 -

EU309614.
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LEGEND TO FIGURES

Figure 1. Alignment of sequence representation demonstrating the nonsense mutations
observed in this study. A) Nonsense mutation at amino-terminal of the NS5A genomic
region, positions 9, 47 and 84. B) One nonsense mutation located at the middle of the NS5A
genomic region position 233, and one nonsense mutation located at the carboxy-terminal of
the NS5A genomic region, position 399. Pink boxes indicate nonsense mutations. The next
methionines are highlighted in gray. References sequences for genotypes la (H77_NS5Ala)

and 1b (HCVJ_NS5A1b) are indicated.

Figure 2. Genetic variability of HCV quasispecies in samples collected over time. A)
Genetic complexity calculated using normalized entropy (Shannon entropy). B) Diversity of
HCV quasispecies calculated using genetic distance (p-distance). Patterns of response to
therapy are represented by colours: sustained virological responders in red, non-responders in

blue and end-of-treatment responders in green. P=value calculated using Fisher’s test.

Figure 3. Quasispecies diversity within the NS5A protein based on the number of
strains. A) The end-of-treatment responders. B) The non-responders. C) The sustained
virological responders. Vertical bars represent viral variants. Inside the bars are the numbers
of identical clones and, consequently, the number of identical quasispecies. The predominant
quasispecies identified from the samples of each patient are identified by specific colors. The

time of sample collection are indicated below the bars.

Figure 4. Unrooted phylogenetic trees reconstructed from the complete NSS5A region.
Phylogenetic tree reconstructed using the maximum-likelihood (ML) method, a heuristic

search with Nearest Neighbor Interchange (NNI) branch-swapping algorithm. A) HCV
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genotype la tree was based on the GTR+G substitution model. B) HCV genotype 1b tree was
based on the TVMef+G substitution model. References are utilized in both trees. Patterns of
response are represented by colors: sustained virological responders in red, non-responders in

blue and end-of-treatment responders in green.

Figure 5. Selection pressure in particular clades of NS5A quasispecies. Omega values ()
were analysed for sequences referent to each patient by individual reconstruction of
phylogenetic trees, using the maximum-likelihood (ML) method based on the HKY
substitution model, and analysis of specific clades (Supporting Information) using CODEML.
Patients ICC, ACS, EAO and ACC are non-responders and PCZ, AAF and RMO are end-of-

treatment responders .



