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RESUMO

ALMEIDA, T. B. Estudo de Associac¢édo entre Polimorfismos Genéticos Humanos
e Efeitos Adversos ao Antirretroviral Efavirenz em Individuos HIV-1 Positivos.
2018. Tese (Doutorado em Genética) — Programa de Pds Graduacdo em Genética,

Universidade Federal do Rio de Janeiro, 2018.

O efavirenz (EFV) é amplamente utilizado na terapia anti-HIV. A presenca de
polimorfismos de base Unica (SNPs) em genes relacionados ao metabolismo deste
farmaco tem sido associada a efeitos adversos ao EFV em diferentes populagdes.
Entretanto, poucos estudos contemplam a farmacogenética do EFV em populactes
miscigenadas. O objetivo deste trabalho foi caracterizar, em uma coorte brasileira, a
associacdo entre SNPs e efeitos adversos ao EFV. Foram incluidos no estudo 225
individuos HIV+ em tratamento no Hospital Universitario Gaffrée e Guinle, com
esquemas contendo EFV. Desses, foram selecionados 89 casos de efeitos adversos
ao EFV dos quais 43 apresentaram sintomas relacionados ao sistema nervoso central
(SNC). O grupo controle incluiu 136 individuos sem efeitos adversos a qualquer
antirretroviral. Foram selecionados para o estudo um total de 67 SNPs em 7 genes
relacionados ao metabolismo/transporte do EFV, além de 34 SNPs em 27 genes
previamente relacionados a disturbios psiquiatricos e 28 marcadores informativos de
ancestralidade. As analises foram realizadas por modelos de regresséo logistica com
ajuste para as variaveis sexo e ancestralidade genética. Os resultados obtidos
demonstraram associacdo entre o genétipo 15582CC-516TT-983TT de CYP2B6
(OR=6,83, p=0,005) e efeitos adversos ao EFV. O grupo de metabolizadores lentos
de CYP2B6 (516TT ou 516GT-983CT) também foi associado a efeitos adversos ao
EFV (OR=3,10, p=0,04). Os SNPs rs4646437 (CYP3A4, OR=4,63, p=0,014) e
rs8070473 (SLFN12L, OR=3,15, p=0,039) foram associados a efeitos adversos no
SNC. Esses resultados sugerem que SNPs envolvidos no metabolismo/transporte do
EFV e aqueles relacionados a disturbios psiquiatricos podem afetar a resposta a
terapias contendo EFV na populacado brasileira. Esse conhecimento podera auxiliar

na prescricao de terapias mais seguras para os individuos HIV-positivos.

Palavras-chave: HIV. Efavirenz. Farmacogenética. Efeitos Adversos. SNPs.



ABSTRACT

ALMEIDA, T. B. Association Study between Human Genetic Polymorphisms and
Adverse Effects to the Antiretroviral Efavirenz in HIV-1 Positive Individuals.
2018. Tese (Doutorado em Genética) — Programa de Pds Graduacdo em Genética,

Universidade Federal do Rio de Janeiro, 2018.

Efavirenz (EFV) is broadly used in the HIV therapy. The presence of single
nucleotide polymorphisms (SNPs) in EFV metabolizing genes has been associated to
EFV adverse effects in different populations. However, data regarding EFV
pharmacogenetics in admixed populations are still scarce. The aim of this study was
to characterize the association between SNPs and EFV adverse effects in a Brazilian
cohort. The study included 225 HIV-positive individuals undergoing treatment with
EFV-containing regimens at Hospital Universitario Gaffrée e Guinle. Of these, eighty-
nine cases of EFV adverse effects were selected, including 43 with central nervous
system (CNS) related symptoms. The control group included 136 individuals without
adverse effects to any antiretroviral. A total of 67 SNPs in 7 genes related to EFV
metabolism/transport were selected for the study, in addition to 34 SNPs in 27 genes
previously related to psychiatric disorders and 28 ancestry-informative markers.
Analyzes were performed through logistic regression models adjusted for sex and
genetic ancestry. Results showed association between the CYP2B6 genotype
15582CC-516TT-983TT (OR=6.83, p=0.005) and EFV adverse effects. CYP2B6 slow
metabolizer group (516TT or 516GT-983CT) was also associated to EFV adverse
effects (OR=3.10, p=0.04). The SNPs rs4646437 (CYP3A4, OR=4.63, p=0.014) and
rs8070473 (SLFN12L, OR=3.15, p=0.039) were associated to CNS EFV adverse
effects. These data suggest that SNPs involved in EFV metabolism/transport or related
to psychiatric disorders could affect the response to EFV-containing regimens in a
Brazilian cohort. This knowledge may help to define safer therapies to HIV-positive

individuals.

Key-words: HIV. Efavirenz. Pharmacogenetics. Adverse Effects. SNPs
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1. INTRODUCAO

1.1. VIRUS DA IMUNODEFICIENCIA HUMANA

1.1.1 Historia e Epidemiologia

Em 1981 ocorreram as primeiras descricbes de uma doencga que gerava um
imunocomprometimento sem causa aparente, afetando principalmente homens
jovens, e que se caracterizava pelo desenvolvimento de doencgas oportunistas, como
sarcoma de Kaposi e pneumonia. Logo foi observado que a deficiéncia imune era
causada por uma deplecao de linfécitos T CD4+ (GOTTLIEB et al., 1981; MASUR et
al., 1981). Em 1982, usuéarios de drogas injetaveis e receptores de transfuséo
sanguinea também passaram a apresentar a doenca, que foi entdo associada a um
agente infeccioso e denominada Sindrome da Imunodeficiéncia Adquirida (Aids, do
inglés Acquired Immunodeficiency Syndrome) (CDC, 1982).

O agente causador da Aids foi caracterizado como um retrovirus e
posteriormente identificado como Virus da Imunodeficiéncia Humana (HIV-1 e 2) pelo
grupo do pesquisador francés Luc Montagnier (BARRE-SINOUSSI et al., 1983;
COFFIN, J. et al., 1986). O HIV-1 foi isolado a partir de amostras de pacientes no ano
de 1983 e recebeu esta nomenclatura apenas em 1986, pelo Comité Internacional de
Taxonomia de Virus (BARRE-SINOUSSI et al., 1983; BUBNOFF; MCENERY, 2011).
Nesse mesmo ano, o HIV-2 foi isolado, também pelo grupo de Montagnier, em dois
pacientes da Africa Ocidental (CLAVEL et al., 1986; WEISS, 2008).

Em 2016, foi estimado que 36,7 milhdes de pessoas estavam infectadas pelo
HIV em todo o mundo e que ocorreram 1,8 milhdes de novas infec¢des (Figura 1).
Ainda no mesmo ano, 1 milhdo de pessoas chegaram a 6bito em decorréncia da Aids.
Desde que essa doenca foi identificada, a infecgdo pelo HIV ja resultou na morte de
aproximadamente 35 milhdes de pessoas (UNAIDS, 2017).

Em relacdo ao Brasil, as regides Sul e Sudeste concentram a maior parte dos
casos de HIV/Aids (MINISTERIO DA SAUDE, 2017a). Em 2016, existiam
aproximadamente 830 mil pessoas infectadas pelo HIV no pais e, nesse mesmo ano,
14 mil pessoas morreram em decorréncia da Aids (UNAIDS, 2017). A taxa de deteccao

de Aids tem diminuido gradativamente ao longo dos anos no Brasil, mostrando que as

15



medidas preventivas tomadas pelo Ministério da Saude tém sido efetivas
(MINISTERIO DA SAUDE, 2017a). No ano de 2015, as despesas relacionadas ao HIV
atingiram US$ 794 milhdées (UNAIDS, 2017).

Estimativa de adultos e criangas vivendo com HIV | 2016
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4
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Total: 36.7 milhdes [30.8 milhdes— 42 9 milhdes]

Figura 1 — Esquema representativo do nimero estimado de pessoas infectadas pelo HIV, por
continente, em 2016. Os numeros entre colchetes representam o intervalo de confianca dos valores em
negrito. Adaptado de UNAIDS, 2017.

1.1.2 Classificacdo Filogenética

O HIV faz parte do género Lentivirus, que agrupa os virus com longo periodo
de incubacéo e causadores de doencgas cronicas, e da familia Retroviridae, a qual se
caracteriza pela presenca da enzima transcriptase reversa (TR), capaz de
retrotranscrever o genoma viral de RNA para DNA (COFFIN, J., 1992). O virus pode
ser dos tipos 1 e 2. J& foram identificados nove grupos de HIV-2, classificados de A a
I, sendo que apenas A e B sdo endémicos (GAO, F. et al., 1994; VISSEAUX et al.,
2016). O HIV-1 é responsavel por mais de 95% das infecgbes em todo o mundo e
pode ser classificado em grupos e subtipos. Os grupos de HIV-1 sdo quatro: grupo N
(do inglés non-M e non-0), grupo O (do inglés outlier), grupo P (de putativo) e um
grupo majoritario M (PLANTIER et al., 2009). O grupo M apresenta os subtipos A, B,
C,D, F, G, H, Je K, sendo que em A e F ainda existem as subdivisbes Al, A2, A3,
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A4, A5, F1 e F2 (GURTLER et al., 1994; MINISTERIO DA SAUDE, 2016;
ROBERTSON et al., 2000; SIMON et al., 1998; TEBIT; ARTS, 2011; VALLARI et al.,
2010).

Virus pertencentes aos grupos N, O e P possuem distribuicao restrita a paises
da Africa Central e Ocidental, sendo assim o grupo M o principal responsavel pelas
infeccdes por HIV-1 (ROBERTSON et al., 2000). A distribuicdo mundial dos subtipos
de HIV-1 é bastante heterogénea, sendo o subtipo C o mais prevalente, responsavel
por 48% das infecgbes em todo o mundo (HEMELAAR et al., 2011). Ele prevalece nos
paises da Africa Subsaariana e Oriental, na india e paises vizinhos, e na regi&o sul do
Brasil. O subtipo B é a variante mais disseminada ao longo do globo, predominando
nos paises desenvolvidos como EUA, paises da Europa Ocidental, Japdo e Austrélia.
Os demais subtipos de HIV-1 (D, F, G, H, J e K) representam juntos apenas 10% das
infeccdes incidentes (dados de 2004) (HEMELAAR et al., 2006).

A distribuicdo dos subtipos do HIV-1 possui uma ampla variacdo no Brasil. O
subtipo B é o que possui maior prevaléncia (66,8%), seguido pelos subtipos C (14,2%)
e F (8,1%). Contudo, na regido Sul, observa-se o subtipo C como o mais prevalente
(53,8%), seqguido pelos subtipos B (30,8%) e F (3,3%) (ARRUDA et al., 2018).

1.1.3 Estrutura e Genoma

O HIV é uma particula esférica de 100 a 120 nm de diametro, formada por
envelope fosfolipidico, nlicleo-capsideo proteico e que possui como material genético
duas fitas simples de RNA de polaridade positiva, capeados e poliadenilados, com
aproximadamente 9400 pares de base (pb) (ALIZON et al., 1984; COFFIN, J., 1992).

O genoma do HIV-1 é constituido por 3 genes principais — gag, pol e env
(KASHANCHI; WOOD, 1989). A partir de gag é codificada a proteina p55, da qual séo
formadas p24, p6, p9 e pl7, proteinas estruturais do capsideo. As glicoproteinas
formadoras do envelope viral sdo codificadas por env, sendo inicialmente formada
gpl160, que é clivada em gpl120, projetada na superficie viral, e gp41, glicoproteina
transmembrana, associada a gp120. J& o gene pol codifica as proteinas p66 e p51,
gue formam a TR, a enzima integrase e a protease (FRANKEL; YOUNG, 1998; WAIN-
HOBSON et al., 1985). O genoma do HIV-1 possui ainda os genes tat, rev, nef, vpu,

vpr e vif, os quais apresentam funcdes acessorias ou regulatorias e participam de
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processos tais como a transcricdo reversa e a traducéo das proteinas virais (FUJITA
et al., 2010).

1.2 CICLO REPLICATIVO DO HIV

O HIV tem como alvos de infeccdo no hospedeiro, inicialmente, linfocitos e
macréfagos. O primeiro receptor presente na superficie celular identificado e com
papel principal na ligagdo ao HIV foi a molécula CD4 (BOUR; GELEZIUNAS;
WAINBERG, 1995; MADDON et al., 1986). Contudo, apenas CD4 nao € suficiente
para a fusdo de HIV-1 a membrana e sua entrada na célula, sendo necessaria a
participagdo do receptor de B-quimiocinas CCR5 e do receptor de a-quimiocinas
CXCR4. Ambos atuam como correceptores no momento da entrada na célula.

A expressao dos correceptores varia entre linhagens celulares. Logo, de acordo
com o tropismo viral (especificidade do virus a determinado correceptor), diferentes
tipos celulares serdo infectados (ALKHATIB et al., 1996; BERGER; MURPHY;
FARBER, 1999; FENG et al., 1996). A porcao variavel V3 da proteina do envelope
gp120 é a principal determinante na especificidade do HIV-1 ao correceptor (O’'BRIEN
et al., 1990; SPECK et al., 1997).

A entrada do virus se inicia, entdo, com a interacdo entre a proteina do
envelope gp120 e a molécula de CD4. Essa ligacéo altera a conformacédo de gp120,
aumentando sua afinidade ao correceptor e formando um complexo ternario. Isso
induz mudancas conformacionais em gp41, levando ao seu redobramento e exposi¢ao
do peptideo de fusdo, que se insere na membrana da célula hospedeira (CHAN; KIM,
1998). Uma vez inserido, dominios presentes nesse peptideo formam uma estrutura
de seis hélices e a energia liberada com essa transicado estrutural € suficiente para
causar uma interacdo entre as bicamadas lipidicas e fusdo entre envelope viral e
membrana celular (MELIKYAN et al., 2000).

Apoés a fuséo, ocorre a entrada do capsideo viral no citoplasma da célula
hospedeira (ECKERT; KIM, 2001) e sua desestruturagéo parcial, acompanhada de
um rearranjo das proteinas associadas ao genoma viral. O processo de
“‘desnudamento” leva a formagao de um Complexo de Transcrigdo Reversa (RTC, do
inglés Reverse Transcription Complex), onde tem inicio a retrotranscricdo do RNA viral

e a formacdo de um Complexo de Pré-integracdo (PIC, do inglés Pre-Integration
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Complex), constituido por proteinas virais e celulares envolvidas na integracao do
genoma viral ao genoma da célula hospedeira (FASSATI; GOFF, 2001). A
retrotranscricdo se inicia com a ligacdo de um RNA transportador, utilizado como
iniciador, ao sitio de ligacao a iniciadores (PBS, do inglés primer binding site) presente
no RNA viral (GAO et al., 1993; ISEL et al., 1996).

A sintese de DNA viral se da a partir da extremidade 5’ da molécula de RNA,
gerando assim um hibrido de DNA e RNA, sendo a porcdo RNA desse hibrido
degradada devido a atividade RNaseH da TR. Durante a retrotranscricdo, a TR pode
saltar entre as duas fitas de RNA viral, 0 que acaba por gerar formas recombinantes.
Ainda mais, essa enzima nao possui atividade revisora, o que leva a incorporacao de
bases incorretas, insercbes e/ou delecdes com uma frequéncia aproximada de 1
mutacdo a cada 10.000 nucleotideos, por ciclo de replicagdo (COFFIN, 1995). O
produto final da transcricdo reversa € o DNA proviral: uma molécula de DNA dupla-
fita, com as extremidades LTR (do inglés, long terminal repeat). O DNA viral € entédo
transportado ao nucleo da célula hospedeira como parte do PIC (GARTNER et al.,
1986; WEINBERG et al., 1991).

Apos o importe do PIC, a proteina integrase catalisa a inser¢cdo do DNA viral
linear e dupla-fita no cromossomo da célula hospedeira. O processo de integracéo se
inicia com a remocao de nucleotideos da extremidade 3’ de ambas fitas de DNA viral
pela integrase, gerando terminacdes ndo coesivas. No nlcleo, a integrase cliva
também o DNA celular e, a partir das extremidades formadas, liga o DNA viral
processado, em uma reacdo chamada de transferéncia de fita. O processo de
integracdo ocorre em regides aleatorias do genoma, porém, com baixa condensacao
da cromatina (BRADY et al., 2009; BROWN et al., 1989; ROTH; SCHWARTZBERG,;
GOFF, 1989). O processo de integracdo se completa quando enzimas de reparo
celular preenchem os espacos entre o DNA viral e o DNA da célula hospedeira. O
DNA viral integrado passa entédo a ser chamado de prévirus e comporta-se como um
gene celular, servindo como molde para a sintese de RNA viral (BROWN, 1997).

A transcricdo do RNA viral € dependente da enzima celular RNA polimerase |l
e da interacdo entre proteinas regulatorias celulares com o promotor do HIV,
localizado no 5' LTR viral (FREED; MARTIN, 2001). Os RNAs sao entéao processados
e os RNAmM (RNA mensageiro) sdo transportados através de poros nucleares para o
citoplasma, onde serédo traduzidos (CULLEN, 2003). Uma vez que o RNA e todas as
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poliproteinas virais se acumularam no citoplasma, pode ser iniciada a formacéo de
novas particulas virais.

Durante ou posteriormente a liberacdo das particulas virais na membrana
celular, a proteina viral protease cliva os precursores de gag e a poliproteina gag-pol,
formando as proteinas maduras gag e pol. Em seguida, ocorrem diversos rearranjos
estruturais que resultam na maturacao do virion. Uma vez maduro, o virion esta pronto
para infectar outras células, iniciando assim um novo ciclo (KOHL et al., 1988). A figura
2 esquematiza o ciclo replicativo completo do HIV.
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Figura 2- Esquema representando o ciclo replicativo do HIV. O ciclo inicia-se a partir da interacéo entre
proteinas presentes no envelope viral e na membrana celular, levando a fusdo do virus a célula
hospedeira. Em seguida, concomitante ao processo de “desnudamento”, o RNA viral é retrotranscrito
pela agcao da enzima transcriptase reversa. O DNA viral formado é integrado ao genoma celular através
da enzima integrase. Uma vez integrado, o provirus pode ser transcrito em RNAm que sera traduzido
em proteinas virais ou utilizado como material genético para a formacgao de novas particulas virais.
Apés a montagem das novas particulas, ocorre o brotamento destas ha membrana celular. A enzima
protease realiza a maturagéo dos virions, que podem entdo, iniciar um novo ciclo replicativo. Adaptado
de LASKEY; SILICIANO, 2014.

1.3 PROGRESSAO DA INFECCAO PELO HIV

Assim que ocorre a transmisséo do HIV, h& inicialmente a infec¢ao de linfocitos
T CD4+, macrofagos e células dendriticas. Por um periodo aproximado de 10 dias,
conhecido como fase eclipse, 0 RNA viral ndo é detectado no plasma do individuo
infectado. O pico de viremia ocorre 21 a 28 dias apds a exposi¢cdo ao HIV e acarreta

um declinio acentuado na contagem de linfocitos T CD4+, caracterizando assim a fase
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aguda da infeccao, que dura em torno de 3 meses. Nesta fase podem ser formados
0S reservatorios virais, nos quais 0 genoma viral integrado tem sua transcricao
reprimida, estabelecendo a laténcia viral. Uma vez que as proteinas virais ndo sédo
formadas, os reservatorios virais conseguem escapar do sistema imune do
hospedeiro, persistindo por um longo periodo de tempo. Ainda mais, a laténcia viral
representa um obstaculo para a erradicacdo completa da infeccdo, uma vez que
permite a permanéncia do virus mesmo com a administracdo da terapia anti-HIV
(ALEXAKI; LIU; WIGDAHL, 2008; POPE; HAASE, 2003).

A disseminacdo sistémica do virus promove a inducéo da resposta imunoldgica.
Contudo, esta é tardia e ndo € suficiente para erradicar a infec¢cdo, uma vez que ha
proliferacdo de linfocitos T CD4+, que tornam-se alvo para novas infecgles.
Simultaneamente existe um aumento na produc¢do de linfécitos T CD8+, que controlam
parcialmente a infec¢cdo. Entretanto, na auséncia de tratamento, esta resposta é
também insuficiente para impedir a diminuicdo lenta e progressiva de linfécitos T
CD4+ e consequentemente, a progressao para Aids (MINISTERIO DA SAUDE, 2016).

A ativacao dos linfécitos T citotoxicos CD8+ especificos contra o HIV acontece
geralmente antes da soroconversao (aparecimento dos primeiros anticorpos anti-HIV)
(BORROW et al.,, 1994). A inducdo dessa resposta imune celular especifica,
associada a posterior producéo de anticorpos anti-HIV promove entdo a queda da
viremia (etapa conhecida como set point), caracterizando o inicio de uma fase
assintomatica e crbnica da infeccao pelo HIV (KAHN; WALKER, 1998; TELENTI,
CARRINGTON, 2008). Todavia, com o avanco da infec¢cdo, ha uma exaustdo do
sistema imune, levando a uma grande queda no nimero de linfécitos T CD4+ (<200
células/mm3) e a um aumento da replicacdo viral. Estes fatores favorecem o
surgimento de infec¢gbes oportunistas, como pneumonia, tuberculose disseminada,
neurotoxoplasmose e infec¢des flngicas, caracterizando a fase de Aids (BROOKS et
al., 2009; MINISTERIO DA SAUDE, 2016).

Durante a fase de Aids, o numero de células T CD4+ continua a decair e sao
frequentemente detectadas no paciente anemia e uma acentuada linfopenia. Estima-
se que, na auséncia de tratamento, o tempo médio entre o inicio da infec¢do até a
morte relacionada a Aids é de aproximadamente 11 anos. Porém, € importante

ressaltar que a progressdo da doenca € extremamente variavel, dependendo do
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potencial infeccioso do virus e da resposta do hospedeiro a ele (FANALES-BELASIO

et al., 2010). A figura 3 representa a progressao da infeccao pelo HIV.

Fase aguda da infecgdo

= 1200 Infecggo Répida disseminagdo viral Morte 107
= Primaria infecgdo dos drgdos linféides \ o
£ 1100 Resposta imune do hospedeiro .8‘
S o,
£ 1000 J ! Doengas " a
'8 s ” : Oportunistas 10° o
~ 900 Laténcia clinica/Fase assintomatica (1]
& ) 1 \ JZU
8 800 -
’; 700 E?(austaodo 105 &
o Sistema Imune T
£ 600 =
1 <
©

b
E 500 i B
—t

o 400 3
© -
£ 300 o

o 3
10° ©
o . -3
& 200 z
E :
S 100 ) 3

0 102

o 3 6 9 12 7 1 2 3 4 5 6 7 8 9 10 1
Semanas ANOS

Figura 3 — Grafico representativo da progressé@o da infec¢do pelo HIV na auséncia de tratamento
antirretroviral. A infeccao pelo HIV pode ser dividida nas fases: aguda, cronica e de Aids. O perfil de
contagem de linfécitos T CD4+ (em azul) e viremia (em vermelho) varia entre essas 3 fases. Adaptado
de BENNETT; GILROY, 2014.

