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Dedico este trabalho a todos os
individuos infectados pelo HIV. Que
os resultados de nossos esforgos
gerem beneficios para suas lutas.
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TESE DE DOUTORADO EM BIOLOGIA PARASITARIA

Edson Oliveira Delatorre

A epidemia global do HIV esta evoluindo em direcdo a um aumento nas taxas de
mutacOes de resisténcia e diversidade molecular. Estudos prévios conduzidos na
regido metropolitana do estado do Rio de Janeiro (RJ) encontraram prevaléncias
moderadas de mutagbes transmitidas de resisténcia as drogas antirretrovirais
(MTRD) do HIV-1 e uma alta diversidade molecular. Neste trabalho, avaliamos a
prevaléncia das MTRD e a histéria evolutiva de clados raros do HIV-1 no RJ em uma
populacdo de gestantes virgens de terapia. Foram observadas mudancas na
tendéncia das MTRD com as maiores taxas (de inibidores nucleosidicos da
transcriptase reversa para inibidores da protease) e um aumento na prevaléncia de
subtipos ndo-B quando comparados a um estudo anterior conduzido no mesmo local
cinco anos antes. As MTRD encontradas podem afetar o desfecho virol6gico dos
regimes antirretrovirais padrdo adotados para prevencao da transmisséo vertical do
HIV-1. Além disso, o nivel de MTRD encontrado nesta populacdo de gestantes é
considerado alto e justifica a importancia da realizacdo da genotipagem pré-
tratamento do HIV para determinacao de resisténcia. Através das analises evolutivas
dos clados do HIV-1 raramente encontrados no RJ, verificou-se a circulacdo de
linhagens do subtipo C, CRF02_AG e CRF45 cpx provavelmente importadas do
continente africano. A maioria das sequéncias brasileiras do subtipo C formaram um
clado monofilético, que provavelmente se originou no Burundi e foi introduzido no
estado do Parand por volta de 1975, disseminando-se rapidamente para outras
regides brasileiras, incluindo o RJ. Cinco introduc¢des adicionais de cepas do subtipo
C provavelmente originadas em paises da Africa Oriental, Meridional e Central foram
detectadas no estado do RJ. As sequéncias brasileiras do CRF02_AG distribuiram-
se em cinco linhagens distintas, provavelmente originadas na Africa Ocidental,
provavelmente Gana, Senegal e Nigéria. Dois clados monofiléticos compostos
somente por sequéncias fluminenses foram identificados, com datas de origem
estimadas por volta de 1985. Dentre as 10 amostras recombinantes com fragmentos
do subtipo K do HIV-1 isoladas no RJ e que tiveram seus genomas parciais ou
guase totais sequenciados, seis mostraram um padrao similar ao CRF45_cpx ao
longo de todo 0 genoma. As restantes foram classificadas como recombinantes de
segunda-geracao entre 0 CRF45_cpx e os subtipos B e F1, prevalentes na epidemia
brasileira. Todas as sequéncias CRF45_cpx brasileiras, exceto uma, formaram um
clado monofilético, que parece ser o resultado de um Unico evento de introducéo
ocorrido por volta de 1984. Esta linhagem se disseminou pelos estados do RJ, Sao
Paulo e Minas Gerais e é relacionada a sequéncias da Argentina, Italia e Bélgica.
Estas analises filogenéticas indicam um influxo continuo de linhagens do HIV-1 de
origem africana no Brasil, que foram introduzidas e/ou tem se disseminado no RJ
nos ultimos 30-40 anos, demonstrando a importancia deste estado para a introdugéo
de novas variantes do HIV na epidemia brasileira.
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THE EVOLUTIONARY HISTORY OF RARE HIV-1 CLADES IN RIO DE JANEIRO IN A
POPULATION OF PREGNANT WOMEN BEFORE THE THERAPY FOR VERTICAL
TRANSMISSION PREVENTION