Table 1. Clinical and virological characteristics of patients

i i neti hannon

SVR

MAG F 44 1b ) 6.04 0.006 + 0.001 0.0096

ELRB M 40 1a ) 6.25 0.005 + 0.001 0.0074

EAC M 35 1a ° 6.57 0.004 +0.001 0.0042
NR

ICC F 41 1a ) 5.80 0.008 + 0.001 0.0126

12wt 4.59 0.009 + 0.001 0.0113

14d 6.18 0.011 £ 0.001 0.0157

2m 6.46 0.008 + 0.001 0.0103

6m 6.40 0.007 +0.001 0.0156

ACS M 72 1b ° 6.85 0.017 £ 0.001 0.0235

12wt 3.71 0.007 +0.001 0.0140

14d 6.27 0.005 + 0.001 0.0134

2m 6.73 0.007 +0.001 0.0132

6m >7.2 0.012 £0.002 0.0192

EAO M 21 1a ) 6.92 0.012 £ 0.002 0.0202

12wt 5.54 0.006 + 0.001 0.0097

14d 6.43 0.012 £ 0.001 0.0172

2m 6.76 0.012 £ 0.001 0.0177

6m 6.96 0.008 + 0.001 0.0119

ACC M 51 1b ) 6.50 0.016 £ 0.002 0.0139

12wt 6.13 0.019 £ 0.002 0.0311

14d 6.24 0.014 +0.001 0.0206

2m 7.18 0.014 +0.001 0.0216

6m 6.83 0.014 £ 0.001 0.0216
ETR

PCz M 39 1a . 5.95 0.011 £ 0.001 0.0131

28d 4.99 0.004 £ 0.001 0.0094

2m 5.39 0.003 £ 0.001 0.0058

3m 4.74 0.003 +0.001 0.0055

4m 5.03 0.002 £ 0.001 0.0073

5m 5.26 0.001 £ 0.001 0.0033

6m 5.08 0.012 £ 0.000 0.0038

CSM M 27 1a . 6.00 0.005 + 0.001 0.0137

2m 6.63 0.001 £+ 0.001 0.0055

3m 6.83 0.002 + 0.001 0.0038

4m 6.30 0.003 + 0.001 0.0066

5m 6.10 0.009 + 0.001 0.0074

6m 6.58 0.014 £ 0.001 0.0109

AAF M 56 1b . 6.66 0.016 £0.002 0.0161

4m 6.24 0.014 £0.002 0.0162

5m 6.28 0.017 £0.002 0.0141

6m 6.34 0.022 +0.002 0.0145

RMO M 47 1a . 6.05 0.033 £0.002 0.0268

2m 5.67 0.027 £ 0.003 0.0466

3m 5.92 0.003 £ 0.002 0.0391

4m 5.57 0.011 £ 0.001 0.0072

5m 5.87 0.009 £ 0.002 0.0197

6m 2.93 0.011 £0.002 0.0171

3SVR, sustained virological response; NR, non-response; ETR, end-of-treatment response
e=before treatment; wt=weeks of treatment; d=days after the end of treatment; m=months after the end of treatment
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Table 3. Selection pressure analysis within particular clades of NSSA quasispecies.

Patient Model 1 2A1 Estimates
ICC one-ratio -4404.76677 oB = 0.1692
two-ratio -4404.28734 0.9587 B =0.1521
oF =0.1872
ACS* one-ratio -4558.41000 B =0.1835
two-ratio -4552.47248 *%]11.8750 B =0.1650
oF =0.5783
two-ratio -4553.77795 **0 264 oB =0.1419
oF =0.2685
EAO one-ratio -4755.95340 B =0.1705
two-ratio -4755.92063 0.0822 B =0.1727
oF=0.1618
two-ratio -4754.96926 1.9683 B =0.1818
oF =0.1246
ACC one-ratio -6356.59235 oB =0.1433
two-ratio -6356.28458 0.6155 B =0.1338
oF =0.1521
PCZ one-ratio -3854.07081 oB =0.2003
two-ratio -3853.33452 1.4726 B =0.1977
oF =0.2350
AAF one-ratio -5111.91233 oB =0.1101
two-ratio -5111.91231 0.0004 wB =0.1102
oF =0.1101
RMO?* one-ratio -5455.19420 oB =0.2013
two-ratio -5451.97704 *6.4343 B =0.1604
oF = 0.2487
two-ratio -5444.44505 *%21.4983 oB =0.1776
oF =0.7177

Non-responder: ICC, ACS, EAO, ACC; End-of-treatment responder: PCZ, AAF, RMO

X? critical values, 1 df: *: 3.84; **: 6.63; 2A { =2 (1;-1p)

The o values considered are presented in bold.

*Two clades selected for analyses.
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SUPPORTING INFORMATION

Figure S1. Maximum likelihood tree constructed from full length NS5A region sequences
obtained from samples from patient AAF (ETR) plus reference sequence of genotype 1b
HCV-J. The number of 1000 permuted trees supporting a clade indicated when that
proportion was greater than 70%. The same quasispecies are colored in red or pink. A
sequence with nonsense mutation is colored in blue. The clade selected for selective pressure
analysis is indicated by a gray line.