1.4 TRATAMENTO ANTIRRETROVIRAL (TARV)

Os primeiros antirretrovirais (ARVS) surgiram na década de 1980, como uma
estratégia para impedir a multiplicagdo do HIV no organismo. O uso desses
medicamentos tem permitindo uma melhor qualidade de vida, um aumento da
sobrevida dos pacientes HIV-positivos e também uma diminui¢cdo da transmissao viral
(COHEN et al., 2011; WILSON et al., 2008). Segundo dados da UNAIDS, 20,9 milhdes
de pessoas tiveram acesso ao TARV no ano de 2016 no mundo. Nesse mesmo ano,
aproximadamente 490 mil pessoas estavam recebendo o tratamento anti-HIV no
Brasil, 0 que representa 60% dos individuos HIV-positivos diagnosticados no pais.
Destes, 90% alcancaram carga viral indetectavel (UNAIDS, 2017).

Desde 1996, o governo brasileiro distribui os medicamentos antirretrovirais para
todos os individuos HIV-positivos considerados elegiveis para o tratamento. Até o ano
de 2013, os critérios de eligibilidade incluiam uma contagem de linfécitos T CD4+
inferior a 500 células por mm?3. No fim de 2013, o Ministério da Salide estabeleceu a
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politica de iniciar o tratamento para todos os individuos HIV-positivos,
independentemente da contagem de linfocitos T CD4 (MINISTERIO DA SAUDE,
2018b). Como possivel consequéncia disso, observou-se uma reducéo de 7,2% na
taxa de mortalidade por HIV/Aids a partir desse periodo (MINISTERIO DA SAUDE,
2017a). Da mesma maneira, a Organizacao Mundial de Saude (OMS) recomenda que
o TARV deve ser iniciado imediatamente para adultos, adolescentes e criancas,
independentemente da contagem de células T CD4+ ou estagio da doenca (WORLD
HEALTH ORGANIZATION, 2015).

Os ARVs tém como alvos diferentes etapas do ciclo replicativo, podendo ser
divididos em: inibidores de fuséo, inibidores de entrada, inibidores de retrotranscricao,
inibidores de integrase e inibidores de protease. Até a presente data, existem 22
medicamentos anti-HIV aprovados pelo FDA disponiveis para uso no mercado (do
inglés, Food and Drug Administration). Tais medicamentos também sdo encontrados
em combinac¢des de dose fixa, contendo dois ou mais ARVs de diferentes classes em
um mesmo comprimido (FDA, 2018; NIH, 2017).

Alguns ARVs deixaram de ser recomendados para uso, uma vez que
apresentam baixa eficécia, alta toxicidade ou posologia que dificulta a adesao. Esse
€ 0 caso de delavirdina (DLV), didanosina (ddl), indinavir (IDV), nelfinavir (NFV) e
estavudina (d4T) (NIH, 2017). Pesquisadores continuam investindo no
desenvolvimento de novos tipos de medicamentos anti-HIV (DE CLERCQ, 2009).
Uma das razdes para isso € a existéncia de cepas virais resistentes aos ARVs atuais,
o que diminui a eficacia do tratamento. Ainda mais, busca-se por ARVs mais seguros
e também que possuam uma a¢ado mais longa, podendo ser ingeridos com frequéncia
menor do que os existentes, que sdo administrados diariamente. Um medicamento de
acdo prolongada poderia melhorar a adesdo ao TARV, ser menos toxico e ter um
custo-beneficio maior (NIH, 2017hb).

As principais caracteristicas de cada uma das classes de ARVs serdo descritas

nos itens seguintes.

1.4.1 Inibidores de fuséo

Os inibidores de fusdo atuam como antagonistas dos receptores celulares
envolvidos na interagdo com o HIV, prevenindo a ligagéo da glicoproteina de envelope

gp120 com os receptores ou correceptores celulares. Com isso, as mudancas
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conformacionais em gp41, necessarias para ocorrer a fusdo das membranas, sao
inibidas. Enfuvirtida (T20 ou Fuzeon) € o unico inibidor de fusdo aprovado pelo FDA.
Trata-se de um peptideo baseado na sequéncia de gp41, ligando-se competitivamente
a ela (EGGINK; BERKHOUT; SANDERS, 2010). Recomenda-se a administragéo do
T20 como uma terapia de resgate, em pacientes que ndo responderam bem ao

tratamento com outros medicamentos anti-HIV (AIDSINFO, 2017).

1.4.2 Inibidores de entrada

O medicamento utilizado no TARV como inibidor de entrada é o maraviroc, que
atua como um antagonista do correceptor CCRS5, inibindo sua interacdo com a gp120.
Este medicamento é recomendado para pacientes em falha terapéutica, caracterizada
pela insuficiéncia em atingir carga viral indetectavel (<50 copias de virus por mL de
plasma sanguineo) e/ou pelo declinio na contagem de linfocitos T CD4+ (MINISTERIO
DA SAUDE, 2017b).

Em funcdo de sua especificidade para virus que utilizam o CCR5 como
correceptor, a administracdo do maraviroc requer a realizacao prévia de um ensaio de
tropismo, determinando assim a cepa circulante no paciente (MACARTHUR; NOVAK,
2008).

1.4.3 Inibidores de retrotranscri¢ao

Esta classe se divide em Inibidores de Transcriptase Reversa Nucleosidicos
(ITRNSs) e Inibidores de Trancriptase Reversa Nao Nucleosidicos (ITRNNs). O ITRN
zidovudina (AZT) foi o primeiro medicamento liberado para a terapia anti-HIV, em
1987, baseada apenas em estudo clinico de fase Il (ERICE et al., 1993). Até 1991, o
AZT foi o Unico ARV disponivel para o tratamento da infec¢do pelo HIV (FISCHL et
al., 1995).

Os ITRNs séo analogos nucleosidicos que nao possuem o motivo 3’OH no anel
de ribose, o que os distingue dos nucleotideos fisiolégicos. Uma vez incorporados a
fita de DNA nascente, os ITRNs atuam como terminadores de cadeia, interrompendo
0 processo de transcricdo reversa e, consequentemente, bloqueando a replicacéo
viral (GOTTE; WAINBERG, 2000; MICHAUD et al., 2012). Tais medicamentos s&o
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administrados em uma forma inativa ndo fosforilada e, uma vez na célula, séo
convertidos em metabdlitos ativos a partir de trés etapas de fosforilacdo, promovidas
por enzimas da familia das timidina quinases (OWEN et al., 2006). Uma excec¢éo a
esse processo é o tenofovir (TDF), que necessita de apenas duas fosforilagbes para
se tornar ativo, sendo assim classificado como inibidor de transcriptase reversa
nucleotidico (ROBBINS et al.,, 1995). Os ITRNs aprovados pelo FDA sdo: AZT,
lamivudina (3TC), entricitabina (FTC), abacavir (ABC) e TDF (FDA, 2018).

Os ITRNNSs, por sua vez, ndo necessitam de fosforilagdo para se tornarem
ativos e, ao contrario dos ITRNs, ndo integram a fita de DNA em formacéo. A atividade
antirretroviral mediada por este grupo de medicamentos anti-HIV ocorre através de
sua ligacao a um sitio ndo catalitico da TR, com consequente impedimento alostérico,
que bloqueia mudancas estruturais na TR do HIV (GOTTE; WAINBERG, 2000). Os
ITRNNs aprovados pelo FDA séo: efavirenz (EFV), nevirapina (NVP), etravirina (ETR)
e rilpivirina (FDA, 2018).

1.4.4 Inibidores de integrase

Os inibidores de integrase atuam na integracdo do DNA viral ao genoma da
célula hospedeira, inativando o processo de transferéncia de fita. Os ARVs desta
classe possuem em sua estrutura um motivo quelante de metais, interagindo entao
com metais divalentes presentes no sitio ativo da integrase, bloqueando sua a¢éo. Os
primeiros inibidores de integrase aprovados pelo FDA foram o raltegravir (RAL) e o
elvitegravir (EVG). O inibidor de integrase de segunda geracao dolutegravir (DTG) foi
aprovado em 2013 (FDA, 2018).

DTG apresenta uma maior barreira genética quando comparado a RAL e EVG,
indicando que € necessario um maior nimero de mutacgdes virais para gerar o fenotipo
de resisténcia ao DTG. A administragdo em dose Unica diéria constitui uma vantagem
adicional deste medicamento, ndo havendo qualquer tipo de restricdo alimentar para
sua ingestdo (FERNANDEZ-MONTERO et al., 2014). Esse ARV é um dos
medicamentos recomendados para composi¢ao da primeira linha de TARV, conforme

descrito posteriormente.
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1.4.5 Inibidores de protease

Os inibidores de protease agem na protease viral, inibindo a maturacdo de
novas particulas virais e, consequentemente, impedindo o inicio de um novo ciclo de
infeccdo. A maioria dos inibidores de protease sdo miméticos dos peptideos das
poliproteinas gag e gag-pol e sdo desenvolvidos com base na estrutura cristalizada
da protease, tendo como alvo seu sitio ativo (RIDKY; LEIS, 1995).

Os regimes que se utilizam de inibidores de protease podem ter uma
amplificacéo (do inglés, boost), sendo combinados com ritonavir (RTV) em baixa dose.
O RTV é pouco eficiente e seu uso no boost tem como objetivo diminuir o metabolismo
dos demais ARVSs, j& que é capaz de inibir as enzimas metabolizadoras CYPs. Os
inibidores de protease aprovados pelo FDA sao: tipranavir (TPV), saquinavir (SQV),
lopinavir (LPV), RTV, fosamprenavir (FPV), darunavir (DRV) e atazanavir (ATZ)
(CLOTET etal., 2007; HICKS et al., 2006; MEYER, DE et al., 2005).

1.4.6 Esquemas terapéuticos

A combinacdo de ARVs de diferentes classes em um mesmo esquema de
tratamento é denominada terapia antirretroviral combinada (CART). A primeira linha
de tratamento recomendada pela OMS consiste na combinagéo de um ITRNs, um
inibidor de transcriptase reversa nucleotidico e um ITRNN. Os ARVs sugeridos sao
3TC ou FTC, TDF e EFV em doses padrao (600mg/dia). Como opc¢les alternativas a
esse esquema, tem-se a substituicdo do EFV por: DTG, NVP ou o proprio EFV na
concentracéo reduzida de 400mg (WORLD HEALTH ORGANIZATION, 2016).

Até recentemente no Brasil, o esquema inicial preferencial consistia na
combinagdo de medicamentos das mesmas classes indicadas pela OMS, sendo
sugeridos os ARVs 3TC, TDF e EFV. Entretanto, a partir de 2017, o Ministério da
Saude recomendou a troca do ITRNN EFV pelo inibidor de integrase DTG. Todavia,
esse ARV ndo é indicado para individuos em uso dos antiepilépticos fenitoina e
fenobarbital, do anticonvulsivante oxicarbamazepina e do antiarritimico dofetilida,

além de outras condi¢des citadas no topico seguinte, nas quais EFV se mantém o
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ARV preferencial (MINISTERIO DA SAUDE, 2017; (MINISTERIO DA SAUDE,
2018a)).

Caso néo seja atingido um nivel de carga viral indetectavel apos 6 meses de
administragao da primeira linha, recomenda-se a troca do esquema de tratamento,
gue consiste na substituicdo de EFV, DTG ou NVP por inibidores de protease (WHO,
2015; MINISTERIO DA SAUDE, 2017).

1.5 O INIBIDOR DE TRANSCRIPTASE REVERSA NAO NUCLEOSIDICO (ITRNN)
EFAVIRENZ

A comercializagéo do EFV se iniciou em 1998, sob o nome de “Sustiva” (FDA,
2018). Este ARV apresenta posologia de um comprimido ao dia, o que facilita a
adeséao a terapia (NACHEGA et al., 2014; RAMJAN et al., 2014). Por muitos anos, foi
considerado um dos principais ARVs para a primeira linha de tratamento, compondo
o0 primeiro comprimido Unico contendo trés medicamentos administrada uma Unica vez
ao dia, o Atripla®. Contudo, novos ARVs com eficacia similar para reduzir a carga viral
e restaurar o sistema imune, mas com melhor tolerabilidade, tém sido considerados
como opcdes ao uso do EFV. Como consequéncia disso, alguns guidelines do cART,
como os do Brasil e da Espanha, ndo incluem mais o EFV na primeira linha de
tratamento (APOSTOLOVA, et al., 2017).

Entretando, EFV continua tendo uma ampla utilizacdo clinica. No Brasil,
individuos ja em uso de 3TC, TDF e EFV como primeira linha de cCART devem manter
esse esquema. EFV também ¢é indicado para HIV-positivos coinfectados com
tuberculose sem critério de gravidade. (MINISTERIO DA SAUDE, 2017b). O
tratamento de tuberculose é feito através do uso de rifampicina e este medicamento é
um potente indutor da expresséo de genes envolvidos no metabolismo e transporte
dos ARVs, sendo capaz entdo de alterar a concentracdo plasmatica dos mesmos
(NIEMI et al., 2003). Porém, quando administrada concomitantemente com EFV, a
rifampicina ndo afeta a concentragédo plasméatica desse ARV a ponto de serem obtidas
concentracbes subodtimas para inibicdo da replicagdo viral (ATWINE; BONNET;
TABURET, 2018; PEDRAL-SAMPAIO et al., 2004).

Esquemas terapéuticos contendo EFV, quando comparados aos contendo

DTG, foram associados a uma menor proporcao de individuos atingindo a supresséo
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viral apos 144 semanas de TARV, a uma maior taxa de descontinuacdo devido a
efeitos adversos e a um desenvolvimento maior de mutacbes de resisténcia
(RUTHERFORD; HORVATH, 2016). Contudo, EFV apresenta vantagens
significativas que justificam que ainda seja amplamente utilizado na clinica.

Existe uma ampla experiéncia clinica sobre sua utilizacdo, o que facilita a
administracdo dos efeitos adversos que possam aparecer. EFV possui uma longa
meia vida, de 52 a 72 horas apds dose Unica, o que facilita a manutencdo da
supressdo da replicagdo viral mesmo quando ocorre irregularidade no horéario de
tomada do medicamento (FIOCRUZ, [s.d.]). Mais ainda, diversos medicamentos
genéricos ao EFV foram desenvolvidos, o que reduz o custo do cCART, fator importante
quando diz respeito a paises em desenvolvimento, onde a maioria da populacdo HIV-
positivos esta localizada. Com isso, pode-se dizer que o EFV ainda possui um papel
importante no TARV (APOSTOLOVA et al., 2017; MINISTERIO DA SAUDE, 2017b).

1.6 EFEITOS ADVERSOS AO EFAVIRENZ

Efeitos adversos ao EFV representam cerca de 50% dos casos de
descontinuacdo da primeira linha de cART (LEUTSCHER et al., 2013) e podem ser
segregados em efeitos de curto prazo e em efeitos de longo prazo. Os efeitos de curto
prazo ocorrem nos primeiros dias ou semanas de cART e normalmente sao facilmente
controlaveis. Caracterizam-se por reacdes cutaneas, niveis plasmaticos elevados de
transaminases hepaticas e sintomas relacionados ao Sistema Nervoso Central (SNC).
Os efeitos de longo prazo sdo menos compreendidos e mais dificeis de prever e
controlar. Tais sintomas podem potencializar ou acelerar manifestacdes de doencas
cronicas, produzir disturbios neuropsiquiatricos sustentados, elevar o risco de suicidio
e depressao e levar a um declinio neurocognitivo (APOSTOLOVA, et al., 2015, 2017;
GAZZARD et al., 2011; RIDDLER et al., 2008; SCOURFIELD et al., 2012).

Os efeitos adversos nao relacionados ao SNC séo os menos frequentes. Casos
de diminuicdo dos niveis plasmaticos de vitamina D e da densidade éssea sao
descritos (DAVE et al., 2015). Casos de hepatoxicidade ocorrem em mais de 8% dos
individuos expostos ao EFV (NEUKAM et al., 2011; RIVERO; MIRA; PINEDA, 2007).

Também sdo descritos disturbios metabdlicos, como ginecomastia e hiperglicemia,
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alteracdes no padrao da circulacéo de lipideos e lipoatrofia (HAUBRICH et al., 2009;
MANFREDI; CALZA; CHIODO, 2005; SHIKUMA et al., 2007).

Os sintomas neuropsiquiatricos sdo os efeitos adversos mais frequentes ao
EFV, representando aproximadamente 60% do casos de trocas de esquemas
contendo esse ARV (LEUTSCHER et al., 2013). Diversos sintomas séo reportados,
como: tonteira, sensacdo de ressaca, dificuldade de concentracdo, dor de cabeca,
vertigem, euforia, distdrbios no sono (sonoléncia, insénia, sonhos vividos e pesadelos)
e irritabilidade (ABERS; SHANDERA; KASS, 2014; CAVALCANTE et al., 2010;
FUMAZ et al., 2005). Menos frequentemente, sao relatados efeitos adversos mais
severos, como: depressao severa, delirio, paranoia, despersonalizacéo, alucinagdes,
ansiedade e comportamento agressivo (SCOURFIELD et al., 2012).

Na literatura h&a estudos que demonstram que a administracéo de EFV é capaz
de gerar alteracdes intracelulares. Uma delas é a diminuicdo da atividade mitocondrial,
resultando em um acumulo de lipideos no citoplasma e aumentando a concentracao
de espécies reativas de oxigénio em células hepaticas (BLAS-GARCIA et al., 2010).
O EFV também € capaz de aumentar o estresse de reticulo nessas células
(APOSTOLOVA, et al.,, 2010; APOSTOLOVA, et al.,, 2013). Tais processos
explicariam a hepatotoxicidade que alguns individuos apresentam devido ao uso deste
ARV.

Estresse de reticulo e diminuicdo da atividade autofagica também sao
observados em neurdnios, células endoteliais do cérebro e astroglia, devido ao EFV.
A autofagia € um mecanismo celular que remove proteinas e organelas disfuncionais.
Logo, a diminuicdo da sua atividade poderia contribuir para a toxicidade do EFV, assim
como afetar a integridade da barreira hematoencefélica (BERTRAND; TOBOREK,
2015; PURNELL; FOX, 2014; WEISS et al., 2016). Alteragcbes na barreira
hematoencefélica, além de relacionadas a propria infeccdo pelo HIV no cérebro
(NAKAGAWA; CASTRO; TOBOREK, 2012), também ja foram descritas para doengas
neuropsiquiatricas como esclerose multipla, esclerose lateral amiotréfica, doenca de
Parkinson e doencga de Alzheimer (ERICKSON, M. A.; BANKS, 2013; KORTEKAAS et
al., 2005; LAROCHELLE; ALVAREZ; PRAT, 2011; RODRIGUES et al., 2012).

O EFV é um dos ARVs que apresenta uma das maiores capacidades de
penetracdo no SNC (TOZZI et al., 2009). Os sintomas neuropsiquiatricos ao EFV ja

foram correlacionados aos efeitos observados como consequéncia ao uso da droga
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alucinégena LSD (do inglés, lysergic acid diethylamine). Ainda mais, EFV e LSD
possuem a mesma base molecular, sendo ambos capazes de ativar o receptor de
serotonina 5-HT2A (GATCH et al., 2013). EFV também é capaz de interagir com 0s
receptores 5-HT2C, 5-HT3A, 5-HT6, assim como com o receptor de GABAa
(DALWADI et al., 2016). Esse ultimo é capaz de mediar estados de ansiedade e
sonoléncia, sintomas esses que sao tipicos efeitos adversos no SNC relacionados ao
EFV (HUANG et al., 2017).

A concentragdo plasmatica de EFZ ap6s a administragdo oral de uma dose
diaria de 600mg apresenta ampla variacéo interindividual (STAHLE et al., 2004). Os
efeitos adversos a esse ARV, por sua vez, estdo correlacionados com niveis
plasmaticos mais altos desse medicamento, de modo que os individuos que fazem
uso de EFV e mantém sua concentracdo plasmatica superior a 4000 ng/mL
apresentam efeitos adversos com maior frequéncia (concentracdes referentes a 14
horas apos a ingestdo do medicamento) (MARZOLINI et al., 2001). AlteracGes na
atividade das enzimas envolvidas no metabolismo do EFV poderiam essa explicar

essa variacao, conforme descrito adiante.

1.7 FARMACOCINETICA DO EFAVIRENZ

Os dois principais grupos de metabolizadores do EFV sédo enzimas da
superfamilia Citocromo P450, envolvidas no metabolismo de fase |, e enzima da
familia UGT (uridina 5'-difosfo-glicuronosiltransferase), relacionada ao metabolismo
de fase Il (MICHAUD et al.,, 2012). EFV é metabolizado em 8-hidroxiefavirenz
(metabdlito primario principal) e 8,14-dihidroxiefavirenz (metabdlito secundario)
majoritariamente por CYP2B6 e, em menor escala por CYP3A4, CYP3A5 e CYP2A6.
Também pode ser metabolizado em 7-hidroxiefavirenz, uma via minoritaria no
metabolismo de EFV que, in vitro, representa 23% do metabolismo total do ARV
(OGBURN et al., 2010). Estes metabolitos sdo formados a partir de uma hidroxilagédo
oxidativa, o que permite que 0s mesmos sejam posteriormente metabolizados pela
enzima UGT2B7 (metabolismo de fase Il) e entdo excretados pelo organismo (WARD
et al., 2003) (Figura 4).
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Figura 4 — Via metabdlica do efavirenz no hepatécito. CYP2B6 € a principal responsével pela formagéao
do metabdlito 8-hidroxiefavirenz, enquanto CYP3A4/5 e CYP2A6 atuam minoritariamente. CYP2A6
atua ainda na formacgéo do metabdlito 7-hidroxiefavirenz. Os fatores de transcricdo NR1I2 e NR1I3 sdo
capazes de regular a expressao dos genes das CYPs. A glicoronidacdo € mediada pela enzima da

familia UGT, UGT2B7, formando metabdlitos que serdo excretados na urina. Adaptado de PharmGKB
(MCDONAGH et al., 2015).