ABSTRACT

PHD THESIS IN PARASITE BIOLOGY

Edson Oliveira Delatorre

The global HIV epidemic is evolving towards an increase in the rates of resistance
mutations and molecular diversity. Previous studies conducted in the metropolitan
region of Rio de Janeiro (RJ) state have found moderate prevalences of transmitted
drug resistance mutations (TDRM) and high molecular diversity of HIV-1. In this work,
we evaluated the prevalence of TDRM and the evolutionary history of rare HIV-1
clades in RJ found in an antiretroviral-naive pregnant women population. A change in
the trend of the TDRM with higher rates (from nucleoside reverse transcriptase
inhibitors to protease inhibitors) and an increase in the prevalence of non-B subtypes
were observed when compared to a previous study conducted at the same location
five years earlier. The TDRM level found in this population can affect the virological
outcome of standard antiretroviral regimens to prevent HIV-1 vertical transmission.
The TDRM level found in this pregnant women population is considered high and
reinforce the relevance of the pretreatment genotyping of HIV for resistance
determination. Through evolutionary analysis of HIV-1 clades rarely found in RJ, the
circulation of HIV lineages of subtype C, CRF02_AG and CRF45 cpx probably
imported from Africa were observed. Most Brazilian sequences of subtype C
branched into a single monophyletic clade, which probably originated in Burundi and
was introduced in Parana state around 1975, spreading rapidly to other regions,
including RJ. Five additional introductions of subtype C strains probably originated in
Eastern, Central and Southern African countries were detected in the RJ. The
Brazilian CRF02_AG sequences were distributed in five distinct lineages, which
probably originated in West Africa, probably Ghana, Senegal and Nigeria. Two
monophyletic clades formed only by sequences from RJ were identified, and their
origin dates were estimated at around 1985. Among the 10 samples with HIV-1
subtype K recombinant fragments isolated in RJ who had their partial or near-full
length genomes sequenced, six showed a CRF45_cpx-like pattern throughout the
genome. The remaining ones were classified as second-generation recombinants
between CRF45_cpx and subtypes B and F1, prevalent in the Brazilian epidemic. All
Brazilian CRF45_ cpx sequences, except one, formed a monophyletic clade that
seems to be the result of a single introduction event occurred around 1984. This
lineage has spread through the states of RJ, S&o Paulo and Minas Gerais and is
related to sequences from Argentina, Italy and Belgium. These phylogenetic
analyzes indicate a continuous influx of HIV-1 African strains in Brazil, which were
introduced and/or has spread in Rio de Janeiro in the last 30-40 years,
demonstrating the importance of this state to the introduction of new HIV variants in
the Brazilian epidemic.
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1 INTRODUCAO

1.1 A descoberta da Sindrome da Imunodeficiéncia Adquirida - aids

Em 1981, os Centros de Controle e Prevencdo de Doencas dos Estados
Unidos da América (CDC, do inglés Centers for Disease Control and Prevention)
foram alertados sobre um grupo de homossexuais masculinos que apresentavam
sintomas de pneumonia causada por Pneumocystis jirovecii (anteriormente
denominado Pneumocystis carinii), um fungo oportunista raro conhecido por infectar
pacientes imunocomprometidos (CDC 1981; Gottlieb et al. 1981), e um céncer raro
de pele conhecido como sarcoma de Kaposi (Hymes et al. 1981). Estes relatos
foram associados a uma provavel sindrome que causava imunossupressao e
linfadenopatia generalizada, e que comecou a ser encontrada também em outros
grupos, como usuarios de drogas intravenosas (Masur 1982; Quagliarello 1982),
hemofilicos (CDC 1982a), beneficiarios de transfusdo sanguinea (CDC 1982b),
criancas (CDC 1982c), parceiras sexuais femininas de homens infectados (CDC
1983a; Masur 1982), prisioneiros (CDC 1983b), haitianos (CDC 1982d) e individuos
da regido central da Africa (Clumeck et al. 1983).

Considerados em conjunto, as caracteristicas clinicas destes diferentes casos
forneceram evidéncias claras de que esta sindrome recém descoberta seria causada
por um agente infeccioso com transmissibilidade sanguinea, sexual e vertical. O
CDC entdo montou uma forca de trabalho para estudar a origem destes surtos, que
ainda era desconhecida. Em 1982, a doenca foi denominada de Sindrome da
Imunodeficiéncia Adquirida (aids) (CDC 1982e).