Figure S2. Maximum likelihood tree constructed from full length NS5A region sequences
obtained from samples of PCZ (ETR) plus reference sequence of genotype 1b HCV-J. The
number of 1000 permuted trees supporting a clade indicated when that proportion was greater
than 70%. The same quasispecies are colored in red. Sequence with nonsense mutation is
colored in blue. The clade selected for selective pressure analysis is indicated by a gray line.
Figure S3. Maximum likelihood tree constructed from full length NS5A region sequences
obtained from samples of RMO (ETR) plus reference sequence of genotype 1b HCV-J. The
number of 1000 permuted trees supporting a clade indicated when that proportion was greater
than 70%. The same quasispecies are colored in red. Sequence with nonsense mutation is
colored in blue. The clades selected for selective pressure analysis are indicated by a gray line
(clade 1, ® = 0.2487 and clade 2, ® = 0.7177).

Figure S4. Maximum likelihood tree constructed from full length NS5A region sequences
obtained from samples of CSM (ETR) plus reference sequence of genotype 1b HCV-J. The
number of 1000 permuted trees supporting a clade indicated when that proportion was greater
than 70%. The same quasispecies are colored in red. Sequence with nonsense mutation is

colored in blue.
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Figure S5. Maximum likelihood tree constructed from full length NS5A region sequences
obtained from samples of ACS (NR) plus reference sequence of genotype 1b HCV-J. The
number of 1000 permuted trees supporting a clade indicated when that proportion was greater
than 70%. The same quasispecies are colored in red. The clades selected for selective
pressure analysis are indicated by a gray line (clade 1, ® = 0.5783 and clade 2, ® = 0.2685).
Figure S6. Maximum likelihood tree constructed from full length NS5A region sequences
obtained from samples of ACC (NR) plus reference sequence of genotype 1b HCV-J. The
number of 1000 permuted trees supporting a clade indicated when that proportion was greater
than 70%. The same quasispecies are colored in red. Sequence with nonsense mutation is
colored in blue. The clade selected for selective pressure analysis is indicated by a gray line.
Figure S7. Maximum likelihood tree constructed from full length NS5A region sequences
obtained from samples of EAO (NR) plus reference sequence of genotype 1b HCV-J. The
number of 1000 permuted trees supporting a clade indicated when that proportion was greater
than 70%. The same quasispecies are colored in red. Sequence with nonsense mutation is
colored in blue. The clade selected for selective pressure analysis is indicated by a gray line.
Figure S8. Maximum likelihood tree constructed from full length NS5A region sequences
obtained from samples of ICC (NR) plus reference sequence of genotype 1b HCV-J. The
number of 1000 permuted trees supporting a clade indicated when that proportion was greater
than 70%. The same quasispecies are colored in red. The clade selected for selective pressure

analysis is indicated by a gray line.
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CONCLUSOES

Pacientes que adquiriram resposta virolégica sustentada apresentaram composi¢des de
quasiespecies do HCV menos diversa e complexa em amostras pré-tratamento quando
avaliada a regido NS5A. Contrariamente, alta variabilidade genética nesta regido foi

relacionada a baixa eficiéncia a resposta a terapia anti-HCV;

O ndmero de variantes virais nas amostras pré-tratamento também foi menor para
pacientes respondedores demonstrando populacdes mais homogéneas quando
comparadas com as populacdes heterogéneas de pacientes ndo respondedores e

respondedores ao final do tratamento;

Quasiespecies correspondentes a amostras pré e pos-terapia agruparam-se
separadamente em andlises filogenéticas enfatizando o processo evoluciondrio que

influenciou a dindmica de quasiespecies em diferentes momentos da infec¢ao;

Pacientes respondedores ao final do tratamento apresentaram homogeneizacdo da
composi¢do de quasiespecies apds o final da terapia, e emergéncia de quasiespecies

predominantes que se mantiveram no restabelecimento da infec¢do cronica;

Pacientes nao respondedores apresentaram populagdes heterogéneas durante todo o

curso da infecgdo;

A dinamica evolutiva das quasiespecies ao longo do tempo foi, no geral, dirigida por
selecdo purificadora ou purificadora relaxada, concordando com a produgdo e
eliminacdo continua de quasispecies em pacientes nao-respondedores e o

estabelecimento de predominantes em pacientes respondedores ao final do tratamento.
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