Muitas das enzimas que participam do metabolismo do EFV atuam também no
metabolismo de outros ARVs, bem como de medicamentos das mais diversas classes
(ODA et al.,, 2015; TORNIO; BACKMAN, 2018). Por essa razdo, a escolha dos
esquemas de CART deve ser considerada com cautela, de modo a minimizar
interacbes medicamentosas que possam comprometer a eficacia e seguranca de
outros medicamentos em uso. As principais caracteristicas das enzimas que atuam

no metabolismo do EFV serdo descritas nos itens que se seguem.
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1.7.1 Citocromo P450

As isoenzimas P450 constituem uma superfamilia de hemoproteinas. Em
humanos, sdo conhecidos 57 genes, embora apenas em torno de 30 codifiquem uma
proteina, e 58 pseudogenes, localizados no cromossomo 19 (GUENGERICH; WU,;
BARTLESON, 2005). As principais isoenzimas desta familia envolvidas no
metabolismo de fase | do EFV (CYP2B6, CYP3A4, CYP3A5 e CYP2A6) séao
expressas predominantemente no tecido hepético (GONZALEZ et al.,, 1992,
JANMOHAMED et al., 2001).

1.7.1.1 CYP2B6: a principal enzima metabolizadora

Acredita-se que aproximadamente 8% dos medicamentos utilizados na clinica
sejam metabolizados por CYP2B6 (MO et al., 2009). O crescente interesse em
pesquisas relacionadas a CYP2B6 esté relacionado a fatores como: 0 aumento cada
vez maior na identificacdo de substratos desta enzima; variagbes étnicas e
polimorficas que alteram os niveis de expressdo génica e a evidéncia de uma
regulacdo cruzada com CYP3A4, UGT1Al e diversos transportadores de
medicamentos hepaticos (WANG, H.; TOMPKINS, 2008).

Diferencas na expressdo de CYP2B6 no figado podem ocorrer devido ao sexo
do individuo. Mulheres possuem uma maior quantidade de RNAm, proteina e
atividade enzimatica desta isoforma (LAMBA, V. et al., 2003). Em homens, o aumento
da idade foi correlacionado com um aumento significativo na quantidade de CYP2B6
hepético (YANG et al., 2010).

A CYP2B6 desempenha um importante papel no metabolismo de diversos
medicamentos tais como 0 agente antineoplasico ciclofosfamida, o antagonista de
estrogénio tamoxifeno (utilizado no tratamento de cancer de mama), o anticonvulsivo
S-mephenitoina, o ansiolitico diazepam e o anestésico propofol (CHANG, et al., 1993;
HEYN; WHITE; STEVENS, 1996; ONO et al.,, 1996; WANG; TOMPKINS, 2008;
WHITE et al., 1995). Além disso, essa enzima metaboliza procarcinégenos, incluindo
aflatoxina B1, 6-aminocrisene e 7,12-dimetilbenzantraceno (AOYAMA et al., 1990;
MIMURA et al., 1993; SHOU et al., 1996). No que diz respeito a terapia anti-HIV, além
do EFV, CYP2B6 atua no metabolismo de fase | da NVP (ERICKSON, et al., 1999;
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WARD et al., 2003). A rifampicina, utilizada no tratamento de tuberculose, € uma
indutora da atividade de CYP2B6 (LOPEZ-CORTES et al., 2002).

1.7.1.2 CYP2A6

CYP2AG6 é expresso predominantemente nas células hepaticas, representando
de 1 a 10% do contetdo de CYPs hepéticas. Possui expressao baixa em outros tipos
celulares, como mucosa nasal e células epiteliais bronquiolares (CRAWFORD et al.,
1998; KOSKELA et al., 1999; SU et al., 1996). Comparado com CYP3A4, poucos
medicamentos utilizados na clinica séo significativamente metabolizados por essa
enzima. A nicotina, o anti varicoso cumarina, os anestésico halotano e metoxifluorano,
0 anticonvulsivante &cido valpréico, o dissulfiram (utilizado no tratamento de
alcoolismo) e o antiepiléptico losigamone séo alguns de seus substratos (RAUNIO et
al., 2001).

1.7.1.3 CYP3A4 e CYP3A5

CYP3A4 ¢é a principal isoenzima da familia P450 envolvida no metabolismo de
medicamentos. E a que esta presente em maior quantidade no figado, representando
entre 30% e 50% de todo o conteudo de isoenzimas P450 nesse 0rgao
(GUENGERICH, 1990; KIVISTO et al., 1996; WAZIERS, et al., 1990). CYP3A4
contribui no metabolismo de mais de 50% dos medicamentos utilizados na clinica.
Entre esses, além do EFV, se encontram outros ARVs como os inibidores de protease,
maraviroc e NVP (MICHAUD et al., 2012). Existe uma grande variagdo interindividual
na expressao de CYP3A4 e consequentemente, na sua atividade catalitica (PAINE et
al., 1997; SHIMADA et al., 1994; WAZIERS, DE et al., 1990; WOLBOLD et al., 2003).

A CYP3AS5 é a isoenzima predominante nos rins, e também se encontra no
estdbmago, pulmdes, prostata, glandulas adrenais e em menor quantidade no figado e
intestino delgado (ANTTILA et al., 1997; HUKKANEN et al., 2003; KOCH et al., 2002;
KOLARS et al., 1994; LOWN et al., 1994; YAMAKOSHI et al., 1999). CYP3A5
apresenta, na sua sequéncia de aminoacidos, uma similariedade com CYP3A4
superior a 85% (ORTIZ DE MONTELLANO, 2005). As duas isoenzimas séao

homologas no que se refere a especificidade de substratos. Logo, torna-se dificil

33



discernir qual a respectiva contribuicdo de cada uma no metabolismo de seus
substratos (MICHAUD et al., 2012).

CYP3A4 e CYP3AGS estdo envolvidos em diversas interagdes medicamentosas
clinicamente relevantes, principalmente em individuos HIV-positivos, uma vez que
esses sao expostos a um maior numero de medicamentos (INDIANA UNIVERSITY,
2016). A concomitante administracdo de indutores de CYP3A pode comprometer a
eficacia da resposta viroldgica, aumentando o metabolismo e diminuindo a
biodisponibilidade de ARVs que sejam substratos dessas enzimas. Isso ocorre
qgquando é coadministrado maraviroc, substrato de CYP3A, com os indutores de
CYP3A rifampicina ou EFV (ABEL et al., 2008).

1.7.2 UGTs

As enzimas UGT sdo divididas em duas familias, UGT1 e UGT2, que incluem
19 enzimas com atividade conjugativa significante em humanos, expressas
principalmente no figado (CONGIU et al., 2002; COURT, 2010). Elas desempenham
papel central no metabolismo de fase Il dos medicamentos, realizando a reacao de
glicuronidacdo. Essas enzimas transferem uma molécula de acido glicordnico para
uma molécula aceptora, etapa importante para a eliminacdo de diversos compostos
enddgenos e exdgenos como 0s ARVs AZT, RAL, ABC, EFV e NVP (BARBIER et al.,
2000; KASSAHUN et al., 2007; MUTLIB et al., 1999; WARD et al., 2003). A isoforma
UGT2B7 € a Unica capaz de realizar o metabolismo de fase Il de EFV (BAE et al.,
2011; BELANGER et al., 2009).

1.7.3 PXR e CAR

O receptor de pregnano (PXR) e o receptor constitutivo de androstano (CAR)
sdo membros da superfamilia dos receptores nucleares oOrfaos. Esses fatores de
transcricdo, na presenca de xenobidticos, atuam aumentando a expressao de enzimas
de metabolismo de medicamentos, podendo assim promover interacdes
medicamentosas (CHEN et al., 2012; WANG; LECLUYSE, 2003).

PXR e CAR, no seu estado inativo, se localizam no citoplasma da célula,
ligados a complexos de histonas desacetilases (HDAC, do inglés histone deacetylase
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complexes). Na presenca do xenobidtico, esses fatores se dissociam das HDACs e
translocam-se para o nucleo, onde formam heterodimeros com o receptor retindide X
(RXR, do inglés retinoid X receptor). Uma vez no nucleo celular, os heterodimeros
PXR/RXR e CAR/RXR se ligam a elementos responsivos a receptores nucleares na
regido promotora dos genes de metabolismo (HANDSCHIN; MEYER, 2003).

Esses fatores de transcricdo podem se ligar a sequéncias regulatorias comuns
nos promotores de CYP3A e CYP2B (ZHANG et al., 2001; ZORDOKY; EL-KADI,
2009). EFV é capaz de aumentar seu proprio metabolismo através da inducdo da
expressdo dos genes de CYP2B6 e CYP3A4, pela ativacdo de NR1I2 e NRL1I3
(FAUCETTE, et al., 2007; HARIPARSAD et al., 2004). A inducédo da expressao dos
genes CYP2B6 e CYP3A4 via ativacdo de NR1I2 também pode ser mediada por
outros medicamentos, como a rifampicina. (FAUCETTE, et al., 2006; SVARD et al.,
2010).

1.8 FARMACOGENETICA DO EFAVIRENZ

Uns dos alvos mais comuns dos estudos de farmacogenética sdo o0s genes que
codificam as proteinas envolvidas na absorcdo, metabolismo e excrecdo (ADME) do
medicamento. Tais enzimas possuem um importante impacto no desenvolvimento de
efeitos adversos aos medicamentos, uma vez que sao capazes de alterar a

biodisponibilidade dos seus alvos.

1.8.1 Farmacogenética dos genes de ADME

1.8.1.1 CYP2B6

CYP2B6 é o unico gene identificado pertencente a subfamilia CYP2B. Este
gene foi mapeado no cromossomo 19 entre as regides 19912 e 19913.2 e € composto
por nove éxons (GUENGERICH; WU; BARTLESON, 2005; NELSON et al., 1996). Até
a presente data, mais de 70 alelos jA4 foram determinados no gene CYP2B6
(PHARMVAR, 2018). Estudos funcionais tém revelado uma variedade de desfechos

fenotipicos relacionados a estes polimorfismos, incluindo diminuicdo significante da
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atividade catalitica ou até mesmo perda total da expressdo (WANG; TOMPKINS,
2008).

O polimorfismo +516G>T (rs3745274), localizado no éxon 4 de CYP2B6, é o
mais citado na literatura, estando relacionado com um processamento erroneo do
RNAmM, com uma menor expressdo do mesmo e, consequentemente, com uma menor
formacéao de proteinas funcionais (HOFMANN et al., 2008). Este SNP ja foi associado
em diversos estudos a um maior risco de sintomas no SNC relacionados a ingestao
de EFV (GATANAGA et al., 2007; HAAS et al., 2004; HASSE et al., 2005;
LOWENHAUPT et al., 2007; ROTGER et al., 2005).

E descrito na literatura que individuos homozigotos para o haplétipo CYP2B6*6,
definido pelos SNPs +516G>T e +785A>G (rs2279343) possuem um aumento na
concentracdo plasmatica de EFV, devido a uma menor metabolizacdo.
Consequentemente, possuem um maior risco de desenvolver efeitos adversos a esse
ARV (ROTGER et al., 2005; TSUCHIYA et al., 2004).

O SNP +983T>C (rs28399499) tem um efeito mais impactante do que o
+516G>T no aumento na concentracdo plasmatica de EFV (HAAS et al., 2004,
RIBAUDO et al., 2010; WANG, et al., 2006; WYEN et al., 2008). Contudo, esse SNP
€ pouco frequente e aparenta estar presente apenas em populacdes africanas
(dbSNP, 2018). Ja o SNP +15582C>T (rs4803419), mais frequente em caucasianos,
prediz um modesto aumento na concentragao de EFV (HOLZINGER et al., 2012).

Diferentes combinagdes entre os alelos de +516G>T, +983T>C e +15582C>T
definem o perfil de metabolismo de EFV pela enzima CYP2B6. Esses trés SNPs
explicam aproximadamente 35% da variabilidade interindividual da concentracdo
plasmética de EFV. A partir desses marcadores, os individuos podem ser classificados
em metabolizadores lentos, intermediarios ou rapidos. Quanto menor a taxa de
metabolizacdo do medicamento, maior ser4 sua concentracdo plasmatica, o que
favorece o surgimento de efeitos adversos (HOLZINGER et al., 2012).

O perfil de metabolizador lento esta associado com a descontinuacdo do
tratamento contendo EFV devido ao surgimento de efeitos adversos relacionados ao
SNC (MOLLAN et al., 2017). A forca dessa associagcdo varia entre populagdes,
demonstrando a influéncia da ancestralidade genética na farmacogenética do EFV
(LEGER et al., 2016; RIBAUDO et al., 2010).
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Em relac&o a populacédo brasileira, existem poucos estudos no que diz respeito
a farmacogenética do EFV, e estes ndo reproduzem as associacdes observadas em
outras popula¢gbes. Em um grupo de individuos HIV-positivos do sul do Brasil, ndo
foram encontradas associagbes entre o +516G>T e efeitos adversos no SNC
relacionados ao EFV (MULLER et al., 2017). Analisando o desfecho de falha
terapéutica ao tratamento contendo EFV, Coelho e colaboradores, (2013) também néo
encontraram associagdo com o +516G>T. Por sua vez, Queiroz e colaboradores
(2017) demonstraram associagao entre esse SNP e uma reducdo na contagem de
linfécitos T CD4+ em individuos HIV-positivos do estado do Para em uso de EFV.

Um trabalho prévio do nosso grupo (ARRUDA et al., 2016) (Apéndice A)
analisou a associagcao entre SNPs em genes de ADME e intolerancia aos ITRNN
(incluindo EFV). Assim como a maioria dos demais estudos realizados no Brasil,
também nao foi observada associacdo entre SNPs de CYP2B6 e desfechos de

intolerancia a regimes contendo EFV.

1.8.1.2 CYP2A6

O gene CYP2A6 possui 9 éxons e esta localizado na regido 19q12-13
(FERNANDEZ-SALGUERO et al., 1995; HOFFMAN et al., 1995). Diversas variantes
neste gene ja foram descritas, e algumas podem levar a alteracdes na atividade
enzimatica, consequentemente afetando o metabolismo dos substratos de CYP2A6
(XU et al., 2002).

O SNP -48T>G (rs28399433), por exemplo, rompe um sitio TATAbox e esta
relacionado com uma menor expressdao de CYP2A6 (YOSHIDA et al., 2003). A
presenca desse SNP aumenta ainda mais a concentracdo plasmatica de EFV em
individuos com o perfil genético de metabolizadores lentos de CYP2B6, que ja
possuem niveis plasmaticos do ARV altos (HAAS et al., 2014). Em uma populacao do
Gana, observou-se que a presenca desse SNP em conjunto com +1093G>A
(rs28399454) estd correlacionada a uma maior concentracdo plasméatica de EFV,
independentemente de CYP2B6 (KWARA; LARTEY; SAGOE; KENU et al., 2009;
KWARA; LARTEY; SAGOE; RZEK et al., 2009).

37



1.8.1.3 CYP3A4 e CYP3A5

Os genes CYP3A4 e CYP3AS5 estao localizados no cromossomo 7 regido g22.1
(INOUE et al., 1992). Diversas variantes no gene CYP3A4 ja foram identificadas,
porém, os dados a respeito da associacao entre esses polimorfismos genéticos e um
impacto direto na resposta ao TARV ainda se mantém contraditorios (LEE, et al.,
2003). O SNP +671-202C>T (rs4646437) possivelmente possui um impacto na
farmacocinética do EFV (ARAB-ALAMEDDINE et al., 2009; HAAS et al., 2004).

Polimorfismos no gene CYP3A5 regulam diretamente a variacdo na expressao
e atividade desta isoenzima. A frequéncia destes polimorfismos varia conforme a
caracteristica étnica de cada populacao (KUEHL et al., 2001; LEE, et al., 2003; XIE et
al., 2004). Existem poucos estudos relacionando SNPs nesse gene a desfechos ao
TARV contendo EFV. Haas e colaboradores (2004) demonstraram que o +6986A>G
(rs776746) pode estar fracamente associado a alteragdes na concentragao plasmatica
de EFV.

1.8.1.4 UGT2B7

O gene UGT2B7 esta localizado na regido 4q13.2 (RADOMINSKA-PANDYA;
LITTLE; CZERNIK, 2001). Esse gene apresenta uma grande diversidade de
processamento, possuindo 22 variantes do transcrito e 7 tipos da proteina UGT2B7
(MENARD et al., 2011). O gene UGT2B7 apresenta também diversos polimorfismos
associados a variabilidade na cinética de metabolismo de diferentes ARVs
(BELANGER et al., 2009).

Kwara e colaboradores (2009) demonstraram que o alelo UGT2B7*1a explica
10% da variagao total na concentracao plasmatica de EFV em pacientes HIV-positivos
de Gana, atuando como preditor da farmacocinética deste ARV, juntamente com
CYP2B6 e CYP2A6 (KWARA; LARTEY; SAGOE; RZEK et al., 2009). Além disso,
polimorfismos no gene UGT2B7 também ja foram correlacionados a variacdes na
concentragdo plasmatica de EFV de forma independente de CYP2B6 (KWARA,
LARTEY; SAGOE; KENU et al., 2009). O SNP +735A>G (rs28365062) ja foi associado
a uma maior concentracdo plasméatica de EFV, embora a validade deste achado seja
ainda incerta (HAAS et al., 2014).
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1.8.1.5 NR1I2 (PXR) e NR1I3 (CAR)

O PXR é codificado pelo gene NR1I2, que possui 10 éxons e esta localizado
na regido 3q13-21. Na literatura, diversos SNPs em NR1I2 ja foram associados a
alteracdes na atividade de PXR. O SNP NR1I2 +63396C>T (rs2472677) esta
localizado em um suposto sitio de ligacdo a fator de transcricdo. Este polimorfismo ja
foi associado a um aumento da expresséo de NR1I2, com consequente aumento na
expressdo de CYP3A4 (BERTILSSON et al.,, 1998; HEALAN-GREENBERG et al.,
2007; LEHMANN et al., 1998). Entretanto, ndo existem ainda estudos demonstrando
associacao entre SNPs em NR1I2 e variagBes na concentragdo plasmatica de EFV.

A proteina CAR é codificada pelo gene NR1I3, que possui 9 éxons e esta
localizado na regido 1g21-23. Diversas variantes Unicas de NR1I3 ja foram descritas
na literatura. Elas ocorrem devido a diferentes combinacfes de eventos de splicing e
algumas possuem mutacbes nonsense, gerando proteinas ndo funcionais
(AUERBACH et al., 2003; LAMBA, J. K. et al., 2004; PASCUSSI et al., 2003).

Variacdes no gene NR1I3 podem influenciar a concentracao plasmatica de EFV
de maneira indireta, via indu¢cdo de CYP2B6 (SWART et al., 2012). Em individuos
caucasianos HIV-positivos, 0 alelo T do SNP +453C>T (rs2307424) foi associado a
uma menor concentracdo plasmatica de EFV, enquanto o alelo C aumentou o risco
de descontinuacdo mais rapida de regimes cART contendo EFV (WYEN et al., 2011).
Um segundo SNP neste gene, +239-1089T>C (rs3003596), foi também associado a
concentracdes plasmaticas reduzidas de EFV em uma populacéo da Africa do Sul
(SWART et al., 2012).

1.8.1.6 ABCB1

O gene ABCBLI codifica a glicoproteina-P (P-gp), um transportador de efluxo de
medicamentos capaz de influenciar a disponibilidade intracelular de diversos ARVS,
principalmente os inibidores de protease, bem como sua distribuicdo pelos tecidos
(RODRIGUEZ-NOVOA et al., 2006). Embora os dados da literatura ndo demonstrem
claramente que o EFV esteja entre os alvos deste transportador, ja foram descritas na
literatura associagdes entre polimorfismos no gene ABCB1 e desfechos relacionados
ao EFV.
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O alelo T do SNP +3435C>T (rs1045642) foi associado a menores niveis
plasmaticos de EFV e uma melhor resposta imunolégica em uma populacdo de
caucasianos (FELLAY et al., 2002). Contudo, essa associagao nao foi observada em
uma populagdo de HIV-positivos do Japdo (TSUCHIYA et al.,, 2004). J4 Haas e
colaboradores (2005) encontraram uma associacéo do alelo +3435T com uma menor
probabilidade de falha virologica e a uma diminui¢cdo no surgimento de resisténcia viral
ao EFV. Em contrapartida, esse estudo ndo encontrou correlagdo entre a variagao
+3435C>T e a concentracdo plasmatica de EFV.

Mukonzo e colaboradores (2013) reportaram que o SNP *193A>G (rs3842) é
capaz de influenciar a biodisponibilidade de EFV em uma populacéo sadia de Uganda,
apos administracdo de uma dose Unica deste ARV. A associagéo entre esse SNP e
niveis plasmaticos de EFV ja havia sido observada em individuos HIV-positivos da
Bélgica, da Africa do Sul e da Etiopia e Tanzania (ELENS et al., 2010; NGAIMISI et
al., 2013; SWART et al., 2012).

1.9 DESENVOLVIMENTO DE EFEITOS ADVERSOS AO EFV NO SNC: FATORES
GENETICOS ADICIONAIS

Diversos estudos na literatura caracterizam SNPs no gene CYP2B6,
especialmente o +516G>T, como 0s mais impactantes no que diz respeito ao
desfecho de efeitos adversos ao EFV no SNC (GATANAGA et al., 2007; HAAS et al.,
2004; HASSE et al., 2005; LOWENHAUPT et al., 2007; ROTGER et al., 2005). No
contexto da populacdo brasileira, apenas um estudo objetivou correlacionar
marcadores genéticos humanos ao desenvolvimento de efeitos adversos ao EFV no
SNC, restringindo-se apenas ao +516G>T (MULLER et al., 2017). Marcadores nos
demais genes que participam da via metabdlica de EFV ja foram associados a
concentracbes plasmaticas de EFV mais elevadas, at¢é mesmo de maneira
independente ao gendtipo de CYP2B6 (FELLAY et al., 2002; HAAS et al., 2004,
KWARA; LARTEY; SAGOE; KENU et al., 2009; KWARA; LARTEY; SAGOE; RZEK et
al., 2009; MUKONZO et al., 2013; SWART et al., 2012; WYEN et al., 2011). A
presenca de tais SNPs, além dos em CYP2B6, poderia também favorecer o

surgimento de efeito adversos ao EFV.
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Os fatores farmacocinéticos e/ou farmacogenéticos associados a efeitos
adversos ao EFV no SNC variam de acordo com a populacdo estudada. (ARAB-
ALAMEDDINE et al., 2009; LEGER et al., 2016). Com isso, a realizacdo de uma
abordagem integrada, visando analisar SNPs que representem a via metabdlica de
EFV como um todo, sdo de suma importancia. Dessa maneira, pode-se caracterizar,
em uma determinada populacdo, quais os SNPs que sdo de fato relevantes para o
surgimento de efeitos adversos ao EFV no SNC.