Dois anos ap0ds os primeiros relatos do aparecimento da aids, dois grupos de
pesquisa, liderados por Robert Gallo e Luc Montagnier declararam
independentemente que um novo retrovirus poderia ser o agente etioldégico da
doenca (Barre-Sinoussi et al. 1983; Gallo et al. 1984; Popovic et al. 1984). Gallo
defendia que este virus se tratava de um novo isolado do virus T-linfotrépico
humano (HTLV), previamente descrito por seu grupo, nomeando-o como HTLV-III
(Popovic et al. 1984). O virus isolado pelo grupo de Montagnier foi denominado
como virus associado a linfadenopatia (LAV) (Barre-Sinoussi et al. 1983).
Posteriormente, verificou-se que ambos eram isolados do mesmo virus (Ratner et al.

1985), e em 1986 o Comité Internacional de Taxonomia de Virus (ICTV, do inglés

1



International Committee on Taxonomy of Viruses) renomeou o virus causador da
aids como Virus da Imunodeficiéncia Humana (HIV) (Coffin et al. 1986).

Em 1985, dois anos apds o isolamento do HIV, outro virus que causava 0S
mesmos sintomas da aids foi identificado em trabalhadoras do sexo de Senegal
(Barin et al. 1985). Posteriormente este novo virus também foi encontrado em dois
individuos de Guiné-Bissau e Cabo Verde (Clavel et al. 1986). Estes novos casos
correspondiam a um novo tipo de HIV, o que levou a uma modificagcdo da
nomenclatura para que a diferenciacdo entre eles pudesse ser feita. Os primeiros
isolados virais obtidos pelos grupos de Gallo e Montaigner passaram a ser
classificados como HIV do tipo 1 (HIV-1), enquanto os novos isolados provenientes
da regido Ocidental da Africa como HIV do tipo 2 (HIV-2) (Barin et al. 1985; Clavel et
al. 1986).

O HIV-1 circula mundialmente e € o responsavel pela pandemia de aids,
enquanto o HIV-2 esta restrito & Africa Ocidental. Entretanto, casos esporadicos do
HIV-2 j& foram descritos em diversos paises (Campbell-Yesufu e Gandhi 2011),
inclusive no Brasil (Pieniazek et al. 1991). Além das diferencas na distribuicao,
também existem evidéncias de que a transmissdo do HIV-2 é menos eficiente
quando comparada ao HIV-1 e possuindo um periodo entre a infeccdo inicial e o
aparecimento da doenca mais longo (Campbell-Yesufu e Gandhi 2011; Marlink et al.
1994).

O primeiro caso de aids no Brasil foi registrado em 1980 na cidade de Séao
Paulo, sendo classificado corretamente somente dois anos depois (Parker et al.
1994). Em 1987, pesquisadores do Instituto Oswaldo Cruz isolaram o HIV-1 pela
primeira vez na América Latina, a partir de amostra biolégica de um paciente do Rio
de Janeiro infectado por transfusao sanguinea (Galvao-Castro et al. 1987).

Durante a década de 1980, ja estava evidente de que o HIV-1 ja tinha se
disseminado por diversos paises de diferentes continentes, o que indicava que a
transmissao do virus estava ocorrendo sem ser notada pelos sistemas de vigilancia
em saude. Existem diversos fatores que podem ter contribuido para a disseminacéo
inicial do HIV, a maioria dos quais se intensificou a partir da segunda metade do
século XX.

Viagens nacionais e internacionais exerceram um papel primordial para a
disseminacéo inicial do HIV. No continente Africano, que atualmente € aceito como o
local de origem do HIV (Gao et al. 1999; Lemey et al. 2003), a disseminacao do virus

provavelmente seguiu por rotas de caminhoneiros, espalhando-se entre cidades do
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interior do continente (Hudson 1996). As fronteiras relativamente abertas do
continente em conjungdo com corredores de mobilidade com alta acessibilidade
[definida como a facilidade com a qual um grupo de pessoas se move entre
diferentes regides (Yoshida e Deichmann 2009)] permitiram que em poucos anos o
HIV estivesse presente em praticamente toda a Africa Subsaariana (Clumeck et al.
1983; Van de Perre et al. 1984; Piot et al. 1984) e por conta dos movimentos
migratérios internacionais, que muitas vezes seguem lagos coloniais (Faria et al.
2012), fizeram com que o HIV chegasse a Europa (Bryceson et al. 1988; Frgland et
al. 1988) e Américas (CDC 1982d; Galvao-Castro et al. 1987; Gottlieb et al. 1981).

Outro fator que também poderia ter contribuido para a disseminacdao inicial do
HIV-1 no continente africano seriam os confltos armados envolvendo os
movimentos de libertacdo, impulsionados apos a Segunda Guerra Mundial. Além de
contribuir para a disseminacdo do virus nos paises em conflito, os soldados também
ajudaram na exportacdo do HIV para outros paises no momento de retorno para 0s
seus paises de origem, como foi o caso dos soldados cubanos que serviram em
Angola durante as décadas de 1970-1980 (Torres-Anjel 1992a).

Diversos fatores contribuiram para a aceleracdo da dispersdo do HIV-1
durante as décadas de 1970-1980. Além dos movimentos migratorios, sejam eles
por motivos militares, turisticos ou de trabalho, a transmissédo do HIV para certos
grupos mais vulneraveis, como homens que fazem sexo com homens (HSH),
beneficiarios de transfusdo de sangue e usuarios drogas injetaveis também tiveram
um grande impacto na disseminacao da epidemia (CDC 2001; Torres-Anjel 1992b).

Os primeiros relatos da aids foram definidos como uma “doenca adquirida
através de contatos sexuais” (CDC 2001). Dentre os diversos casos de transmisséo
sexual relatados durante o inicio da década de 1980, a transmissdo entre HSH
correspondia a uma grande parcela, embora transmissdes heterossexuais também
tenham sido encontradas. Desde entdo, os HSH foram definidos como um grupo
vulneravel a infeccdo pelo HIV, constituindo até hoje um grupo predominantemente
mais afetado, principalmente em &reas que possuem uma epidemia do HIV
concentrada, como no caso de alguns paises da Europa, Estados Unidos da
América e Brasil (UNAIDS 2014).

Nesta mesma época, a transfusdo de sangue se tornou rotina da pratica
médica, e na auséncia de testes para deteccdo do HIV, a utilizacdo de sangue
contaminado pelo virus acabou ocorrendo em diversos locais do mundo,

aumentando as chances da infeccao pelo HIV naqueles individuos que entraram em
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contato com 0 mesmo e/ou seus derivados (CDC 1982a; CDC 1982b). Isto foi o que
ocorreu com muitos hemofilicos ao se beneficiarem do fator de coagulagédo VIl
produzido a partir do sangue combinado de centenas de doadores, no qual, a
presenca de somente um doador portador do HIV poderia contaminar todo o lote.

O aumento da disponibilidade de drogas injetaveis como a heroina acabou
gerando um comportamento de risco para a transmisséo do HIV: o
compartilhamento de seringas nao esterilizadas, que potencializou a transferéncia
do virus entre os usuarios de drogas injetaveis. Estes constituem até hoje um dos
grupos mais vulneraveis a transmisséo do HIV (Harm Reduction International 2014).

Todas as formas de disseminacdo que contribuiram para a disperséo inicial
do HIV entre os diferentes paises ainda estdo atuando até os dias de hoje,
modificando sua prevaléncia nas diferentes populacbes (De Cock et al. 2012) e
aumentando a diversidade genética viral local, gracas a incorporacdo de novas
linhagens do HIV, o que pode ter algum impacto na eficiéncia do tratamento ou para
o desenvolvimento de vacinas (Aldrich e Hemelaar 2012).

1.2 A pandemiado HIV/aids

Atualmente a aids é definida como uma doenca crdnica e progressiva
causada pelo HIV de tipos 1 e 2. A doenca caracteriza-se por uma supressao
profunda da imunidade mediada por células devido ao aumento gradual do nivel de
replicacdo viral, resultando numa deplecéo progressiva de células T CD4* que, em
dltima analise, favorece o aparecimento de infec¢cbes oportunistas, neoplasias
secundéarias e doencas neuroldgicas (Douek 2003; Fauci et al. 1996).

A infeccdo pelo HIV causa um espectro de sintomas clinicos caracterizando
estagios de progressdo bem documentados, que se estendem desde o periodo de
soroconversao, ou fase aguda, até a fase de aids. Entre estas duas fases existe um
periodo de laténcia clinica (ou periodo assintomatico), onde o HIV continua se
replicando sem gerar sintomas (Douek 2003). A duracdo deste periodo
assintomatico, porém, € extremamente varidvel e distintos perfis de progressao
podem ser observados entre os individuos infectados pelo HIV (Deeks e Walker
2007). Em individuos néo tratados, estima-se que o tempo médio entre o contagio e
0 aparecimento da doenca esteja em torno de dez anos (Giesecke et al. 1990;
Poorolajal et al. 2015) (Figura 1). Nos ultimos 20 anos, com a introdugéo da terapia