A andlise de marcadores em genes néo relacionados ao processo de ADME
também deve ser considerada. Genes que codificam os alvos de EFV no SNC séo
candidatos interessantes para estudos de farmacogenética. Da mesma forma, genes
relacionados com a susceptibilidade a diferentes transtornos psiquiatricos também
podem ser informativos no que diz respeito ao desfecho em questdo. De fato, o
histérico prévio de transtornos psiquiatricos aparenta estar associado a uma maior
incidéncia de efeitos adversos ao EFV no SNC (MOLLAN et al., 2014).

As doencas psiquiatricas, em sua maioria, apresentam carater multifatorial e
componente genético complexo. Estudos GWAS (do inglés, Genome-Wide
Association Study) evidenciam que diversos genes estdo envolvidos na etiologia da
Doenca de Alzheimer, na disordem do espectro do autismo, na doenca bipolar e na
esquizofrenia (SULLIVAN; DALY; O'DONOVAN, 2014). Estudos em familias sugerem
ainda que muitos transtornos psiquiatricos compartilhem uma mesma base genética,
conforme observado para doencga bipolar e esquizofrenia, doenca bipolar e depressao
grave e desordem do espectro do autismo e transtorno de déficit de atencéo (LEE et
al.,, 2013). Alguns dos marcadores previamente associados a desordens
neuropsiquiatricas estao listados no apéndice B.

As variacdes em genes candidatos nos demais genes de ADME e em genes
relacionados a doencas psiquiatricas poderiam ser utilizadas como preditores do
desfecho de efeitos adversos no SNC devido ao EFV. Esses marcadores poderiam
ser analisados em conjunto ou de forma independente aos SNPs ja amplamente
descritos no gene CYP2B6, de modo a explicar as variagdes de resposta ao EFV em

condi¢gbes normais de atividade de CYP2B6.
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2. OBJETIVOS

2.1 OBJETIVOS GERAIS

Determinar a associacdo entre polimorfismos genéticos humanos e o
surgimento de efeitos adversos ao antirretroviral efavirenz em uma populacdo de

individuos HIV-positivos do Rio de Janeiro.

2.2 OBJETIVOS ESPECIFICOS

+ Caracterizar a frequéncia de 67 SNPs em genes envolvidos no
metabolismo/transporte de EFV em individuos HIV-positivos;

» Caracterizar a associacdo entre SNPs e haplotipos nestes genes e o desfecho
de efeitos adversos ao EFV na populagcéo em questéo;

» Caracterizar a frequéncia de 34 SNPs em genes relacionados a doencas
psiquiatricas na populacao de estudo;

» Caracterizar a associacao dos SNPs nestes genes e haplétipos com o desfecho

de efeitos adversos no SNC relacionados ao EFV.
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3. ARTIGO “DRUG METABOLISM AND TRANSPORT GENE POLYMORPHISMS
AND EFAVIRENZ ADVERSE EFFECTS [IN BRAZILIAN HIV-POSITIVE
INDIVIDUALS”

O trabalho foi aprovado pelo Comité de Etica em Pesquisa do Hospital
Universitario Gaffrée e Guinle (ANEXO A). Todos os individuos incluidos no estudo

assinaram o Termo de Consentimento Livre e Esclarecido (ANEXO B).

3.1 CONTRIBUICAO NO TRABALHO

Neste artigo, participei da leitura de prontuarios e selecdo dos participantes, fui
responsavel pela selecdo dos polimorfismos analisados, realizei as genotipagens por
TagMan® Open Array® (ThermoFisher Scientific, Massachusetts, USA) e SNaPshot®
(ThermoFisher Scientific, Massachusetts, USA), acompanhei as genotipagens com a
plataforma Sequenom MassArray® iPLEX (Agena Bioscience™, California, USA),

realizei as andlises estatisticas e fui responsavel pela redacéo do artigo cientifico.
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Objectives: There are limited data regarding efavirenz pharmacogenetics in admixed populations. The Brazilian
population is highly admixed. In a Brazilian cohort, we sought to characterize associations between efavirenz ad-
verse effects (all-cause and CNS) and polymorphisms in seven genes known or suspected to affect efavirenz
metabolism and transport.

Methods: We studied 225 HIV-positive individuals who had been prescribed efavirenz-containing regimens at a hos-
pital in Rio de Janeiro, Brazil. Eighty-nine cases had efavirenz adverse effects, including 43 with CNS adverse effects,
while 136 controls had no adverse effect of any antiretroviral after treatment for at least 6 months. A total of 67 candi-
date polymorphisms in ABCB1, CYP2A6, CYP2B6, CYP3A4, CYP3A5, NR112 and NR113 genes were selected for association
analysis. Admixture was assessed using 28 ancestry-informative polymorphisms previously validated for the Brazilian
population. Associations were evaluated with logistic regression models adjusted for sex and genetic ancestry.

Results: There was extensive African, European and Native American admixture in the cohort. Increased all-
cause adverse effects were associated with the CYP2B6 genotype combination 15582CC-516TT-983TT
(OR=7.26, P=0.003) and with the CYPZB6 slow metabolizer group 516TT or 516GT-983CT (OR = 3.10, P = 0.04).
CNS adverse effects were nominally associated with CYP3A4 rs4646437 (OR = 4.63, P=0.014), but not after
adjusting for multiple comparisons.

Conclusions: In a highly admixed Brazilian cohort, the CYP2B6 slow metabolizer genotype was associated with
anincreased risk of efavirenz adverse effects.

Introduction

by nuclear receptor genes PXR, CAR and others.® Efavirenz is also
directly glucuronidated by uridine 5’-diphospho-glucuronosyl-
transferase (UGT) 2B7.'®' SNPs in genes that encode these
enzymes, especially CYP2B6, predict higher plasma efavirenz con-

Worldwide, ~37 million people are living with HIV-1, of whom
nearly 50% are receiving ART." The most recent WHO guidelines

recommend efavirenz in combination with tenofovir and lamivu-
12-15

dine as first-line ART.” Intolerance and adverse effects are primary
reasons for first regimen discontinuation. Nearly one-half of
patients prescribed efavirenz experience adverse effects, particu-
larly CNS disturbances (e.g. insomnia, dizziness, depression, psych-
osis and suicidal ideation), which has been related to higher
plasma efavirenz concentrations.> ® In a Brazilian cohort, efavirenz
CNS adverse effects were the third most frequent reason for treat-
ment discontinuation.

Cytochrome P450 (CYP2) B6 is primarily responsible for efavir-
enz metabolism, with accessory pathways involving CYP2A6 and
possibly CYP3A4/5.”€ The CYP genes are transcriptionally regulated

centrations.

In CYP2B6, 516G—T (rs3745274) has been most extensively
studied for associations with increased plasma efavirenz expos-
ure.'#'*" 19 In addition, CYP2B6 983T—C (rs28399499) and
15582C—T (rs4803419) have been associated with increased
plasma efavirenz exposure.?®?? Associations with plasma efavir-
enz concentrations have also been reported in different popula-
tions with SNPs in ABCB1, which encodes the efflux transporter P-
glycoprotein.?**?” The CYP2B6 SNPs that predict increased plasma
efavirenz concentrations have also been associated with efavirenz
CNS adverse effects. 178
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Polymorphism frequencies and effects on gene expression
vary among populations depending on genomic structure.
Conseguently, associations in one population may not translate to
others. In Brazil there is marked ancestry admixture, defined as
what occurs when previously isolated populations interbreed. This
raises the possibility that genetic associations reported in other
less admixed populations may not translate to Brazil.”® In addition,
there are limited studies of efavirenz pharmacogenetics in
Brazilian populations. A previous study from our group did not find
associations between SNPs in absorption, distribution, metabolism
and excretion (ADME) genes and adverse effects of ART regimens
containing either efavirenz or nevirapine, but that study only con-
sidered all-cause rather than specific adverse effects.*°

The aim of the present study was to characterize, among
Brazilians, associations between SNPs in genes that are known or
suspected to affect efavirenz disposition and risk of efavirenz all-
cause and CNS adverse effects.

Methods

Ethics statement

This study was approved by the Research Ethics Committee of Hospital
Universitario Gaffreé e Guinle (HUGG), number 94/2011. All procedures
were performed in accordance with the gquidelines of the Helsinki
Declaration. Written informed consent was obtained from all subjects.

Study subjects

The present study was based on retrospective review of medical records
and included a total of 225 HIV-1-positive individuals who received routine
clinic follow-up at the Clinical Immunology Service of HUGG. Individuals at
least 18 years of age were eligible regardless of sex. Additional eligibility cri-
teria included complete documentation of ART regimens in the medical re-
cord, previous or current use of an efavirenz-containing regimen,
documentation of reason for ART change and no treatment for TB or viral
hepatitis. Individuals were excluded for adverse drug effects that occurred
during pregnancy and for adverse effects that were attributed to antiretro-
virals other than efavirenz. Analyses were performed with all eligible partici-
pants (n = 225). Those who developed any adverse effects due to efavirenz
were defined as cases (n = 89) while those with no documented adverse
effect of any antiretroviral for at least 6 months were defined as controls
(n = 136). Additional analyses considered only the subset of cases with CNS
adverse effects (n = 43). Adverse effects were based on self-report by indi-
viduals during clinical follow-up. Severity of adverse effects was not reliably
documented in medical records. Among controls, the median time on an
efavirenz-containing regimen was 63 months. Among cases, the median
time on an efavirenz-containing regimen was 5.5 months. Data were
obtained by retrospective review of medical records.

Considering a minimum allele frequency of 1% and a 50% incidence of
adverse effects due to efavirenz, the minimum OR value to achieve 80%
power in our sample size (n = 225) would be OR = 3. For analysis including
only CNS adverse effects (n=179), with a medium incidence of 30%, the
minimum OR value to reach 80% power would be OR = 4.5.

Selection of polymorphisms for analysis

Candidate genes were ABCB1, CYP2A6, CYP2B6, CYP3A4, CYP3A5, NR1I2 and
NR1I3, in which 67 SNPs were selected for genotyping largely based on lit-
erature review (Table S1, available as Supplementary data at JAC Online).”

#11.1% The SNPper tool was used to search for potentially informative SNPs
in coding and non-coding regulatory regions. We also used the HapMap
data bank to identify tagging SNPs and increase gene coverage.

For HapMap, we used a minor allele frequency (MAF) of 0.05 in CEU (Utah
residents with Northern and Western European ancestry) or YRI (Yoruba in
Ibadan, Nigeria) populations and an r? cut-off of 0.8 as parameters. To ad-
just for genetic ancestry, we used a panel of 28 ancestry-informative SNPs
previously validated for the Brazilian population.”

DNA extraction and genotyping

Buffy coat samples were obtained from whole blood by centrifugation at
3000g for 10 min and genomic DNA was extracted with a salting-out
method. The CYP2A6, CYP3A4, CYP3A5, NR1I2 and NRII3 SNPs and
ancestry-informative markers were genotyped with TagMan® Open Array®
technology, using the QuantStudio™ 12K Flex Real-Time PCR System
(Thermo Fisher Scientific, MA, USA), according to the manufacturer’s
instructions. The CYP2B6 SNPs (except rs3745274, rs4803419, rs4803420
and rs7260525) were genotyped with SNaPshot® (Thermo Fisher Scientific),
according to the manufacturer’s instructions. Purified products underwent
capillary electrophoresis on an ABI3130 Genetic Analyzer (Thermo Fisher
Scientific) using the standard fragment analysis protocol. GeneMapper soft-
ware (version 4.0 Thermo Fisher Scientific) was used for genotyping.
CYP2B6 rs3745274 and rs4803419 were genotyped with the TagMan® Drug
Metabolism SNP Genotyping Assay (Thermo Fisher Scientific), following the
manufacturer’s instructions. CYP2B6 rs4803420 and rs 7260525, and ABCB1
markers were genotyped with a Sequenom MassARRAY® iPLEX platform
(Agena Bioscience™, CA, USA) at Vanderbilt Technologies for Advanced
Genomics (VANTAGE) in Nashville, TN, USA. Data were analysed using Typer
software (Agena Bioscience™, CA, USA). Other genotyping was done at
Laboratério de Virologia Molecular, Departamento de Genética, Instituto de
Biologia, Universidade Federal do Rio de Janeiro.

Estimates of genetic ancestry

Proportions of African, European and Native American genetic ancestries
were estimated using Structure software, version 2.3.1.>*~*> Proportions of
each ancestry were estimated under an admixture model using data from
European and African populations of the 1000 Genomes Project as a refer-
ence. Native American ancestry was estimated using an admixed
Amazonian population from Santa Isabel do Rio Negro as a reference, all of
whom reported recent indigenous ancestry.*®

Statistical analyses

Statistical analyses were performed using R software (version 2.13.0) and
the genetics, gap, SNPassoc, haplo.stats, LDheatmap, grid and coin pack-
ages.*’ Deviations from Hardy-Weinberg equilibrium (HWE) were assessed
by the ;* test. Pairwise linkage disequilibrium (LD) patterns were deter-
mined using r? statistics (cut-off of r?>0.8). Stepwise logistic regression
analysis was performed to select covariates to include in the model as pos-
sible confounders, including age at the start of efavirenz-containing regi-
men, sex and genetic ancestry. The variables sex, African ancestry and
Native American ancestry were considered to be informative and were
included in the model. Sex proportions between cases and controls were
compared using the »” test, Age and genetic ancestry were compared using
the Wilcoxon rank sum test.

Logistic regression models were performed to identify associations be-
tween SNPs and adverse effect outcomes. We primarily considered additive
genetic models and secondarily considered dominant and recessive mod-
els. Bonferroni adjustment was applied to minimize type I error (P value
cut-off for 46 SNPs = 1.1x1073). Haplotype analyses were performed for
SNPs with nominal P value <0.05. Haplotype frequencies were estimated
through maximum likelihood and compared between cases and controls
using logistic regression models, as described for SNP analyses.

CYP2B6 genotype levels were defined as described elsewhere, with each
increasing plasma efavirenz concentration stratum predicted by specific
combinations of rs4803419 (15582C—T), rs3745274 (516G—T) and
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Table 1. Characteristics of study participants

All-cause cases (N = 89) CNS cases (N =43) Controls (N =136) pe P
Sex”, n (frequency)
male 43 (0.48) 26 (0.60) 84 (0.62) 0.064 0.978
female 46(0.52) 17 (0.40) 52(0.38)
Age (years), mean =+ SDP 4114+ 114 409+ 119 40.5 4103 0.840 0.940
Genetic ancestry (%), mean + SD°
European 48 + 28 41+ 27 51+ 29 0.540 0.071
African 40 + 26 45 + 28 36+ 28 0.400 0.110
Native American 12 + 14 14 + 16 13 + 14 0.640 0.950
9Comparisons were performed using the 7* test.
®Comparisons were performed using the Wilcoxon rank sum test.
“Pvalue based on all-cause cases versus controls.
dpvalue based on CNS cases versus controls.
rs28399499 (983T—C() alleles.’® We designated the 10 strata defined by 10 -
these genotypes as level 1 to level 10, with level 1 being the composite
genotype associated with the lowest concentrations and level 10 being
associated with the highest concentrations. Levels 1, 2 and 3 are defined by 0.8 4
15582CC, CTand TT, respectively, together with 516GG and 983TT homozy-
gosity. Levels 4 and 5 are defined by 516GT and 983CT heterozygosity, re-
spectively, together with 15582CC homozygosity. Levels 6 and 7 are g 0.6 1
defined by 516GT and 983CT heterozygosity, respectively, together with L
15582CT heterozygosity. Level 8 is defined by 516TT with 983TT, level 9 is o
defined by 516GT with 983CT and level 10 s defined by 516GG with 983CC, & 041
all together with 15582CC homozygosity.
We also assigned CYP2B6 genotypes into three metabolizer groups: ex- 0.2 -
tensive, intermediate and slow. CYP2B6 levels 1 and 2 were defined as ex-
tensive metabolizers, CYP2B6 levels 3, 4, 5, 6 and 7 were defined as
intermediate metabolizers and CYP2B6 levels 8, 9 and 10 were defined as 0 -
slow metabolizers. Cls were determined using the Wald medified method. & H H L& P @S LS LD
Associations between CYP2B6 genotype levels and CNS adverse effects ) 0"00 ,&(‘e\'@é\ ° 0@1\&‘0’ 0\?5\ @"\065\0(\0) 0\6\_ \\é\zv(\%e a,‘@éj
were determined by logistic regression models considering CYP2B6 geno- \\\,_OQ < \-&6,“ QeQ x&@QQ O&(\ (9(\ ~ ef?\ &
type level both as an ordinal variable and comparing each level separately Q\& o% \}Q}(" \}6‘ \)'0)53 C
to the normal metabolizer genotype. CYP2B6 genotype level was also V@@\ & <

included as a covariate in analyses for associations between other candi-
date SNPs and efavirenz adverse effects.

Results

Patient characteristics

The distribution of sex, age at the start of efavirenz-containing
regimen and genetic ancestry in all-cause cases, CNS cases and
controls is presented in Table 1. The cohort was highly admixed,
with the average individual having ~50% European, ~45% African
and ~13% Native American genetic ancestry. Covariates did not
differ significantly between cases and controls, although there
were somewhat fewer males among all-cause cases versus
controls.

CNS adverse effects represented 48% of all adverse effect
cases, with the most common symptoms being hallucinations
(30%), dizziness (26%) and nightmares (16%) (Figure 1). Among
the non-CNS cases (n = 46), 19% developed a rash, 11% were sim-
ply described as intolerant, 6% had malaise and 10% were unique
cases of diabetes mellitus, dyslipidaemia, epigastralgia or hypertri-
glyceridaemia. Specific symptoms were not described for 24
individuals.

Figure 1. Distribution of reported efavirenz CNS adverse effects among
43 cases. Some cases had more than one type of efavirenz CNS adverse
effect documented. Each type of CNS adverse effect was counted separ-
ately for such individuals.

Genotypes including HWE and LD

We attempted to genotype 67 SNPs in seven drug metabolism and
transport genes. Of these, 5 that deviated from HWE were
excluded from analysis, as were an additional 13 monomorphic
loci. Of the remaining SNPs, three pairs were in LD at r’> 0.8 in
NR1I2 (rs1523127 and rs1523130) and ABCBI (rs4148740 and
rs10225473; rs3789244 and rs1128503). Only the most frequent
SNP of each pair was maintained. The remaining 46 SNPs were
included in association analyses (Table S1).

Association between CYP2B6 genotype levels and
efavirenz adverse effects
We assessed whether CYP2B6 genotype levels previously reported

to predict plasma efavirenz concentrations were associated with
efavirenz adverse effects.’® We found no significant association
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Figure 2. Distribution of CYP2B6 level frequencies in cases. Cls were calculated using the modified Wald method. (a) Frequencies of CYP2B6 metabol-
izer genotype levels in CNS cases based on 10 possible levels (n = 43). (b) Frequencies of CYP2B6 metabolizer genotype levels in CNS cases collapsed
into extensive, intermediate and slow metabolizer groups. (c) Frequencies of CYPZB6 metabolizer genotype levels in all-cause cases based on 10 pos-
sible levels (n = 89). (d) Frequencies of CYP2B6 metabolizer genotype levels in all-cause cases collapsed into extensive, intermediate and slow metab-
olizer groups. EXT, extensive metabolizer genotypes; INT, intermediate metabolizer genotypes; SLO, slow metabolizer genotypes. CYP2B6 genotype
levels were collapsed as follows: extensive (levels 1 and 2), intermediate (levels 3, 4, 5, 6 and 7) and slow (levels 8, 9 and 10).%"

between CYPZB6 genotype level, considered as an ordinal variable,
and CNS adverse effects by an unadjusted logistic regression
model (OR = 1.06, P=0.50) or with adjustment for sex, African an-
cestry and Native American ancestry (OR=1.04, P=0.67).
Likewise, we found no significant association between CYP2B6
genotype level and all-cause efavirenz adverse effects in an un-
adjusted model (OR=1.11, P=0.14) or after adjustment
(OR=1.10, P=0.13). Proportions of adverse effect cases within
each genotype level for CNS adverse effects and for all-cause ad-
verse effects are presented in Figure 2(aand c).

In association analyses that compared each CYP2B6 genotype
level pairwise to genotype level 1, which predicts the lowest
plasma efavirenz concentrations, there was an association be-
tween the diplotype rs4803419CC-rs3745274TT-rs28399499TT
(level 8) and increased risk of CNS adverse effects in an unadjusted
model (OR = 8.67, P=0.021). This association was marginally sig-
nificant after adjustment for sex, African ancestry and Native
American ancestry (OR=546, P=0.05). We also found an

association between level 8 and all-cause efavirenz adverse
effects in both an unadjusted model (OR=7.26, P=0.003) and
after adjustment (OR = 6.83,P=0.005).