antirretroviral combinada de alta poténcia (TARV) observou-se um impacto
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expressivo na reducdo da mortalidade e morbidade em decorréncia da aids. Este

aspecto sera apresentado mais em detalhes ao longo deste trabalho.
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Figura 1 — Histdria natural da infec¢cdo pelo HIV. Mudangas dindmicas na viremia plasmatica, os
numeros de células T CD4* e CD8* e na titulagcdo de anticorpos anti-HIV durante a progressdo da
doenca estdo indicados em funcdo do tempo. Cada linha do grafico representa uma das
caracteristicas indicadas de acordo com as cores. Diferencas nas taxas de deple¢cédo de células T-
CD4* no GALT, risco de transmisséo e diversidade viral estdo representados na forma de circulos
pretos, cujo didmetro é diretamente proporcional aos valores observados. GALT - tecidos linféides
associados ao intestino, do inglés gut-associated lymphoid tissues. Adaptado de Simon et al. (2006).

No final de 2014, foi estimado pelo Programa Conjunto das Nag¢des Unidas
sobre HIV/AIDS (UNAIDS, do inglés Joint United Nations Programme on HIV/AIDS,)
e a Organizacdo Mundial da Saude (OMS) a existéncia de 36,9 milhdes de pessoas
infectadas pelo HIV mundialmente, sendo que 2,0 milhdes de pessoas foram
infectadas e 1,2 milhdo morreram naquele ano (UNAIDS 2014).

A prevaléncia mundial da infeccdo pelo HIV-1 parece ter se estabilizado em
0,8% (0,7-0,9%) na ultima década (Figura 2). Entretanto, o total de pessoas
infectadas pelo HIV vem aumentando, uma vez que ocorreu uma diminui¢do da taxa
de mortalidade em decorréncia do aumento do acesso a TARV. Em 2015, o numero

de pessoas recebendo TARV chegou a 15 milhdes, correspondendo a mais de 40%
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do total de pessoas infectadas, um passo importante para se reduzir a mortalidade
associada a aids e as taxas de transmissdo, metas estabelecidas pela UNAIDS para
se obter o fim da epidemia de AIDS até 2030 (UNAIDS 2015a). Estas metas,
conhecidas como “90-90-90”, consistem em ter 90% das pessoas com HIV
diagnosticadas; deste grupo, 90% seguindo o tratamento; e, dentre as pessoas
tratadas, 90% com carga viral indetectavel até 2020. Quando esta meta triplice for
alcancada, pelo menos 73% de todas as pessoas vivendo com HIV no mundo terao
supressdo viral, 0 que através de modelos matematicos, permitira a extincdo da
epidemia de aids até 2030, gerando beneficios tanto para a saude quanto para a
economia (UNAIDS 2015b).

(Do.1(0,1-0,1) [@0,3(0,3-0,3) @0,4(0,4-0,5 @0,5(0,4-0,6) @45 (43-4,38)

Figura 2 — Distribuicdo da prevaléncia da HIV em adultos (15 - 49 anos). Mapa
representativo construido de acordo com as regides analisadas pela OMS. A cor de cada regido
corresponde a prevaléncia (%) de acordo com a legenda abaixo da figura. A prevaléncia global
do HIV no ano de 2014 foi de 0,8% (0,7 — 0,9). Adaptado a partir de dados da OMS
(http://gamapserver.who.int/).

Globalmente, as mulheres correspondem a pouco mais de 47% do namero de
pessoas vivendo com HIV/aids, propor¢cédo que permanece estavel nos ultimos anos.
Adolescentes e adultos jovens (entre 15-24 anos) correspondem a 34% das novas
infecgdes pelo HIV em adultos mundialmente. Cerca de 220.000 criangas com idade
abaixo de 15 anos se infectaram em 2014. Este niUmero representa uma diminui¢cao
de 58% desde 2000, gracas ao aumento do acesso as intervengdes para prevencao
da transmissao vertical do HIV. A disponibilidade de medicamentos antirretrovirais

para mulheres gravidas com o objetivo de prevenir a transmissdo vertical do HIV
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aumentou para 73% em 2014. Entretanto a quantidade de criancgas vivendo com HIV
aumentou de 1,6 milhdo em 2001 para 2,6 milhdes em 2014, sendo a maioria das
novas infeccbes em paises subdesenvolvidos (UNAIDS 2015a; UNAIDS 2014).

Enquanto abriga somente cerca de 10% da populacdo mundial, a Africa
Subsaariana concentra cerca de 70% (25,8 milhdes) das infec¢cbes pelo HIV em
nivel mundial e 66% (790 mil) das mortes relacionadas a aids em 2014. Mesmo com
0 avanco da terapia antirretroviral, a aids permanece como a principal causa de
mortalidade na regido.

Entre os paises que compdem a Africa Subsaariana existe uma
heterogeneidade na severidade da epidemia. A prevaléncia na maioria dos paises
da Africa Ocidental é menor que 2%, enquanto pode chegar a mais de 25% em
paises da Africa Meridional. A maior parte da transmissdo do HIV na populacdo
geral da Africa Subsaariana ocorre através da via heterossexual, 0 que explica o
grande numero de homens e mulheres infectadas, e consequentemente criancas
(UNAIDS 2015a; UNAIDS 2014). Entretanto, as transmissdes envolvendo HSH séo
importantes, uma vez que uma propor¢cao significativa destes mantém relacbes
sexuais paralelas tanto com homens quanto com mulheres. Por causa do estigma e
da frequente criminalizacdo deste grupo na Africa Subsaariana, baixos indices de
prevencao de transmissdo sdo alcancados, o que resulta em uma alta prevaléncia
de individuos infectados pelo HIV, o que juntamente com o0 comportamento
bissexual contribuem para os altos niveis de propagacédo do HIV para a populacdo
em geral (Beyrer et al. 2010).

A prevaléncia da infeccéo pelo HIV nos paises que comp&em a Africa Central
e Ocidental é geralmente inferior & encontrada nos paises da Africa Oriental e
Meridional (UNAIDS 2014). A Republica Democratica do Congo é um caso
interessante, pois mesmo tendo sido demonstrado que o HIV esta presente neste
pais pelo menos desde 1959 (Zhu et al. 1998), a prevaléncia permaneceu estavel
em uma taxa relativamente baixa (1,0%). Em muitos paises a taxa de incidéncia de
infeccdes pelo HIV parece ter estabilizado, enquanto declina em outros. Pelo menos
em parte, estas reducdes regionais da incidéncia do HIV refletem uma tendéncia de
reducdo de comportamentos de risco e dos esforcos de prevencdo da transmissao,
além do aumento da disponibilidade da terapia antirretroviral, ja que em 2014, 41%
do total de pessoas vivendo com o HIV na regidao estavam recebendo terapia. Isto
representa uma mudanca notavel desde 2000, quando a cobertura do tratamento na

Africa Subsaariana era praticamente nula (UNAIDS 2015a).
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No continente Americano, uma das consequéncias da disponibilidade da
TARYV foi o aumento do numero de pessoas vivendo com HIV na América do Norte,
mesmo que a incidéncia esteja estavel em aproximadamente 50.000 novas
infeccbes por ano desde a década de 1990. Estima-se que 1,2 milhdo de pessoas
estavam infectadas pelo HIV nos EUA em 2012. Os grupos mais afetados sao os
HSH e usuérios de drogas. A regido do Caribe possui a maior prevaléncia do HIV
em adultos depois da Africa Subsaariana, de aproximadamente 1,1% (UNAIDS
2014). Nesta regido predomina a transmissédo heterossexual, com o grupo de HSH
apresentando certa importancia em alguns paises (Beyrer et al. 2012).

A América Latina possui aproximadamente 1,7 milhdo de pessoas vivendo
com HIV, compondo uma epidemia diversa, porém com a maior parte das
transmissdes atribuida a HSH e trabalhadores do sexo. Na maioria dos paises desta
regido, as taxas de prevaléncia séo inferiores a 1%, porém entre grupos especificos,
como trabalhadores do sexo e HSH a prevaléncia é mais alta, atingindo patamares
>5% e >20%, respectivamente (Beyrer et al. 2012; Priss-Ustin et al. 2013; UNAIDS
2014).