We have also performed data analysis after collapsing CYP2B6
genotype levels into extensive, intermediate and slow metabolizer
groups. Individuals with slow metabolizer genotypes were more
likely to be among CNS adverse effect cases, although this differ-
ence was not statistically significant (Figure 2b). Using extensive
metabolizers as reference, we found no significant association be-
tween the metabolizer group and CNS adverse effects in an un-
adjusted model and after adjusting for sex, African ancestry and
Native American ancestry. The intermediate group had an OR of
0.68 (P=0.34) and the slow group an OR of 2.29 (P=0.23) in the
adjusted model. However, when all-cause adverse effect cases
were considered, we found a significant association between slow
metabolizer status and increased risk for adverse effects both in
unadjusted (OR=3.44, P=0.024) and adjusted (OR=3.10,
P =0.04) analyses (Figure 2d).
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Table 2. Significant associations between SNPs and efavirenz CNS adverse effects

Genotype Cases’ Controls® Unadjusted model OR (95% CI) Adjusted model OR (95% CI)°
SNPrs1882478 (ABCBI1)
CC 7(0.17) 41(0.31) reference reference
CcT 22 (0.52) 72 (0.54) 1.79(0.70-4.55) 1.50(0.54-4.17)
T 13(0.31) 20(0.15) 3.81(1.32-11.02) 2.62 (0.80-8.65)
42 133 P =0.040° P=0.267°
CC-CT 29(0.69) 113 (0.85) reference reference
T 13(0.31) 20 (0.15) 2.53(1.13-5.69) 1.94 (0.79-4.80)
P=0.0274 P=0.156
SNP rs4646437 (CYP3A4)
GG 6(0.17) 47 (0.41) reference reference
GA 16 (0.46) 46 (0.40) 2.72(0.98-7.58) 3.09 (0.96-9.95)
AA 13(0.37) 22 (0.19) 4,63 (1.55-13.79) 4,95 (1.22-20.05)
35 115 P=0.014° P=0.059°
GG 6(0.17) 47 (0.41) reference reference
GA-AA 29(0.83) 68 (0.59) 3.34(1.29-8.68) 3.36(1.07-10.59)
P=0.007% P=0.0297
SNP rs2740574 (CYP3A4)
T 14(0.39) 60 (0.51) reference reference
TC 12 (0.33) 42 (0.36) 1.22 (0.52-2.91) 1.03 (0.39-2.70)
CC 10(0.28) 15(0.13) 2.86 (1.06-7.68) 2.02 (0.60-6.79)
36 117 P=0.116" P=0.435"
TT-TC 26(0.72) 102 (0.87) reference reference
CC 10(0.28) 15(0.13) 2.62 (1.05-6.49) 1.98 (0.71-5.52)
P=0.0434 p=0.198¢
“Results are shown as n (frequency) for SNP genotypes.
Poverall P value for additive model (2 degrees of freedom).
“Results adjusted for sex, African ancestry and Native American ancestry.
40verall Pvalue for dominant or recessive model (1 degree of freedom).
Adverse effects and polymorphisms beyond CYP2B6 Haplotype analysis

In logistic regression models that considered only CNS adverse ef-
fect cases, two SNPs in CYP3A4, rs4646437 (OR =4.63, P=0.014,
additive model) and rs2740574 (OR=2.86, P=0.116, additive
madel; OR=2.62, P=0.043, recessive model), were nominally
associated with increased risk. There was also a nominal associ-
ation with ABCB1 rs1882478 (OR =3.81, P=0.040, TT genotype,
additive model). After adjusting for sex, African ancestry and
Native American ancestry, only CYP3A4 rs4646437 remained asso-
ciated with efavirenz CNS adverse effects (OR =4.95, P=0.059,
additive model; OR = 3.36, P =0.029, dominant model) (Table 2).
This association was not statistically significant after adjusting for
multiple comparisons.

Logistic regression analyses were also adjusted for CYP2B6
genotype level to see whether this affected the apparent associa-
tions with CYP3A4 rs4646437, CYP3A4 rs2740574 and/or ABCB1
rs1882478. Such adjustment did not substantially change ORs or P
values of these associations (data not shown).

No associations were observed when all-cause efavirenz ad-
verse effect cases were considered either before or after adjust-
ment. The lowest P value was for CYP2A6 rs28399433 after
adjustment for sex, African ancestry and Native American ancestry
(P=0.301).

We tested for associations between CYP3A4 rs4646437-
rs2740574 haplotypes noted above and efavirenz CNS adverse
effects, as these two SNPs are in linkage equilibrium and were sep-
arately associated with the same risk effect. The haplotype con-
taining both minor alleles, rs4646437A and rs2740574C, was
associated with CNS adverse effects in both unadjusted
(OR=2.04,P=0.012) and adjusted (OR = 2.08, P = 0.045) models.
This haplotype did not have a stronger association with CNS ad-
verse effects than each SNP considered separately (Table 3).

Discussion

Research into the pharmacogenetics of efavirenz among Brazilians
is limited. The present study characterized, in a highly admixed
Brazilian population, associations between efavirenz adverse
effects (both all-cause and CNS adverse effects) and SNPs in genes
that are known or suspected to affect efavirenz disposition. In un-
adjusted analyses, CYP2B6 genotype rs4803419CC-rs3745274TT-
rs28399499TT (genotype level 8) was significantly associated with
efavirenz all-cause adverse effects. The CYP2B6 slow metabolizer
group (rs3745274TT or rs3745274GT-rs28399499CT) was also sig-
nificantly associated with all-cause efavirenz adverse effects. In
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Table 3. Association between CYP3A4 rs4646437 and rs2 740574 and CNS adverse effects due to efavirenz

Haplotype rs4646437/rs2740574 Controls® Cases”
GIT 0.6 0.39
AlC 0.29 0.43
AIT 0.1 0.16
G/C 0.01 0.02

Unadjusted model OR (95% CI) Adjusted model OR (95% CI)°

reference
2.08 (1.02-4.26; P=0.045)
2.94 (1.06-8.15; P=0.04)
1.83 (0.15-22.02; P=0.634)

reference
2.04(1.17-3.56;P=0.012)
2.70(1.09-6.70; P=0.033)
1.99(0.18-21.42; P=0.571)

“Haplotype frequencies were estimated by maximum likelihood.
PResults adjusted for sex, African ancestry and Native American ancestry.

addition, CYP3A4 rs4646437 was nominally associated with efavir-
enz CNS adverse effects, but not after adjusting for multiple
comparisons.

The CYP2B6 516G—T (rs3745274) SNP is widely reported to be
associated with efavirenz phenotypes, including higher efavirenz
plasma concentrations and adverse effects.'*'5 1928 However,
previous reports suggested that this effect may not occur in
Brazilian populations.?®*** In a study of 50 individuals from the
south of Brazil, Muller et al.>® found no association between
rs3745274 and CNS adverse effects due to efavirenz. A limitation
of that study was the small sample size. In a previous study by our
group, rs3745274 was not associated with intolerance to regimens
containing either efavirenz or nevirapine in 395 individuals from
Rio de Janeiro, Brazil *° Lack of focus on a specific intolerance could
have limited our power to find an association. Similarly, Coelho
et al.* found no association between rs3745274 and treatment
regimen failure.

In contrast to previous reports from Brazil, our analyses consid-
ered CYP2B6 genotype levels based on combinations of
rs3745274, rs28399499 and rs4803419. We found that CYP2B6
level 8 (rs4803419CC-rs3745274TT-rs28399499TT) was associ-
ated with increased risk of efavirenz all-cause adverse effects
(P=0.003). In addition, when considering classical metabolizer
groups, we also found an association between the slow metabol-
izer group and efavirenz all-cause adverse effects (P = 0.04).

These associations were not significant when considering only
CNS adverse effect cases, possibly due to a smaller sample size in
that analysis. An additional limitation of our study is the use of a
broad case definition, since different types of efavirenz adverse
effects can be distinctively associated with the SNPs analysed.
Therefore, the analysis of all cases as a single group may have
reduced our power to detect associations that might be specific for
each adverse effect. Associations between long-term efavirenz
use and performance on formal neurocognitive testing have been
reported.*®*" In the present retrospective study, we could not test
for associations with neurocognitive performance because such
datawere not available.

Our findings agree with previous studies that showed associa-
tions between CYP2B6 variants and increased risk for specific efa-
virenz adverse effects or discontinuation of ART due to CNS
symptoms.“*** To our knowledge, the present study is the first to
show associations between CYP2B6 genotype and efavirenz ad-
verse effects in a Brazilian population. We cannot explain the
stronger association between CYP2B6 level 8 (homozygosity for
516TT) as compared with level § (heterozygosity for 516GT and

983(T), although it might be due to the very few individuals in
level 9.

The enzyme CYP3A4 is responsible for metabolizing the largest
number of medications and plays a minor role in efavirenz metab-
olism.”** In our study, CYP3A4 rsk646437 was nominally associ-
ated with increased risk of CNS adverse effects, but not after
adjusting for multiple comparisons. We also observed an associ-
ation with CYP3A4 rs2740574 in an unadjusted model. The SNP
CYP3A4 rst646437 has been reported to be associated with
decreased efavirenz clearance independent of CYP2B6 genotype,
which could increase risk for efavirenz adverse effects.*> In the
published literature, we found no clear associations reported for
rs2740574. An early study suggested that this SNP could be weakly
associated with plasma efavirenz concentrations, but a subse-
quent study did not replicate this finding."*'® Furthermore, Haas
et al.? did not find an association between rs2704574 and efavir-
enz CNS adverse effects.

Although P-glycoprotein is not described as an efavirenz trans-
porter, associations have been reported between ABCB1 SNPs and
efavirenz-related outcomes. 823254 In the present study, among
21 candidate SNPs in ABCBI, we found an association with
rs1882478 in an unadjusted model. To our knowledge, no prior
studies have shown associations of ABCBI rs1882478 with efavir-
enz phenotypes, although this SNP was reported to be associated
with decreased hepatic ABCB1 expression among liver transplant
donors in China.*”

The marked ancestry admixture in the Brazilian population may
affect SNP frequencies and LD patterns, Consequently, findings
from other well-defined ethnic groups may not reliably translate
to Brazilians. It is thus important that pharmacogenetic associations
reported in other populations be replicated in Brazil, as was done in
the present study. Better understanding of pharmacogenetic mech-
anisms that underlie adverse effects of antiretroviral drugs may
help to identify genetic predictors for these outcomes and ultimately
lead to better-tolerated and more effective HIV therapies.
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Table S1. Candidate genes and SNPs selected for case-control analysis

rs 1D Gene Chr. Position® Alleles MAF
rs2307424 NR1I3 1 161232815 G—A 0.24
rs2502815 NR1I3 1 161233437 G—A 0.29
rs3003596 NR1I3 1 161234427 A—-G 0.39
rs1523130 NR1I2 3 119780660 T-C 0.36
rs3814055 NR1I2 3 119781188 C-T 0.31
rs1523127 NR1I2 3 119782192 C—A 0.38
rs2472677 NR1I2 3 119799570 C-T 0.49
rs12721613 NR1I2 3 119807329 C-T 0.08
rs12721607 NR1I2 3 119807356 G—-A 0
rs72551372 NR1I2 3 119811625 C-T 0
rs72551374 NR1I2 3 119811695 A—G 0
rs6785049 NR1I2 3 119814886 G—-A 0.33
rs3814057 NR1I2 3 119818407 A—C 0.36
rs3842 ABCB1 7 87504050 T—-C 0.14
rs28364277 ABCB1 7 87504097 C-T 0.04
rs1882478 ABCB1 7 87507702 C-T 0.46
rs1045642 ABCB1 7 87509329 G—-A 0.33
rs10808071 ABCB1 7 87511492 A—-G 0.24
rs4148740 ABCB1 7 87522787 A—-G 0.18
rs10225473 ABCB1 7 87525330 A—-G 0.17
rs2032582 ABCB1 7 87531302 C—A 0.27
rs10248420 ABCB1 7 87535670 A—-G 0.34
rs2091766 ABCB1 7 87545188 C-T 0.39
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rs 1D Gene Chr. Position® Alleles MAF
rs2235013 ABCB1 7 87549310 T-C 0.49
rs1128503 ABCB1 7 87550285 G—A 0.33
rs2229109 ABCB1 7 87550493 C—oT 0.03
rs3789244 ABCB1 7 87552533 T-G 0.35
rs13237132 ABCB1 7 87562353 C—-G 0.27
rs10280623 ABCB1 7 87573228 T-C 0.27
rs1202179 ABCB1 7 87574963 T-C 0.35
rs17327624 ABCB1 7 87587501 G-oT 0.21
rs9282564 ABCB1 7 87600124 T—-C 0.05
rs13233308 ABCB1 7 87615644 C—-T 0.28
rs10267099 ABCB1 7 87649444 A—-G 0.2
rs776746 CYP3A5 7 99672916 C-T 0.39
rs28383468 CYP3A5 7 99676192 G—-A 0
rs4986909 CYP3A4 7 99762047 G—-A 0
rs12721629 CYP3A4 7 99762177 G—A 0
rs28371759 CYP3A4 7 99764003 A—-G 0
rs4646437 CYP3A4 7 99767460 G—A 0.41
rs55901263 CYP3A4 7 99768371 G—-C 0
rs35599367 CYP3A4 7 99768693 G—A 0.03
rs55951658 CYP3A4 7 99770202 T-C 0
rs2740574 CYP3A4 7 99784473 T—-C 0.33
rs41303343 CYP3A5 7 99652770:99652771 DEL—A 0.05
rs5031017* CYP2A6 19 40843845 G-T 0.27
rs376817657 CYP2A6 19 40844766 G—A 0
rs28399454 CYP2A6 19 40845362 C-T 0.03
rs140471703* CYP2A6 19 40846912 G—-A 0.41
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rs 1D Gene Chr. Position® Alleles MAF
rs8192726 CYP2A6 19 40848591 C—A 0.03
rs1801272* CYP2A6 19 40848628 A—-T 0.02
rs143690364  CYP2A6 19 40849959 G—A 0
rs28399433 CYP2A6 19 40850474 A—C 0.05
rs8192709 CYP2B6 19 40991369 G—A 0.07
rs6508963 CYP2B6 19 40992828 T-C 0.27
rs4803417* CYP2B6 19 41002115 A—C 0.29
rs4803419 CYP2B6 19 41006887 C-T 0.24
rs3745274 CYP2B6 19 41006936 G-oT 0.32
rs34646544 CYP2B6 19 41009342 G—A 0
rs45482602 CYP2B6 19 41009350 G-oT 0
rs2279343* CYP2B6 19 41009358 G—A 0.29
rs12721649 CYP2B6 19 41009932 C-T 0.08
rs28399499 CYP2B6 19 41012316 T—-C 0.02
rs35979566 CYP2B6 19 41012693 T-A 0.01
rs35010098 CYP2B6 19 41012803 C—A 0.01
rs7260525 CYP2B6 19 41017349 A—G 0.09
rs4803420 CYP2B6 19 41017655 G-oT 0.13

aChromosome positions are based on assembly GRCh38.p7

*Deviated from HWE
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4. MANUSCRITO DO ARTIGO “EFAVIRENZ CENTRAL NERVOUS SYSTEM
EFFECTS AND PSYCHIATRIC DISORDER-RELATED GENETIC
POLYMORPHISMS IN HIV-POSITIVE BRAZILIANS”

O trabalho foi aprovado pelo Comité de Etica em Pesquisa do Hospital
Universitario Gaffrée e Guinle (ANEXO A). Todos os individuos incluidos no estudo

assinaram o Termo de Consentimento Livre e Esclarecido (ANEXO B).

4.1 CONTRIBUICAO NO TRABALHO

Neste artigo, contribui com a leitura de prontuérios e selecéo dos participantes,
fui responsavel pela selecdo dos polimorfismos analisados, realizei as genotipagens
por TagMan® OpenArray® (ThermoFisher Scientific, Massachusetts, USA) e
SNaPshot® (ThermoFisher Scientific, Massachusetts, USA), acompanhei as
genotipagens com a plataforma Sequenom MassArray® iPLEX (Agena Bioscience™,
California, USA), realizei as andlises estatisticas e in silico e fui responsavel pela

redacdo do manuscrito artigo cientifico.
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ABSTRACT

Background: In a Brazilian HIV-1-positive cohort, we characterized associations
between central nervous system efavirenz adverse effects and polymorphisms in 27

genes previously associated with psychiatric disorders.

Methods: We studied 179 individuals followed at a hospital in Rio de Janeiro, Brazil.
Forty-three cases had efavirenz central nervous system adverse effects, while 136
controls had no adverse effect of any antiretroviral for at least 6 months. Associations
between 30 polymorphisms and adverse effects were evaluated with logistic

regression models adjusted for sex and genetic ancestry.

Results: Central nervous system adverse effects were nominally associated with
SLFN12L rs8070473 (OR=3.53, p=0.011) and FHIT rs9825823 (OR=0.11, p=0.006).
After adjusting for sex and genetic ancestry, rs8070473 (OR=3.15, p=0.039) and
rs9825823 (OR=0.15, p=0.03) remained associated. There were no significant

associations after correcting for multiple testing.

Conclusions: In a Brazilian population, we identified two candidate polymorphisms
that may be associated with central nervous system efavirenz adverse effects. This

warrants replication in other cohorts.

Keywords: HIV; efavirenz; pharmacogenetics; central nervous system adverse

effects.
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Introduction

Efavirenz is a non-nucleoside reverse transcriptase inhibitor widely used to treat
HIV-1 infection, including in patients coinfected with Mycobacterium tuberculosis.
Antiretroviral regimens that combine efavirenz with tenofovir and either lamivudine or
emtricitabine are prescribed once daily and are commercialized as generic forms, thus
reducing cost!. Nevertheless, efavirenz has been associated to adverse effects in as
many as one-half of the individuals.?® These adverse effects most often involve the
central nervous system (CNS) and vary from insomnia, nightmares and mood changes
to depression, psychosis and suicidal ideation. Such effects typically improve or
resolve with continued dosing, but remain a primary cause of premature treatment
discontinuation.*

Increased likelihood of efavirenz CNS adverse effects has been associated with
higher plasma efavirenz concentrations as a consequence of slower metabolism of this
drug.® Accordingly, single nucleotide polymorphisms (SNPs) in CYP2B6, which
encodes the primary efavirenz metabolism enzyme 6, have been associated to
efavirenz pharmacokinetics and CNS adverse effects”8. However, this association is
not clear in Brazilian population®19 suggesting that additional genetic and/or
environmental factors may influence CNS outcomes.

Efavirenz has been shown to interact with serotonin and GABA receptors in
brain, suggesting a possible mechanism for CNS adverse effects''-4. Consequently,
polymorphisms in genes related to these interactions might also influence susceptibility
to efavirenz adverse effects. Psychiatric disorders such as depression and bipolar
disorder exhibit strong heritability and a shared genetic component®® and

polymorphisms mostly in genes expressed in brain have been associated to such
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disorders®1’. These polymorphisms, therefore, might also affect susceptibility to
efavirenz-related psychiatric outcomes.

To investigate the genetics of efavirenz-related CNS adverse effects, we
selected 34 candidate SNPs previously associated with psychiatric disorders and
investigated association of these SNPs with efavirenz CNS adverse effects cohort of

HIV-positive individuals in Brazil.

Methods

Study subjects

A total of 179 HIV-1-positive subjects receiving clinical follow-up at the Clinical
Immunology Service of Hospital Universitario Gaffrée e Guinle (HUGG), in Rio de
Janeiro, Brazil, were enrolled in this study. Subjects at least 18 years were considered
eligible, regardless of gender. Inclusion criteria were availability of a complete history
of antiretroviral therapy (ART) regimens in subject’s medical record, and current or
previous use of efavirenz-containing regimens. Subjects were excluded if they were
treated for coinfection with tuberculosis or hepatitis, had adverse effects during
pregnancy, had adverse effects to any antiretroviral other than efavirenz, or had
efavirenz non-CNS adverse effects. Subjects who developed efavirenz CNS adverse
effects were classified as cases (n=43). Subjects who tolerated efavirenz for at least 6
months without documented adverse effects were classified as controls (n=136). The
most common adverse effects were hallucinations in 13 (30%), dizziness in 12 (26%)
and nightmares in 7 (16%). This study was approved by the Research Ethics

Committee of the HUGG. All procedures were performed in accordance with the
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guidelines of the Helsinki Declaration. Written informed consent was provided by all

subjects.

SNP selection

Twenty-seven candidate genes were selected for this study: CACNALC,
CDH13, CDH18, CREB1, DDX50, EIF3F, FAM155A, FHIT, FKBP5, GABRA1,
GABRAZ2, GABRA4, GNB3, GPHN, GRMS8, HTR1A, HTR2A, HTR2C, HTR6, ITGB1,
PCDH17, RORA, SLC6A2, SLC6A3, SLFN12L, SYNE1 and TPH2. From these genes,
34 SNPs were selected based on previously reported associations with other CNS
disorders, or putative targets for efavirenz interaction in the brain (Supplementary
Table 1). Selection of candidate genes and SNPs was performed through literature
search and also using Haploreg!® and GWAS Catalog!® databases. Haploreg returns
candidate regulatory SNPs associated with specific diseases, while GWAS Catalog
tabulates genome-wide associations with specific traits, for which we used a threshold

of p < 5.0x10°%.

DNA extraction and genotyping

A salting-out method was used to obtain genomic DNA extraction from buffy
coat samples. Genotyping by Sequenom MassArray® iPLEX (Agena Bioscience™,
California, USA) was done at Vanderbilt Technologies for Advanced Genomics
(VANTAGE) in Nashville, TN. Data were analyzed using the Typer software (Agena
Bioscience™, California, USA). SNP rs12912233 could not be genotyped by the
Sequenom platform, so was genotyped using TagMan® Drug Metabolism SNP
Genotyping Assay (Thermo Fisher Scientific, Massachusetts, USA). All reactions were

performed according to manufacturer’s instructions.
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Estimates of genetic ancestry

Proportions of African, European, and Native American genetic ancestries were
estimated as previously described 3. Briefly, proportions of each ancestry were
estimated using Structure software, version 2.3.12%-23 under an admixture model using
as a reference data from European and African populations of the 1000 Genomes
Project. Native American ancestry was estimated using as a reference an admixed
Amazonian population from Santa Isabel do Rio Negro, all of whom reported recent

indigenous ancestry.?*

Statistical analysis
Statistical analysis were performed using R software (version 2.13.0) packages

” o«

“genetics”, “gap”, “SNPassoc”, “haplo.stats

, “Ldheatmap”, “multtest”, “grid” and “coin”
(R Core Team, 2013). Deviations from Hardy-Weinberg Equilibrium (HWE) were
assessed by x? test. Pairwise linkage disequilibrium (LD) patterns were determined
using the r? statistics (cutoff of r>20.8). Logistic regression models were performed to
compare distributions of each SNP between cases and controls. SNPs were analyzed
primarily under a codominant model and, secondarily under dominant or recessive
models. Multivariate analyses were performed to control for possible confounding by
sex and genetic ancestry (proportions of African and Native American ancestries). In
a previous study based on the same subjects, we demonstrated the association
between the composite CYP2B6 genotype rs4803419CC-rs3745274TT-
rs28399499TT and all-cause efavirenz adverse effects®. Therefore, genotypes of
CYP2B6 rs4803419, rs3745274 and rs28399499 were combined to generate a single

variable with 10 ordinal categories of predicted plasma efavirenz exposure which was

also included in adjusted regression models.
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Results

Distributions of gender, age, genetic ancestry and CYP2B6 genotypes in cases
and controls are represented in Table 1. Two SNPs were excluded which deviated
from HWE (rs2550936 and rs6318), and one which was monomorphic (rs147028191).
SNPs rs2709370 and rs6785, located at CREB1 gene, were in high LD (r? of 0.87), and
rs2709370 was selected as a tag for rs6785. Therefore, 30 SNPs were included in
association analyses.

Comparisons between cases and controls were performed by univariate and
multivariate logistic regression, adjusting for sex and African and Native American
ancestries. In univariate analyses (Table 2), and considering a nominal significance
level of 0.05, there were significant associations for FHIT rs9825823 and SLFN12L
rs8070473. Genotype rs9825823 CC was associated with decreased likelihood of
efavirenz CNS adverse effects (OR=0.11; 95%Cl: 0.01-0.88; p=0.006), which was also
seen using a recessive model (OR = 0.10; 95%Cl: 0.01-0.73; p=0.001).

Conversely, the risk estimates obtained from rs8070473 analyses suggested
increased likelihood of efavirenz CNS adverse effects for rs8070473 GT (OR=2.90;
95%Cl: 1.29-6.50; p=0.011) and rs8070473 TT (OR=3.53, 95%Cl: 1.20-10.37; p=0.011).
The increasing OR vales suggested a possible allele-dose effect, and this trend was
supported by a Cochran-Armitage test (p = 0.013). Results of dominant model
confirmed association of the rs8070473 T allele (GT or TT genotypes) with increased
risk (OR = 3.04; 95%Cl: 1.41-6.56; p = 0.003). No nominally significant associations
were observed for the remaining 28 SNPs in univariate models (Supplementary Table
2).

After adjusting for sex and genetic ancestry, similar OR values were obtained,

with an apparent reduction in statistical power (Table 2). Genotype rs9825823 CC
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presented a nominal association in additive model (OR=0.15; 95%Cl:0.02-1.23;
p=0.034) and in recessive model (OR=0.13; 95%Cl: 0.02-1.02; p=0.01). Genotype
rs8070473 TT also presented a nominal association in additive model (OR=3.15; 95%CI:
0.95-10.43; p=0.039) and dominant model (OR=3.00; 95%Cl: 1.24-7.28; p=0.011).
Results were unchanged when the composite CYP2B6 genotype variable was
included in multivariate models (data not shown). Haplotype analyses were also
performed for genes in which multiple SNP were genotyped and no associations were

found (data not shown).

Discussion

This study sought to identify novel genetic markers for susceptibility to efavirenz
CNS adverse effects, beyond CYP2B6 polymorphisms. For this purpose, we reviewed
the literature to identify genes and SNPs that had previously been associated to
psychiatric disturbances. Our results suggest associations between SLFN12L
rs8070473 and FHIT rs9825823, and likelihood of efavirenz CNS adverse effects
based on a nominal 0.05 significance level. Statistical significance persisted after
adjusting for covariates. Inclusion of composite CYP2B6 genotype in the regression
model did not affect associations of rs8070473 or rs9825823 with efavirenz CNS
adverse effects, suggesting that association with these SNPs may be independent of
CYP2B6 genotype.

Both SLFN12L rs8070473 and FHIT rs9825823 were previously reported to be
associated to depression, with rs8070473 associated with decreased risk for
depression at p=1.5 x 10°® and rs9825823 associated with increased risk for
depression at p = 8.2 x 10° 2526 _|n both instances, the association was in the opposite

direction compared to our data. We do not have an explanation for this apparent
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contradiction. Of note, SLFN12L does not appear to be highly expressed in human
brain tissue (www.gtexportal.org/home/gene/SLFN12L).

SLFN genes encode interferon-induced proteins with functions related to cell
growth and apoptosis?’. Schlafen family members are restriction factors for various
viruses, including HIV-1. Schlafen 11 and 12 have been implicated in cancer treatment
response, by affecting cell sensitivity to chemotherapy?’282°, In mice, schlafen 3 was
shown to promote susceptibility to chemotherapy by regulating expression of the drug
transporter ABCG230, Although function of schlafen 12 like protein (SLFN12L) is still
unclear, these results suggest a possible mechanism for the association in our study,
since SLFN12L might affect cells sensitivity to efavirenz.

FHIT encodes a triphosphate hydrolase involved in purine metabolism, and
mutations that affect FHIT expression have been shown to decrease apoptosis and
increase oxidative damage3®2. Dysregulation in oxidative stress is commonly
observed in psychiatric disorders such as depression and Alzheimer’'s disease33-3,
suggesting that FHIT variations may indirectly affect susceptibility to efavirenz-related
psychiatric outcomes. Of note, FHIT is expressed in human brain and many other
tissues (https://www.gtexportal.org/home/gene/FHIT).

The associations identified in our study were not statistically significant after
adjustment for multiple testing. Our relatively small sample size may have limited
statistical power for association to achieve such a level of significance. In addition, we
were unable to stratify our analysis according to specific type of CNS symptom, which
may have obscured the ability to identify genetic associated with specific phenotypes.
Additional studies with larger cohorts may replicate the associations suggested in the

present study.
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To our knowledge, the present study was the first to investigate association
between efavirenz CNS adverse effects and SNPs previously reported to be
associated with psychiatric traits, other than those involved with efavirenz metabolism.
If these finding are replicated, these SNPs could potentially be used to help identify

individuals in Brazil who are at greatest risk for efavirenz adverse effects.
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Tables

Table 1: Characteristics of the study participants.

Cases (n =43) Controls (n=136) p-value
Sex, n (%) Male 26 (60) 84 (62) 0.9782
Female 17 (40) 52 (38)
Age, years (SD) 40.9 (11.9) 40.5 (10.3) 0.510°
Genetic Ancestry European 41 (27) 51 (29) 0.071°
% (SD) African 45 (28) 36 (28) 0.110°
Ameridian 14 (16) 13 (14) 0.950°
Ordinal CYP2B6 1. CC-GG-TT 5 (14) 27 (24) 0.2452
genotype levels 2. CT-GG-TT 11 (31) 19 (17)
rs4803419- 3. TT-GG-TT 1(3) 5 (4)
rs3745274- 4. CC-GT-TT 8 (22) 31 (27)
1928399499 5. CC-GG-CT 0 2(2)
n (%)
6. CT-GT-TT 6 (17) 24 (21)
7. CT-GG-CT 0 0
8. CC-TT-TT 4 (11) 4 (3)
9. CC-GT-CT 1(3) 2 (2)
10. CC-GG-
CC 0 0

a p-value determined by x? test.

b p-value determined by Mann-Whitney test.
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Table 2: Associations between SNPs and efavirenz CNS adverse effects.

SNP genotype Controls® Cases? OR (95%Cl) OR (95%CI)®

rs8070473 (SLFN12L)

GG 68 (0.52) 11 (0.26) - -e

GT 49 (0.37) 23 (0.55) 2.90 (1.29-6.50) 2.95 (1.17-7.45)

TT 14 (0.11) 8 (0.19) 3.53 (1.20-10.37) 3.15 (0.95-10.43)
131 42 p=0.011° p=0.039°

GG _e _e

GT-TT 3.04 (1.41 - 6.56) 3.00 (1.24-7.28)

p=0.003¢ p=0.011¢

rs9825823 (FHIT)

TT 38 (0.28) 13 (0.31) -e -e

TC 69 (0.52) 28 (0.67) 1.19 (0.55-2.56) 1.20 (0.52-2.79)

cc 27 (0.20) 1 (0.02) 0.11 (0.01-0.88) 0.15 (0.02-1.23)
134 42 p=0.006° p=0.034°

TT-TC - -°

cC 0.10 (0.01-0.73) 0.13 (0.02-1.02)

p=0.001¢

p=0.010¢

aResults are shown as N (frequency) for SNP genotypes

boverall p-value for codominant model (2 degrees of freedom)

cresults adjusted for sex and African and Amerindian ancestry

d overall p-value for dominant or recessive model (1 degree of freedom)

€ Reference
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Supplementary Information

S1 Table: Candidate genes and SNPs selected for case-control analysis

rs 1D Gene  Chr. Position? Alleles  MAPF® Associated Trait Reference Association p- Population
value
rs1449984 Intergenic 2 23191780 A—G 0.21 Depression Terracciano et al., 2010 6.6 x 10°® Italy and US
rs2709370 CREB1 2 207517878 A—-C 0.14 Bipolar Disorder Li et al., 20132 1.68 x 10* European ancestry
rs11904814  CREB1 2 207562074 T-G 0.29 Depression in males Utge et al., 20093 0.0008 Finland
rs6785 CREB1 2 207603273 G—A 0.14 Bipolar Disorder Li et al., 20132 6.32x 10° European ancestry
rs9825823 FHIT 3 61096480 T-C 0.43 Depression Direk et al., 20174 8.2 x10° European ancestry
European, Asian and
rs535066 GABRA2 4 46238270 T-G 0.39 Epilepsy Anney et al., 2014° 1,7 x 1077
African ancestry
US (European
rs147028191 GABRA2 4 46412095 G—A 0 Alzheimer Disease Herold et al., 20168 1x10°
ancestry)
Cognitive Decline (age
rs17641411 GABRA4 4 46941670 C—-T 0.03 Raj et al., 2016 5.05 x 10”7 African Americans
related)
Pinsonneault et al.,
rs27072 SLC6A3 5 1394407 A—-C—-T 0.19 Bipolar Disorder 0.03 US (Caucasians)
20118
rs8179029 SLC6A3 5 1409870 G—-A 0.12 Depression Dong et al., 2009° 0.02 Mexican-Americans
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Association p-

rs 1D Gene  Chr. Position? Alleles MAP? Associated Trait Reference value Population
Greenwood et al., US, Canada
rs2550936 SLC6A3 5 1411141 A—C 0.44 Bipolar Disorder 0.039
201310 (Caucasians)
rs349475 CDH18 5 19440059 C-T 0.42 Depression Terracciano et al., 2010 2.4 x10° Italy and US
rs6295 HTR1A 5 63962738 C—-G 0.46 Psychiatric illness Donaldson et al., 2016 0.025 African American
rs209345 GABRA1l 5 162064381 T—C 0.1 Cognitive Decline Li et al., 2015*? 6 x 107 us
US (White non-
rs1360780 FKBP5 6 35639794 C-oT 0.37 Depression Lekman et al., 20082 0.046
hispanic and Black)
Depression/Bipolar British Isles
rs9371601 SYNE1 6 152469438 T-G 0.49 Green et al., 2013* 0.032; 0.009
Disorder (European)
rs17864092 GRM8 7 126999550 T—-C 0.18 Depression Terracciano et al., 2010 5.5x10° Italy and US
rs11009175 ITGB1 10 33005847 G—-A 0.08 Depression Terracciano et al., 2010 5.4x10° Italy and US
rs2017305 DDX50 10 68952306 A—G 0.06 Depression Terracciano et al., 2010 9 x 10° Italy and US
rs12420464 EIF3F 11 7993230 G-T 0.03 Depression Terracciano et al., 2010* 3.3x10° Italy and US
CACNA1 Bipolar
rs1006737 12 2236129 G—A 0.36 Ruderfer et al., 2014 5.5x 101 European ancestry
C Disorder/Schizophrenia
rss5443 GNB3 12 6845711 T-C 0.44 Depression Costa et al, 2017%¢ 0.016 Italy (Caucasians)
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Association p-

rs 1D Gene  Chr. Position? Alleles MAP? Associated Trait Reference value Population
rs12229394 TPH2 12 71999134 G—A 0.3 Depression with fatigue Utge et al., 20093 0.005 Finland
rs10744304 Intergenic 12 127329196 G—A 0.5 Depression Terracciano et al., 2010* 8.7 x10° Italy and US
. . US (European
(57984966  HTR2A 13 46855311 T—C 029 rakinsonDiseaseand  pooopom et al, 20157 2 x10°
Lewy Body Pathology ancestry)
rs6311 HTR2A 13 46897343 C-T 0.43 Aggressiveness Giegling et al., 20068 0.011 Germany
Sweden, Romania,
Germany, Australia,
rs9563520 PCDH17 13 57680496 T—-C 0.24 Mood Disorder Chang et al., 2017%° 8.72 x 10°
US, China and
Netherlands
rs1927745 FAM155A 13 107127968 G—A 0.26 Depression Terracciano et al., 2010* 4.7 x 10°® Italy and US
rs8020095 GPHN 14 66987141 G—A 0.44 Depression Hek et al., 2013%° 1,05 x 10”7 European
rs12912233 RORA 15 60974897 C—T 0.32 Depression Terracciano et al., 2010 6 x 10”7 Italy and US
Depression/Panic Lee at al., 2005; Hahn et  0.0037; 0.02 German; US
rs2242446 SLC6A2 16 55656513 T—C 0.3
Disorder al., 20082122
rs10514585 CDH13 16 83250733 G—A 0.27 Depression Terracciano et al., 2010 4.9 x10° Italy and US
rs8070473  SLFN12L 17 35516493 G-T 0.34 Depression Terracciano et al., 2010* 1.5x10° Italy and US
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Association p-

rs ID Gene Chr. Position® Alleles MAFP Associated Trait Reference value

Population

rs6318 HTR2C X 114731326 G—C 0.25  Depression in females  Brummett et al., 201423 0.022 US (Whites)

a Chromosome positions according to GRCh38.p7 assembly.
b Minor allele frequencies obtained in the present study.
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5. DISCUSSAO

Um grande numero de individuos HIV-positivos em tratamento faz uso do EFV.
Recentemente, o Ministério da Saude recomendou a substituicdo desse ARV por DTG
na primeira linha de tratamento da cART. Contudo, o EFV ainda € amplamente
utilizado na clinica, sendo indicado para criangcas menores de 12 anos, gestantes,
coinfectados com tuberculose em uso de rifampicina e pessoas que estejam em uso
de carbamazepina, oxicarbamazepina, fenitobarbital ou fenitoina
(COVIG/CGVP/DIAHV/SVS/MS, 2018). Por isso, a compreensao dos mecanismos
que levam ao surgimento de efeitos adversos ao EFV é de suma importancia para
estabelecer procedimentos clinicos que possam evitar ou minimizar tais efeitos,
permitindo uma melhor qualidade de vida para esses individuos.

Efeitos adversos ao EFV sao frequentes, principalmente aqueles relacionados
a disturbios no SNC, e representam uma das principais razdes de descontinuacdo do
tratamento. No presente trabalho, aproxidamente 50% dos casos apresentaram
efeitos adversos ao SNC, frequéncia similar a observada em outros estudos
(LEUTSCHER et al., 2013; RIBEIRO et al., 2012). Dentre os tipos de efeitos adversos
ao SNC, alucinagao foi o mais frequente (30%).

Conforme descrito anteriormente, existe uma caréncia de estudos que
correlacionem fatores genéticos humanos a efeitos adversos ao EFV e/ou altera¢cdes
na concentracdo plasmatica desse ARV na populacao brasileira. Até a presente data,
existem apenas trés estudos desse tipo na literatura, sendo um deles o incluido no
corpo desta tese no Capitulo 2.

Muller e colaboradores (2017) utilizaram uma amostra de 50 individuos HIV-
positivos do sul do Brasil para determinar a associacdo entre o SNP CYP2B6
+516G>T (rs3745274) e efeitos adversos ao EFV relacionados ao SNC. Neste estudo,
nao foi encontrada associacdo estatisticamente significativa, o que pode ser devido
ao reduzido poder estatistico do trabalho.

Um trabalho prévio do nosso grupo (ARRUDA et al, 2016; Apéndice A) buscou
identificar SNPs associados a intolerancia a diversos esquemas terapéuticos,
incluindo aqueles contendo ITRNNs (EFV ou NVP). Tal estudo incluiu 396
participantes, entre casos e controles, e permitiu caracterizar a distribuicdo de

frequéncia de diversos marcadores farmacogenéticos em uma amostra de HIV

76



positivos do Brasil. No que diz respeito aos esquemas contendo EFV ou NVP, foi
investigada a associacdo entre 270 SNPs em 29 genes de ADME e intolerancia a
esses ARVs. Entre os candidatos, foram incluidos os genes ABCB1, CYP2A6,
CYP2B6, CYP3A4, CYP3A5 e NR1I2, também analisados no presente trabalho.

No estudo de Arruda, os SNPs rs12333983 (CYP3A4) e rs6785049 (NR1I2)
foram associados a intolerancia a EFV e NVP quando utilizado um nivel de
significancia de 0,05. Porém, nenhuma associacao foi significativa apos ajuste para
comparagdes mdltiplas. Embora tenha sido a maior iniciativa de estudo de
farmacogenética em HIV-positivos do Brasil até aquele momento, tendo analisado um
grande numero de marcadores, o estudo apresentou limitagdes principalmente no que
diz respeito a definicdo de casos, uma vez que casos de intolerancia a EFV e NVP
foram analisados em conjunto. Ainda mais, os SNPs selecionados foram analisados
individualmente, ndo sendo possivel determinar os diferentes perfis de metabolismo
de CYP2B6.

O presente estudo foi o primeiro no Brasil a utilizar a combinac¢éo dos genétipos
dos SNPs CYP2B6 +516G>T, +983T>C e +15582C>T que definem perfis de
metabolismo extensivo, intermediario ou lento de EFV, conforme descrito por
Holzinger e colaboradores (2012). Com base nesta estratégia, observamos que o
haplétipo 516TT-983TT-15582CC e o0 grupo de metabolizadores lentos estdo
associados a efeitos adversos ao EFV na populacdo estudada (OR=6,83; p=0,005 e
OR=3.10; p=0,04, respectivamente). Contudo, a mesma associa¢ao nao foi observada
guando analisados apenas 0s casos de efeitos adversos no SNC. O reduzido nimero
amostral desse grupo de casos pode ter sido limitante para observar associacdo entre
esses SNPs classicos e o desfecho em questdo. Porém, ndo pode ser excluida a
hip6tese de que, para a populacdo brasileira, esses SNPs nao estejam envolvidos
com o surgimento de efeitos adversos ao EFV especificamente no SNC.

Além do uso das combina¢es dos SNPs de CYP2B6, o presente estudo incluiu
uma caracterizagdo mais ampla, selecionando também os genes que codificam
enzimas responsaveis pelas vias secundarias do metabolismo do EFV, assim como
fatores de transcricdo capazes de regular a expressao desses genes. Tal abordagem
€ importante para identificar variantes que possam compensar ou potencializar o efeito
dos SNPs classicos em CYP2B6, como ja foi observado para CYP2A6 por Kwara e
colaboradores (2009). No presente estudo, o0 SNP rs4646437 (CYP3A4) foi associado
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a efeitos adversos ao EFV no SNC (OR=4.95, p=0.059, modelo aditivo; OR=3.36,
p=0.029, modelo dominante).

A resposta individual a medicamentos pode ser determinada pelo background
genético. Individuos de diferentes grupos étnicos possuem respostas variadas a
agentes terapéuticos especificos (ORTEGA; MEYERS, 2014). Isso ja foi observado
em relacdo a farmacogenética do EFV, onde estudos demonstram que determinados
marcadores sédo informativos para uma etnia mas nao para outras (LEGER et al.,
2016; MOLLAN et al., 2017). Popula¢gbes de grupos étnicos em que houve uma
miscigenacdo recente, como a brasileira, possuem proporcées de ancestralidade
diferentes e, provavelmente, um estudo farmacogenético realizado no Brasil ndo
apresentara resultados idénticos aqueles realizados em populacdes mais
homogéneas. Como uma maneira de identificar o background genético da nossa
populacao, foram genotipados marcadores informativos de ancestralidade, os quais
nos permitiram ajustar os resultados das analises e eliminar possiveis efeitos de
estratificacdo populacional. O uso deste ajuste nos permitiu verificar que a associacao
dos SNPs de CYP2B6 se manteve ap0s a correcao para os perfis de ancestralidade.

O fato de EFV ter como efeito adverso mais comum o0s transtornos psiquiatricos
o diferencia dos demais ARVS, ja que estes ocasionam efeitos adversos menos
especificos, tais como intolerancia gastrointestinal e hepatotoxidade (AIDSINFO,
2017). Essa caracteristica especifica do EFV levou 0 nosso grupo a buscar novos
genes candidatos que poderiam estar associados a esse tipo de sintoma especifico.
Inicialmente, objetivou-se analisar candidatos que pudessem estar associados aos
transtornos psiquiatricos em si, uma vez que muitos dos efeitos adversos ao EFV se
assemelham com os sintomas observados em algumas doencas psiquiatricas, como
depressao, ansiedade e transtorno bipolar. Ainda mais, esses disturbios apresentam
componentes genéticos em comum (LEE et al.,, 2013). Recentemente, Haas e
colaboradores (2018) utilizaram abordagem semelhante ao investigar a associacao
entre SNPs em genes de receptores/transportadores de neurotransmissores e efeitos
adversos de SNC. N&o foram encontradas associagdes significativas neste trabalho.

No presente estudo, além de selecionar SNPs previamente associados a
doencas psiquiatricas, foi utilizada uma segunda abordagem, na qual foram incluidos
genes que codificam proteinas sabidamente capazes de interagir com EFV, como
receptores dos neurotransmissores GABA e serotonina (DALWADI et al., 2016). SNPs
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em tais genes também ja haviam sido associados a doencas psiquiatricas, conforme
descrito no Apéndice B.

Os resultados obtidos indicaram uma associacdo entre os SNPs rs8070473
(SLFN12L) e rs9825823 (FHIT) e efeitos adversos ao EFV relacionados ao SNC. E
importante destacar que as associacdes observadas para os SNPs nos genes
SLFN12L e FHIT néo foram alteradas ap0s ajuste para os SNPs classicos de CYP2B6,
indicando que estes marcadores devem possuir efeitos independentes. Entretanto,
em ambos 0s casos, as associa¢gdes ndo foram estatisticamente significativas apés o
ajuste para comparacdes multiplas, o que ressalta a importancia de estudos de
replicacdo para validar o impacto desses SNPs no desfecho de efeitos adversos ao
EFV no SNC.

As variantes rs8070473 e rs9825823 estdo localizadas em regides intronicas,
de modo que néo se pode inferir de forma direta o possivel impacto funcional destes
SNPs. Ao realizarmos uma primeira andlise in silico utilizando a ferramenta
RegulomeDB, ndo foram observadas evidéncias de impacto funcional destes
marcadores. Essa ferramenta analisa evidéncias da base de dados do ENCODE e
estabelece scores com base na probabilidade de o marcador estar associado a
variacfes de expressao (BOYLE et al., 2012). De forma semelhante, ndo foi predito
impacto funcional pela ferramenta MutationTaster, que realiza uma série de testes in
silico que estimam o impacto da variante no gene ou proteina codificada (SCHWARZ
et al., 2014). Também foi consultada a plataforma The Brain eQTL Almanac (Brainac),
a qual permite a visualizacdo da expressdo génica em diferentes regides cerebrais e
a estratificacdo dessa observacao por SNPs especificos (UKBEC, 2013).

Os resultados obtidos ndo indicaram alteragfes significativas nos niveis de
expressdo de SLFN12L e FHIT em diferentes regides do cerébro na presenca dos
SNPs rs8070473 e rs9825823, respectivamente (Figuras 5 e 6). Contudo, observou-
se uma tendéncia de aumento da expressdo de SLFN12L na substancia branca
intralobular na presenca do alelo rs8070473 T (p=0,037). Modificacbes nessa regiao
cerebral ja foram correlacionadas com diversas doencas psiquiatricas, como
esquizofrenia, transtorno bipolar (HERCHER; CHOPRA; BEASLEY, 2014) e psicose
(LAGOPOQULOS et al., 2013).
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Affymetrix ID t3753655 stratified by rs8070473 (chr17:33843512)
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Genotype counts: TT=6; TG=.51: GG=77 Allele-frequency. T=23.5%: G=76.5%
Source:BRAINEAC

Figura 5 — Expresséo de SLFN12L em diferentes regifes cerebrais em funcao dos gendtipos de rs8070473. O eixo Y representa o nivel de expressao génica
em uma escala logaritimica. O eixo x representa 0s genétipos de rs8070473 para cada regido cerebral e o p-valor obtido quando comparados os niveis de
expressdo génica de cada gendtipo em uma mesma regido. MEDU = medula; SNIG = Substancia nigra; WHMT = Substéncia branca; THAL = Talamo; PUTM
= Putamen; TCTX = Cértex Temporal; HIPP = Hipotadlamo; OCTX = Cértex Occipital; CRBL = Cértex Cerebelar.
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Affymetrix ID t2678714 stratified by rs9825823 (chr3:61082153)
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Genotype counts: TT=19; TC=78; CC=37 Allele frequency: T=43.3%; C=56.7%
Source:BRAINEAC

Figura 6 — Expressao de FHIT em diferentes regibes cerebrais em funcéo dos gendtipos de rs9825823. O eixo Y representa o nivel de expressdo génica em
uma escala logaritimica. O eixo x representa os gendétipos de rs9825823 para cada regido cerebral e o p-valor obtido quando comparados os niveis de
expressdo génica de cada gendtipo em uma mesma regido. MEDU = medula; SNIG = Substancia nigra; WHMT = Substéncia branca; THAL = Talamo; PUTM
= Putamen; TCTX = Cortex Temporal; HIPP = Hipotalamo; OCTX = Cértex Occipital; CRBL = Cortex Cerebelar.
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No presente trabalho, a presenca do alelo rs8070473 T (gendtipos GT e TT) foi
associada a um maior risco de desenvolvimento de efeitos adversos ao EFV no SNC
(OR=3,00, p=0.011). Conforme descrito no Capitulo 3, a funcdo de SLFN12L ainda
ndo € bem conhecida, sendo sugerido que tenha participacédo na diferenciagéo celular
de mondcitos (LIU et al., 2018). Por essa auséncia de uma fungcdo bem elucidada,
torna-se dificil estabelecer uma possivel correlacdo entre os dados da plataforma
Brainac e o estudo de associacdo aqui realizado.

O presente trabalho foi o primeiro estudo a demonstrar associagédo entre SNPs
em genes de ADME e efeitos adversos ao EFV no Brasil, demonstrando a associacao
entre os SNPs classicos em CYP2B6 ja descrita na literatura para diversas outras
populacées. Também foi o primeiro a indicar uma possivel associacdo entre SNPs
previamente associados a doencas psiquiatricas e efeitos adversos ao EFV no SNC.
Uma replicacdo desses dados indicaria que esses SNPs poderiam ser utilizados como
preditores genéticos adicionais para o desenvolvimento de efeitos adversos ao EFV
no SNC na clinica. A genotipagem para SNPs em CYP2B6, entretanto, possui maior
probabilidade de inclusdo na rotina clinica, uma vez que a associacéo ja foi validada
em diferentes populacdes.

Um numero crescente de estudos na literatura vem demonstrando correlacéo
entre variantes genéticas e desfechos relacionados ao cCART e/ou aos ARVs. Contudo,
poucos desses achados apresentam relevancia e suporte suficiente para serem
utilizados na rotina clinica. Aqueles que se replicam em diversos estudos e diferentes
populacdes possivelmente possuem uma aplicacdo mais viavel. No contexto da
terapia anti-HIV, o Unico exemplo atual de utilizacdo clinica € do alelo HLA-B*5701,
associado a hiperssensibilidade ao ABC (MALLAL et al., 2008). No Brasil, o Ministério
da Saude indica a realizacdo de teste genético para identificar a presenca do HLA-
B*5701 e alerta para a ndo utilizacdo de ABC em individuos positivos para esse alelo
(MINISTERIO DA SAUDE, 2017).

O custo-beneficio de uma possivel incorporagédo da genotipagem de CYP2B6
na rotina clinica foi elucidado por Schackman e colaboradores (2015). Os
pesquisadores analisaram a hipétese de que uma redugédo na dosagem de EFV de
600mg para 400mg, baseada no gendétipo de CYP2B6, seria eficiente para reduzir o
surgimento de efeitos adversos e sem aumentar o custo do tratamento. Eles

concluiram que dosar EFV com base em CYP2B6 apresenta um custo-beneficio maior
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do que o tratamento convencional. Mais ainda, a genotipagem do individuo antes da
prescricdo de doses reduzidas de EFV reduziria as chances de que um individuo
metabolizador extensivo tivesse concentracdes plasméticas de EFV subd6timas. Com
isso, o presente trabalho, ao demonstrar que SNPs em CYP2B6 também possuem
impacto na populacdo brasileira, representa mais um achado que favorece a
possibilidade de inclusdo da genotipagem desse gene na rotina clinica.

O uso de marcadores farmacogenéticos permitiia que a CcART fosse
personalizada de acordo com o perfil genético de cada individuo. O desenvolvimento
de tais estratégias € de fundamental importancia especialmente nos casos em que 0
individuo apresenta comorbidades nao relacionados a Aids. Nestes casos, 0 risco de
efeitos adversos fica ainda mais elevado, devido ao uso concomitante de outros
medicamentos, além dos ARVs. Além de ser vitalicia, a terapia anti-HIV tem se
iniciado mais cedo, 0 que aumenta a necessidade de desenvolver mecanismos que
favorecam uma melhoria na qualidade de vida dos individuos em tratamento.

Idealmente, o tratamento individualizado consistiria em uma combinacéo de
conhecimento do medicamento, do virus e do hospedeiro, visando a eficicia e a
seguranca terapéutica (PAVLOS; PHILLIPS, 2011). Ainda que a maioria das
descobertas farmacogenéticas relacionadas a respostas ao CART ainda nao estejam
prontas para utilizacao clinica, elas auxiliam na elucidac&o dos processos envolvidos
na eficacia e toxicidade da terapia anti-HIV, podendo, no futuro, fazer parte da rotina

clinica.
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6. CONCLUSOES

A partir dos resultados obtidos nos artigos cientificos apresentados, oriundos da

realizacdo da presente tese, foi possivel concluir que:

e Os gendtipos de CYP2B6 que representam 0s metabolizadores lentos
(rs3745274TT ou rs3745274GT-rs28399499CT) estdo associados com efeitos
adversos ao EFV de qualquer tipo na populacéo estudada;

e O gendtipo de CYP2B6 rs4803419CC-rs3745274TT-rs28399499TT, que
representa o nivel 8, esta associado com efeitos adversos ao EFV de qualquer tipo
na populacéo estudada;

e O alelo SNPs rs4646437 (CYP3A4) apresenta associacdo de risco com efeitos
adversos ao EFV relacionados ao SNC na populacdo estudada, porém sem
significancia estatistica apds ajuste para comparag¢des multiplas;

e Oalelo TdoSNPrs8070473 (SLFN12L) apresenta associacdo de risco com efeitos
adversos ao EFV relacionados ao SNC na populacdo estudada, porém sem
significancia estatistica apds ajuste para comparag¢des multiplas;

e O alelo T do SNP rs9825823 (FHIT) apresenta uma associacdo de risco com
efeitos adversos ao EFV relacionados ao SNC na populacao estudada, porém sem

significancia estatistica apds ajuste para comparag¢des multiplas.
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Abstract

Adverse reactions are the main cause of treatment discontinuation among HIV+ individuals.
Genes related to drug absorption, distribution, metabolism and excretion (ADME) influence
drug bioavailability and treatment response. We have investigated the association between
single nucleotide polymorphisms (SNPs) in 29 ADME genes and intolerance to therapy in a
case-control study including 764 individuals. Results showed that 15 SNPs were associated
with intolerance to nucleoside and 11 to non-nucleoside reverse transcriptase inhibitors
(NRTIs and NNRTIs), and 8 to protease inhibitors (PIs) containing regimens under alpha =
0.05. After Bonferroni adjustment, two associations remained statistically significant. SNP
rs2712816, at SLCO2B1 was associated to intolerance to NRTIs (ORga/aa =2.37; p =
0.0001), while rs4148396, at ABCC2, conferred risk of intolerance to Pls containing regi-
mens (ORcr/r = 2.64; p =0.00009). Accordingly, haplotypes carrying rs2712816A and
rs4148396T alleles were also associated to risk of intolerance to NRTIs and Pls, respec-
tively. Our data reinforce the role of drug transporters in response to HIV therapy and may
contribute to a future development of personalized therapies.

Introduction

The infection by HIV-1 is a pandemic condition that affects nearly 37 million people world-
wide [1]. The treatment of HIV positive individuals is based on the combined antiretroviral
therapy (cART), which consists on the administration of three antiretrovirals (ARVs) from at
least two different classes. These classes include the nucleoside reverse transcriptase inhibitors
(NRTIs), non-nucleoside reverse transcriptase inhibitors (NNRTIs), protease inhibitors (PIs),
fusion and entry inhibitors, and integrase inhibitors. Introduction of HAART in 1996 has led
to clear health improvements to the HIV+ individuals, with reduced morbidity and increase in
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life expectancy [2]. However, the emergence of drug resistance and the development of adverse
reactions to the ARV are still of major concern since they may impair therapy effectiveness.

Adverse reactions (ARs) are one of the most important factors associated with reduced life
quality among individuals undergoing antiretroviral therapy. In fact, ARs have been reported
as the most common cause of treatment discontinuation and changes in cART regimen [3-6].
Gastrointestinal intolerance, anemia and hypersensitivity reactions are commonly observed
since the early beginning of the treatment. The long-term use of the ARVs may also lead to
metabolic disorders, including lipodystrophy and dyslipidemia, and peripheral neuropathies
[5-7]. Moreover, ARs can also limit treatment effectiveness by reducing adherence [8-11] and,
consequently, favoring the emergence of drug resistant viruses.

Variations in genes coding for molecules involved in drug absorption, distribution, metabo-
lism and excretion (ADME) have been consistently associated to both short-term and long-
term adverse reactions to the ARVs. The impact of such variations is clearly reflected by the
interindividual variations in antiretroviral plasma concentrations after taking the same dosage.
Therefore, tolerance to treatment can also be substantially variable. Although much remains
unknown, there is extensive data regarding the influence of ABCBI variations and plasma or
intracellular levels of protease inhibitors [12]. Similar results have been observed for a second
ABC transporter, coded by ABCC2. In addition, single nucleotide polymorphisms (SNPs) and
haplotypes of CYP2B6 have been consistently associated to efavirenz clearance and also to cen-
tral nervous system adverse reactions to this drug [13-15]. Moreover, atazanavir-associated
hyperbilirubinemia was associated to a microsatellite at UGTIAI promoter [16]. Mitochon-
drial DNA haplogroups and variations in genes coding for inflammatory mediators and apoli-
poproteins have also been suggested as predictors for lipid disorders [17-19].

According to recent estimates, there are about 781,000 people living with HIV in Brazil, and
405,000 are currently undergoing treatment [20]. However, just a few studies have been con-
ducted to describe the role of host genetics in response to cART in our population [16, 21-25].
Therefore, the prevalence of SNPs in ADME genes among Brazilian HIV positive individuals
remains largely unknown.

The present study was designed to investigate the association between 346 SNPs in 29
ADME genes and intolerance to antiretroviral therapy among Brazilians. For this purpose, 764
individuals undergoing antiretroviral therapy were enrolled in a case-control study. Our data
showed a clear association between ABCC2 SNPs and treatment modification due to intoler-
ance to protease inhibitors, while SLCO2BI genetic variations increased the risk of intolerance
to NRTIs.

Methods
Ethics Statement

The present study was approved by Fiocruz Institutional Review Board (IRB) and a written
informed consent was obtained from all subjects. All analyses were conducted according to the
principles expressed in the Declaration of Helsinki.

Subjects and study design. A total of 764 HIV-1+ individuals were enrolled in this study.
All samples were obtained from the biorepository of the AIDS and Molecular Immunology
Laboratory at Fiocruz, Rio de Janeiro, Brazil. This laboratory is a part of the Brazilian Network
for HIV-1 Genotyping (RENAGENO), which was implemented in 2001 with the aim of pro-
viding free HIV genotyping tests for patients in HAART failure [26]. Patients from both gen-
ders, born in Rio de Janeiro and with a minimum age of 18 years old were considered eligible.
A patient was included in the study if he/she had: (1) a complete history of cART schemes
since first line therapy available in the file, (2) buffy coat samples available for DNA extraction.
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Patients under treatment for hepatitis or tuberculosis and women who exhibited adverse reac-
tions during pregnancy were excluded from the study. The patients who developed adverse
reactions to any antiretroviral were classified as cases (N = 359), while the control group

(N = 405) included patients to whom the treatment was safe. Considering a minor allele fre-
quency of 0.05 and alpha = 0.0001 (Bonferroni adjustment for 346 candidate SNPs), the mini-
mum OR value to reach 80% of power with this sample size was 2 under an additive model.

A subject was not included in the control group if he/she has not been treated for at least 6
months. A total of 195 controls (48%) were still undergoing first-line therapy (first scheme) at
the moment of data collection, with a medium time of 3.9 + 2 years using the same drug combi-
nation. For those who had already changed treatment, the medium time of permanence in
each scheme was 2.87 + 1.87 years.

Clinical description of specific adverse reactions was available for a limited number of sub-
jects (N = 65 for cases of intolerance to nucleoside reverse transcriptase inhibitors, 26 for non-
nucleoside reverse transcriptase inhibitors, and 32 for protease inhibitors). Therefore, the out-
come “intolerance” was used for case definition. Among the cases of intolerance to NRTTs, 31
developed anemia attributed to zidovudine and 10 exhibited lipodistrophy due to stavudine,
which was also associated to peripheral neuropathy in 9 individuals. Fifteen individuals devel-
oped dyslipidemia and the remaining 8 cases exhibited rash, gastrointestinal adverse effects
and lactic acidosis (N = 3, 3 and 2, respectively). Among the subjects who developed intoler-
ance to NNRTTIs, the most prevalent adverse reaction was cutaneous rash after nevirapine use
(N = 16), followed by neuropsychiatric disorders in response to efavirenz (N = 7) and gastroin-
testinal disorders (N = 3). In the group of intolerance to protease inhibitors, gastrointestinal
adverse reactions including diarrhea and nausea due to lopinavir/ritonavir use were the most
prevalent (N = 11), followed by nephrolithiasis due to indinavir (N = 9). Lipodistrophy and
dyslipidaemia were observedin 5 and 3 cases, respectively. The remaining 4 cases exhibited
jaundice due to atazanavir and cutaneous rash (N = 2, each).

First of all, an overall analysis was developed including all cases and controls (“All ARVs”),
regardless the drug class. Afterwards, three different case-control studies were conducted to
characterize association between pharmacogenetic markers and intolerance to: (1) nucleoside
reverse transcriptase inhibitors (NRTIs), (2) non- nucleoside reverse transcriptase inhibitors
(NNRTIs) or (3) protease inhibitors (PIs). For this analysis, all individuals exhibiting adverse
reactions to drugs belonging to the same class were grouped in a single case-control.

Genetic ancestry was determined using a panel of 28 ancestry informative SNPs previously
validated for Brazilian population [27]. Distribution of each gender and proportions of Euro-
pean and African ancestries are represented in Table 1.

Single Nucleotide Polymorphisms (SNPs) Selection

Selection of candidate genes and SNPs was based mainly on literature search, as a way to repli-
cate previous associations. We have also searched for additional SNPs in coding and regulatory
regions of all candidate genes using the SNPper tool. In order to increase gene coverage, tag
SNPs were selected from HapMap data bank using the following parameters: minor allele fre-
quency of 0.05 in CEU (Utah residents with Northern and Western European ancestry) or YRI
(Yoruba in Ibadan, Nigeria) populations and r* cutoff of 0.8. Following this strategy, 346 SNPs
in 29 candidate genes were selected (S1 Table).

DNA Extraction and SNP Genotyping

Genomic DNA was obtained from buffy coat samples using the QlAamp™ DNA Blood Mini
Kit (QIAGEN) according to manufacturer’s instructions. A total of 345 SNPs was genotyped
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Table 1. General characteristics of the subjects of the entire sample and according to the antiretroviral classes.

ALL ARVs NRTIs NNRTIs Pls

Cases Controls Cases Controls Cases Controls Cases Controls
N 359 405 141 402 99 297 115 203
Gender
Male 222 (0.62) 259 (0.64) 97 (0.69) 257 (0.64) 62 (0.63) 186 (0.63) 70(0.61) 138 (0.68)
Female 137 (0.38) 146 (0.36) 44 (0.31) 145 (0.36) 37(0.37) 111(0.37) 45 (0.39) 65 (0.32)
Genetic ancestry ®
African 0.345 1 0.242 0.397 £0.249 0.344 £ 0.231 0.397+0.248 | 0.356+0.242 0.395+£0.253 0.326 £ 0.245 0.381 +£0.233
European |0.655+0.241 |0.602+0.249 |0.656+0.231 |0.603+0.248 |0.644+0.253 |0.605+0.241 |0.674+0.233 |0.619+0.245

Data are represented as N (frequency) for gender and mean + standard deviation for proportions of African and European genetic ancestries.
ARVs = antiretrovirals. NRTIs = nucleoside reverse transcriptase inhibitors; NNRTIs = non-nucleoside reverse transcriptase inhibitors; Pls = protease

inhibitors.

#p < 0.05 for comparisons between cases and controls for ALL ARVs and NRTIs group.

doi:10.1371/journal.pone.0163170.t001

using [llumina Golden Gate™ assays (Illumina, San Diego, CA, USA) according to the manu-
facturer’s instructions. Briefly, the assay includes two allele-specific oligos (ASO) and a locus-
specific oligo (LSO) that hybridizes several bases downstream from the SNP site. The three
oligonucleotide sequences contain regions of complementarity with universal PCR primer
sites. DNA samples (250 ng) were activated and hybridized to the assay oligonucleotides
designed for each SNP locus. Following hybridization, several wash steps were performed
before base extension and ligation of the ASO and LSO primers. Amplification of the full
length products was performed using Cy3- and Cy5-labeled universal PCR primers and Tita-
nium™ DNA polymerase (CloneTech, Mountain View, CA, USA). Finally, Golden Gate ™
assay products were hybridized to the BeadChip and the fluorescence was analyzed using an
iScan instrument (Illumina, San Diego, CA, USA). Genotype calling was performed using the
software Genome Studio (Illumina, San Diego, CA, USA). The SNP rs3745274, located at
CYP2B6 gene, did not pass [llumina criteria for assay design and, therefore, was genotyped
using SNaPshot " analysis (Thermo Scientific, Massachusetts, USA). Briefly, PCR amplifica-
tion was performed using QIAGEN Multiplex PCR kit (QIAGEN, Hilden, Germany) and spe-
cific forward (5’ ~-GATTGAACACCTACTCTGCCCAGCC-3")and reverse (5’ ~AGACGATGG
AGCAGATGATGTTGGC-3) primers at 0.2 uM. PCR products were cleaned using 3U of Fas-
tAP (Thermo Scientific, Massachusetts, USA) and 1U of Exonucelase I (Affimetrix, Califor-
nia, USA). SNaPshot reactions were performed using the SNaPshot™ Multiplex kit (Thermo
Scientific, Massachusetts, USA) according to manufacturer’s instructions and the specific
primer for rs3745274 (57 ~-CCCTCATGGACCCCACCTTCCTCTTCCA-3" )at 2 uM. SNaPshot
products were treated with FastAP 1U and submitted to capillary electrophoresis on ABI3130
Genetic Analyzer (Thermo Scientific, Massachusetts, USA) using the standard fragment anal-
ysis protocol. Genotyping was performed using GeneMapper software, version 4.0 (Thermo
Scientific, Massachusetts, USA)”

Statistical Analyses

Deviations from Hardy-Weiberg Equilibrium (HWE) were assessed by % tests. Comparisons
between cases and controls were performed using unconditional logistic regression models
controlling for potential confounders such as gender, age at diagnosis and proportions of Euro-
pean and African ancestries. A stepwise logistic regression analysis was performed to select
covariates. All SNPs were analyzed under dominant and codominant models. A Bonferroni
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adjustment was applied to avoid type I error. A Cochran-Armitage trend test was conducted to
describe possible allele dose effects. Pairwise linkage disequilibrium (LD) patterns were deter-
mined using the r* statistics and a cutoff of r* > 0.8 to define “tags”. SNPs with nominal p-
values < 0.05 in both models (dominant and codominant) were included in haplotype analy-
ses. Haplotype frequencies were estimated by maximum likelihood and compared using the
same logistic regression models applied for isolated SNPs. All analyses were performed using

the R for windows, version 2.14.1, with the packages “genetics”, “gap”, “SNPassoc”, “haplo.
stats” and “coin”

Results

SNPs in ADME Genes Are Associated with Intolerance to Different
cART Regimens

A total of 346 SNPs were genotyped in our study. After quality control, 76 SNPs were excluded
from analysis due to HWE deviations (N = 38) or because they were monomorfic (N = 38) in
our control sample. The minor allele frequencies are shown for each SNP in S1 Table. The
remaining 270 candidate SNPs were analyzed separately using logistic regression models
adjusted for sex and genetic ancestry. First of all, patients were compared according to the
development of adverse reactions to any antiretroviral (All ARVs), and a total of 12 SNPs were
significantly associated to this outcome in both multivariate models (dominant and codomi-
nant adjusted for gender and genetic ancestry) under a 0.05 significance level (52 Table). When
statistical analyses were stratified according to the ARV classes, 15 SNPs were associated to
adverse reactions to NRTIs, 11 to NNRTIs and 8 to PIs (p < 0.05 in dominant and codominant
models; 52 Table). After Bonferroni adjustment for multiple comparisons (270 SNPs;

alpha = 0.0002), two associations remained statistically significant (52 Table, Tables 2 and 3).
The SNP 152712816 (G>A) at SLCO2B1 gene was associated to increased risk of adverse reac-
tions to NRTTs (OR = 2.37; p = 0.0001 for GA/AA genotypes after adjustment for gender and
genetic ancestry; S2 Table), while rs4148396 (C>T), located at ABCC2, conferred risk of intol-
erance to PIs (OR = 2.64; p = 0.00009 for CT/TT genotypes; 52 Table). OR values remained vir-
tually the same when patients who developed adverse reactions to both NRTIs and Pls

(N = 25) were removed from analysis (data not shown).

Association between SLCO2B1 and Intolerance to Nucleoside Reverse
Transcriptase Inhibitors

In addition to rs2712816, three SNPs at SLCO2B1 (rs12422149, rs1676885 and rs949069) were
associated to adverse reactions to NRTIs at a 0.05 significancelevel (52 Table). SNP rs1676885
was associated to increased risk of intolerance (adjusted OR = 1.55 for AG/GG), while results
obtained for rs949069 (adjusted OR = 0.57 for GA/AA) and rs12422149 (adjusted OR = 0.5 for
GA/AA) suggested a protective effect. In all cases, the results obtained suggested an allele-dose
effect, with more prominent effects observed among homozygotes for the minor allele
(Table 2). This trend was confirmed by a Cochran-Armitage test, which resulted in adjusted
p-values of 0.0005 for rs2712816, 0.003 for rs949069 and 0.01 for rs12422149 and rs1676885.
Results of linkage disequilibrium (LD) analyses have showed low association between the
four markers tested (r* < 0.8). Therefore, all SNPs were included in haplotype analysis. Com-
parisons of haplotype frequencies in cases and controls corroborated the data obtained when
SNPs were analyzed separately (Table 2). Indeed, both haplotypes carrying rs2712816A allele
increased the susceptibility to adverse reactions to NRTIs when compared to the baseline
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Table 2. Association between SLCO2B1 gene and intolerance to nucleoside reverse transcriptase inhibitors.

Genotype/Haplotype Controls ® Cases ® OR (gs2.Cl) OR (o5:,CI) ®
SNP rs2712816
GG 171(0.43) 32 (0.23) Reference Reference
GA 178(0.44) 80 (0.57) 2.40 (1.52-3.81) 2.29 (1.43-3.65)
AA 52 (0.13) 29 (0.20) 2.98 (1.65-5.38) 2.69 (1.46—4.95)
401 141 p = 0.00006 © p = 0.0004 ©
SNP rs949069
GG 146 (0.36) 73(0.52) Reference Reference
GA 188(0.47) |57 (0.40) 0.61 (0.40-0.91) 0.65 (0.43-0.98)
AA 67 (0.17) 11 (0.08) 0.33 (0.16-0.66) 0.34 (0.17-0.69)
401 141 p=0.0013° p=0.0032°
SNP rs12422149
GG 296 (0.74) 119 (0.84) Reference Reference
GA 93(0.23) 21(0.14) 0.56 (0.33-0.94) 0.55 (0.33-0.93)
AA 13(0.03) 1(0.01) 0.19 (0.02-1.48) 0.18 (0.02—-1.40)
402 141 p=0.0143° p=0.0104°
SNP rs1676885
AA 298 (0.74) 88 (0.63) Reference Reference
AG 93 (0.23) 41 (0.29) 1.49 (0.96-2.31) 1.35(0.86-2.12)
GG 11 (0.03) 11 (0.08) 3.39 (1.42-8.07) 3.19 (1.33-7.65)
402 140 p =0.0096 ° p =0.0251°
Haplotypes rs2712816/rs949069/ rs12422149/rs1676885
G/G/G/A 0.24 0.21 Reference Reference
AIG/G/A 0.23 0.30 1.61(1.05-2.47; p=0.03) 1.39(1.01-1.93; p=0.04)
AIGIGIG 0.11 0.18 1.81(1.13-2.88; p=0.01) 1.49 (1.02-2.15; p = 0.04)
G/IA/AJA 0.13 0.07 0.65 (0.37-1.15; p=0.14) 0.95 (0.64—1.38; p=0.77)
G/AIG/A 0.24 0.19 0.96 (0.61-1.51; p=0.84) 1.19 (0.85-1.64; p=0.31)
G/G/G/G 0.01 0.03 3.46 (0.85-14.04; p = 0.08) 2.45(0.61-9.83; p=0.21)

OR = odds ratio; Cl = confidence interval.

@ Results are shown as N (frequency) for SNP genotypes and frequencies estimated by maximum likelihood for haplotypes;
® results adjusted for gender and genetic ancestry;
¢ overall p-value for codominant model (2 degrees of freedom).

doi:10.1371/journal.pone.0163170.t002

rs2712816G/rs949069G /rs12422149G /rs1676885A (adjusted OR = 1.39 for A/G/G/A and
1.49 for A/G/G/G; p = 0.04 for both haplotypes).

Association between ABCCZ2 and Intolerance to Protease Inhibitors

Besides rs4148396, four other SNPs at ABCC2 (rs2073337, rs2804398, rs2804400, rs3740066)
were associated with intolerance to PIs (p < 0.05; S2 Table, Table 3). From these, rs2804398
and rs2804400 were in almost perfect linkage disequilibrium with rs4148396 (r* > 0.9) while
152073337 was in moderate/strong LD (r* = 0.66). Therefore, rs4148396 was defined as a tag for
the entire bin. SNP rs3740066 was also included in the following analyses, since the low LD pat-
terns with rs4148396 (r* = 0.37) indicate that this variation belongs to an independent bin. The
results obtained from both SNPs indicated an association with increased risk of intolerance to
PIs containing regimens (adjusted OR = 2.64 for rs4148396 T carriers and 1.82 for rs3740066 A
carriers; 52 Table). Moreover, the OR values suggested that the homozygotes were at higher risk
of developing intolerance to Pls as compared to the heterozygotes (3.68 vs 2.47 for rs4148396
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Table 3. Association between ABCC2 gene and intolerance to protease inhibitors.

Genotype/Haplotypes Controls ® Cases? OR (95% ClI; p) OR (95% Cl; p) ®
SNP rs4148396
cC 110(54.2) 36(31.3) Reference Reference
cT 78(38.4) 62(53.9) 2.43 (1.47-4.02) 2.47 (1.47-4.13)
TT 15(7.4) 17(14.8) 3.46 (1.57-7.63) 3.68 (1.62-8.35)
203 115 p=0.0003° p=0.0003°
SNP rs3740066
GG 115 (0.57) 48 (0.42) Reference Reference
GA 74 (0.36) 54 (0.47) 1.75 (1.08-2.84) 1.74 (1.06-2.87)
AA 14 (0.07) 13(0.11) 2.22 (0.97-5.08) 2.27 (0.96-5.33)
203 115 p=0.032° p=0.04°
Haplotypes rs4148396/ rs3740066
CIG 0.67274 0.54838 Reference Reference
C/A 0.06125 0.03422 0.71 (0.30-1.69; p = 0.44) 0.78 (0.32—1.88; p = 0.58)
T/IA 0.18998 0.31360 2.06 (1.38-3.06; p = 0.0004) 2.09 (1.37-3.17; p = 0.0006)
T/G 0.07603 0.10379 1.75 (0.94-3.28; p = 0.08) 1.92 (1.02-2.83; p = 0.0442)

OR = odds ratio; Cl = confidence interval.

& Results are shown as N (frequency) for SNP genotypes and frequencies estimated by maximum likelihood for haplotypes;
b results adjusted for gender and genetic ancestry;
¢ overall p-value for codominant model (2 degrees of freedom).

doi:10.1371/journal.pone.0163170.t003

and 2.27 vs 1.74 for 1s3740066; Table 3), suggesting an allele dose effect. This trend was con-
firmed by a Cochran- Armitage trend test (p = 0.0002 for rs4148396 and 0.03 for rs3740066).

Next, rs4148396 and rs3740066 alleles were combined in haplotypes. After analysis, the
combination of rs4148396T/rs3740066A was associated to increased risk of adverse reactions
to PIs (adjusted OR = 2.09; p = 0.0006), as compared to the baseline rs4148396C/rs3740066G,
reinforcing the risk effect observed for rs4148396T and rs3740066A in single SNP analysis
(Table 3).

Discussion

In this study, we have investigated the association between SNPs in ADME genes and intoler-
ance to cART regimens. Our results showed a consistent association between SLCO2BI gene
variations and intolerance to NRTIs, while ABCC2 polymorphisms conferred risk of intoler-
ance to protease inhibitors containing regimens.

To date, there is no data regarding NRTIs transport through OATP transporters. In fact,
OATP1B1, coded by SLCOI1BI, plays a role in protease inhibitors uptake [28] and polymor-
phisms in this gene are associated to variations in plasma concentrations of these drugs [23].
Indeed, the polymorphism rs10444413 was associated with intolerance to PIs in our cohort
considering a 0.05 significance level (S2 Table).

The organic anion transporter polypeptide OATP2B1, coded by SLCO2BI, is expressed in
hepatocytes [29] and apical membrane of intestinal epithelial cells [30], among other tissues.
PIs were also shown to inhibit OATP2B1 activity, suggesting that they might be a target for
this transporter [31]. Several reports have shown a clear role for OATP2B1 in absorption of
statins and steroid hormones, especially androgens, as well as its precursors. Accordingly,
SNPs at SLCO2BI may predict response to these compounds [32,33]. The missense variation
1s12422149 has been consistently associated to worse prognosis for prostate cancer after
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androgen-deprivation therapy [33]. Differential patterns of hormones absorption might indi-
rectly influence susceptibility to lipid disorders, which are commonly observed in response to
ARVs such as stavudine. In addition, since statins are commonly used in the management of
lipid disorders associated to HIV infection and ARV's use [34], SNPs at SLCO2BI may also
limit the effectiveness of this treatment in individuals undergoing antiretroviral therapy. Fur-
ther analyses are required to test these hypotheses and define the role of OATP2B1 in response
to antiretroviral therapy.

Beyond the classical candidate ABCBI (P-glycoprotein), the ABCC transporters, or multi-
drug resistance-associated proteins (MRP), also promote the efflux of many drugs from cells.
The MRP2 transporter, encoded by ABCC2, has been consistently associated to the efflux of
protease inhibitors from hepatocytes and peripheral blood mononuclear cells [35-38]. In the
present study, the most prominent effect was observed for the SNP rs4148396, which was asso-
ciated with intolerance to PIs even after Bonferroni adjustment (ORcr/rr = 2.64; p = 0.00009;
Table 3). This SNP, as well as rs3740066 were previously associated to neurotoxicity after treat-
ment with the adjuvant FOLFOX4 in patients with colorectal cancer [39]. Besides ABCC2,
SNPs in other two ABC transporters were also associated to intolerance to PIs (ABCC4 and
ABCG2, 52 Table), reinforcing the role of efflux transporters in adverse reactions to this class
of drugs [12].

SNPs at ABCC2 have been consistently associated to tenofovir-induced tubulopathy [40,41].
Moreover, this transporter is also inhibited by NRTIs and NNRTIs [42], which may increase
the risk of drug-drug interactions in patients undergoing cART. Notably, SNPs in this gene
were also associated to intolerance in comparisons including all antiretrovirals at a 0.05 signifi-
cance level (S2 Table).

We were unable to detect classical associations such as CYP2B6 and response to efavirenz
and ABCB1 SNPs and response to protease inhibitors. A limitation of our study was the inabil-
ity to perform case-control analyses specific for each drug. In this case, for example, the inclu-
sion of individuals with intolerance to nevirapine may have diluted the effect of CYP2B6 SNPs,
which is more prominent for efavirenz response. Another possibility is the outcome under
investigation, which was intolerance instead of a clearly defined adverse reaction. As a conse-
quence, we would have limited power to detect subtle or specific effects. More specifically, a
reduced number of individuals exhibiting central nervous system reactions to efavirenz among
the cases of intolerance to NNRTIs might also explain the lack of association with CYP2B6
gene. Nevertheless, we cannot rule out the possibility that these effects are not valid in our pop-
ulation. The effect of CYP2B6 and ABCBI SNPs are dependent on genetic background [43]. In
this study, the genetic background was determined using a panel of ancestry informative SNPs
previously validated for the Brazilian population [27], and no associations were found even
after adjustment for genetic ancestry.

In Brazil, the treatment is provided to all HIV+ individuals free of charge and a National
Network for HIV Genotyping was implemented to detect HIV resistance and avoid virologic
failure [26]. However, just a few studies were conducted to determine the role of host genetics
in treatment response. The number of people undergoing cART is expected to increase in the
next few years due to new policies that recommend starting treatment at the time of diagnosis
to prevent transmission. In addition, the increase in life expectancy of HIV+ individuals will
also increase the possibility of drug-drug interactions due to polypharmacy. In this scenario, it
is crucial to determine the distribution of ADME markers in our population.

To our knowledge, this is the largest study conducted to describe the role of ADME genes in
response to antiretroviral therapy among Brazilians until today, considering the number of
candidate genes and polymorphisms. In the future, this information may help to define a panel
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of markers that may be used along with clinical follow up and help clinicians to manage the dif-

ferent profiles of response to cART using personalized regimens.

Supporting Information

S1 Table. Candidate genes and SNPs selected for case-control analysis.
(XLSX)

S2 Table. Results of statistically significant associations between candidate SNPs and intol-
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APENDICE B — QUADRO CONTENDO POLIMORFISMOS ASSOCIADOS A

DOENCAS NEUROPSIQUIATRICAS

proteinas

Doenca
SNP Gene Funcéo do Gene Psiquiatrica Referéncia
Associada
: Terracciano et
rs1449984 Intergénico - Depressao
al., 2010
rs2709370 CREB1 Fator de Transcrigéo Doenca Bipolar Lietal., 2013
) Utge et al.,
rs11904814 CREB1 Fator de Transcrigéo Depressao 2009
rs6785 CREB1 Fator de Transcrigdo Doenca Bipolar Lietal., 2013
Metabolismo de purinas/ . Direk et al.,
rs9825823 FHIT Depressao
Supressor de Tumor 2017
Receptor do neurotransmissor _ ) Anney et al.,
rs535066 GABRAZ2 Epilepsia
GABA 2014
Receptor do neurotransmissor Doenca de Herold et al.,
rs147028191 GABRA2
GABA Alzheimer 2016
Receptor do neurotransmissor ~ Declinio Cognitivo .
rs17641411 GABRA4 _ . Raj et al., 2016
GABA (relacionado a idade)
_ _ Pinsonneault et
rs27072 SLC6A3 Transportador de dopamina Doenca Bipolar
al., 2011
_ . Dong et al.,
rs8179029  SLC6A3 Transportador de dopamina Depresséo 2009
_ _ Greenwood et
rs2550936  SLC6A3 Transportador de dopamina Doenca Bipolar
al., 2013
Caderina envolvida na adesao Terracciano et
rs349475 CDH18 L Depresséo
sinaptica al., 2010
. . Donaldson et
rs6295 HTR1A Receptor de serotonina Doenca Psiquiatrica
al., 2016
Receptor do neurotransmissor _ N _
rs209345 GABRA1 Declinio Cognitivo Li et al., 2015
GABA
Imunorregulagéo e
Lekman et al.,
rs1360780 FKBP5 enovelamento e trafego de Depresséo 2008
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Doenca

SNP Gene Funcéo do Gene Psiquiatrica Referéncia
Associada
Sinalizacdo quimica entre Depressao/Doenca Green et al.,
rs9371601 SYNE1 ) )
neuronios Bipolar 2013
Receptor do neurotransmissor Terracciano et
rs17864092 GRM8 Depressao
glutamato al., 2010
Adesao celular, homeostase, )
) N Terracciano et
rs11009175 ITGB1 reparo de tecido, resposta Depressao
_ al., 2010
imune
_ . Terracciano et
rs2017305 DDX50 RNA helicase Depressao
al., 2010
L . . Terracciano et
rs12420464 EIF3F Fator de iniciacdo de traducao Depressao

al., 2010

Geracao e transmisséo de sinas
rs1006737 CACNA1C

Doenca Bipolar/

Ruderfer et al.,

elétricos pelas células Esquizofrenia 2014
Integra sinais entre receptores _
rs5443 GNB3 . Depressao Lin et al., 2009
e proteinas efetoras
L . Utge et al.,
rs12229394 TPH2 Biossintese da serotonina Depressao 2009
. . Terracciano et
rs10744304 Intergénico - Depressao
al., 2010
Doenca de
_ Parkinson e Beecham et al.,
rs7984966 HTR2A Receptor de serotonina )
Deméncia com 2015
Corpos de Lewy
rs6311 HTR2A Receptor de serotonina Depresséo Lin et al., 2009
Estabelecimento e funcéo de . Chang et al.,
rs9563520 PCDH17 _ Alteracdo do Humor
conexdes celulares cerebrais 2017
Proteina transmembrana com Terracciano et
rs1927745 FAM155A ) Depresséo
funcdo desconhecida al., 2010
Ancora receptores de
rs8020095 GPHN neurotransmissores inibitérios Depresséo Hek et al., 2013
ao citoesquelo pos-sinaptico
. Terracciano et
rs12912233 RORA Receptor Nuclear Hormonal Depresséo

al., 2010

122



https://www.ebi.ac.uk/gwas/search?query=HTR6
https://www.ebi.ac.uk/gwas/search?query=HTR2A

Doenca
SNP Gene Funcéo do Gene Psiquiatrica Referéncia

Associada

) Lee at al., 2005;
Depressao/Sindrome

rs2242446 SLC6A2 Transportador de dopamina _ Hahn et al.,
do Péanico
2008
Regulador negativo do
crescimento axonal. Protege Terracciano et
rs10514585  CDH13 i o Depressao
células epiteliais da apoptose al., 2010

por estresse oxidativo

Terracciano et

rs8070473  SLFN12L Funcéo desconhecida Depressao
al., 2010

Brummett et al.,

rs6318 HTR2C Receptor de serotonina Depressao 014
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ANEXO B -

TERMO DE CONSENTIMENTO LIVRE E ESCLARECIDO

TERMO DE CONSENTIMENTO LIVRE E ESCLARECIDO

PARTICIPACAO VOLUNTARIA:
Durante esta consulta voce terd a oportunidade de participar de nma pesquisa que avaliard de
forma ampla a doenga que esta comprometendo a sua satde neste momento: a infeccio pelo HIV.

Em seu tratamento sdo utilizados medicamentos anti-retrovirais ja aprovados pelo Ministério

da Saide.

Para iss0 € necessanio:
a) Acompanhamento clinico regular
b) Uso inintermipto da medicacio.
c) Comunicacdo ao médico de qualquer efeito colateral ou intolerdncia.
d) Realizacio de exames laboratoriais periddicos (em média 4 vezes ao ano).

Antes de assinar este termo, o Sr.(a) deve informar-se plenamente nio hesitando em
formular perguntas sobre qualquer aspecto que julgar conveniente esclarecer. E
importante estar ciente das seguintes informacoes:

1-

2

Objetivo da investigacio: Avaliar a presenca de mutagdes que interfiram na resposta
celular ao tratamento com drogas utilizadas na terapia anti-HIV e nos efeitos adversos.

Procedimentos que serdio realizados: o material celular que seria descartado apods o
processamento de sua amostra de sangue serd encaminhado ao laboratério para a andlise
genética. A coleta serd realizada por puncio venosa conforme o procedimento padrio
para qualquer coleta de sangue, apds a sua autorizacdo.

Beneficios: os resultados deste estudo ndo frario beneficios direfos ao Sr.(a). Entretanto,
este resultado poderda auxiliar no desenvolvimento de novas estratégias de tratamento
para os pacientes infectados com o virus HIV. Este resultado podera auxiliar os médicos
na definicio de esquemas de tratamento personalizados para cada paciente.

Riscos potenciais: Nio ha nisco potencial O processo de coleta € levemente dolorido,
ndo necessitando de qualquer tipo de medicac3o analgésica para tal. Serd feita a puncgio
com agulha e seringa no antebrago para a coleta de aproximadamente 30 ml de sangue.
No local da puncgdo, serdo realizadas assepsia e anti-sepsia com alcool iodado ou
iodoforos (substincias que impedem a proliferagio de germes), garantindo a ndo-
contaminacio do material

5- Preenchimento de uma Ficha Individual de Investigacio: Declaro estar ciente do
inteiro teor deste Termo de Consentimento Livre e Esclarecido, decidindo-me a parficipar
da investigacio proposta, depois de ter formmlado perguntas e de ter recebido respostas
satisfatorias a todas elas, e ciente de que poderei voltar a fazé-las a qualquer tempo. Declaro,
pois, dar meu consentimenfo para participar desta investigacio, recebendo uma copia do
termo, estando ciente ainda de que uma outra copia permanecera arquivada no ambulatorio
de Inmmologia do Hospital Universitario Gaffrée e Guinle (HUGG), na Universidade Federal
do Estado do Rio de Janeiro (UNIRIO).

A sua participacio € voluntdria, isto €, a sua decisdo de participar ou nio da pesquisa, ou
mesmo abandond-la sem comunicagio ndo ird afetar de forma alguma a sua assisténcia médica
neste hospital.
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Em caso de divida sobre a pesquisa, direito dos pacientes, ou aparecimento de algum dano a
satde associada a pesquisa, poderdo ser contatados os seguintes médicos:
Dr. Rogério Neves Motta (UNIRIO)
Dr. Fernando Raphael de Almeida Ferry
Dr. Marcelo Costa Velho Mendes de Azevedo
Tel: 22641676
CEP do HUGG (Com. de ética do HUGG) 2264-5177

CONSENTIMENTO INFOEMADO AQ PACIENTE:

1) Li com atengio o texto sobre informac3o ao paciente.

2) Conversei com 0 Dr. Marcelo Costa Velho Mendes de Azevedo, Dr. Rogéno Neves Motta ou Dt
Fernando Raphael de A Ferry

3) Tive a oportunidade de fazer perguntas e discutir a pesquisa

4) Compreendi completamente as respostas as minhas perguntas feitas aos médicos

5) Entendi que tenho o direito de ndo participar da pesquisa ou abandona-la sem qualguer motivo,
sem perder nenhum dos beneficios que feria de outra forma

&) Entendo que minhas informagdes pessoais podem ser revistas por pessoas devidamenfe autoriza-
das para conduzir a pesquisa, também serdo estritamente confidenciais, resguardando minha
identidade que de forma alguma podera tornar-se publica

1) Aceito participar desta pesquisa.

Nome do paciente:
Regisiro:

Hospital Universitirio Gaffrée e Guinle, de de

Assinatura do paciente

Assinatura da testemunha

Assinatura do médico assistente
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