1.2.1 A epidemia de HIV/aids no Brasil

O Brasil € responsavel por um terco das infeccdes da América Latina, com
uma estimativa de aproximadamente 734 mil pessoas vivendo com HIV/aids em
2014, o que corresponde a uma prevaléncia nacional menor que 1%. Porém nos
grupos populacionais em situacdo de maior vulnerabilidade, tais como HSH,
travestis, profissionais do sexo e usuarios de drogas sdo observadas taxas de
prevaléncia mais altas (Brasil 2014), podendo chegar a 4,9% em mulheres
profissionais do sexo (Malta et al. 2010) e 14,2% em HSH (Kerr et al. 2013), o que
caracteriza o Brasil como um pais com epidemia concentrada em popula¢gbes que
fazem parte dos grupos de maior vulnerabilidade. Na verdade, o mais correto seria
considerar a epidemia do HIV no Brasil como um mosaico de epidemias regionais,
refletindo a extensdo e a diversidade soécio-geografica do pais e sua
heterogeneidade regional. Os motivos da alta prevaléncia do HIV nas populagfes de
maior vulnerabilidade seriam as barreiras significativas no acesso aos servicos de
saude, que tém na sua base o0 preconceito, 0 estigma e a discriminagcdo, como
também a persisténcia das praticas de sexo anal desprotegido no grupo de HSH. A
principal e mais forte estratégia de prevencdo adotada pelo pais é o foco das acdes
nestas populacdes mais vulneraveis, oferecendo acesso a preservativos, combinado
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com intervencdes comunitarias, aléem da oferta de teste anti-HIV para um diagnostico
cada vez mais precoce (Brasil 2008).

Dados do Ministério da Saude indicam que a epidemia se encontra em um
processo de estabilizacdo, ainda que em patamares elevados. A prevaléncia
nacional da infeccdo pelo HIV na populacdo de 15-49 anos estad estavel em
aproximadamente 0,6% desde 2004, sendo 0,3% em mulheres e 0,7% em homens.
O crescimento dos casos de aids na populacdo feminina afeta especialmente as
mulheres em idade reprodutiva (Brasil 2014).

Os mais de 750 mil casos de aids notificados até 2014 n&o se distribuem de
forma homogénea entre as regides do pais. O maior nimero se concentra na regiao
Sudeste (54,4%), seqguido pelas regides Sul (20,0%), Nordeste (14,3%), Centro-
Oeste (5,8%) e Norte (5,4%) do Brasil. Em 2013, foram notificados cerca de 39 mil
casos de aids no Brasil, valor que vem se mantendo estavel nos ultimos 5 anos. A
taxa de detecgao nacional foi de 20,4 casos para cada 100 mil habitantes, sendo a
maior encontrada na regido Sul (30,5/100.000 habitantes), seguida pela regido Norte
(26,1), Centro-Oeste (20,3), Sudeste (18,7) e Nordeste (16,0). A incidéncia nacional
reduziu cerca de 10% nos ultimos 10 anos, contudo, existem diferencas
significativas nas taxas das diferentes regides brasileiras. Entre 2003 e 2013, a
incidéncia diminuiu 32% na regido Sudeste, 9% na regido Sul, permaneceu estavel
na regido Centro-Oeste, enquanto nas demais regibes observa-se um aumento,
sendo de 62% na regido Nordeste e 120% na regido Norte (Brasil 2014).

O estado do Rio de Janeiro tem o segundo maior numero de casos de aids no
Brasil, respondendo por 11% do total de casos notificados no pais. A cidade de Rio
de Janeiro é a segunda maior cidade do Brasil e sua area metropolitana tem uma
populacdo de mais de 10 milhdes de habitantes, onde residem cerca de 90% dos
individuos vivendo com HIV/aids no estado (Brasil 2012a).

Vale ressaltar que o tratamento de pacientes com HIV no Brasil continua
sendo considerado uma referéncia entre paises em desenvolvimento, por haver
oferta de acesso gratuito aos medicamentos antirretrovirais. Além disso, em
dezembro de 2013, o Brasil tornou-se o primeiro pais em desenvolvimento e o
terceiro do mundo a recomendar o inicio imediato da TARV para todas as pessoas
vivendo com HIV/aids, independentemente da contagem de células T CD4%,
considerando a motivagao do paciente (Brasil 2013), implementando a terapia nao
somente para a restauracdo da saude do paciente, como também uma medida de

saude publica para o controle da transmissédo do HIV.
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Quase 400 mil pessoas vivendo com HIV/aids estavam recebendo TARV em
2014, porém ainda existe um numero considerdvel de pessoas que possuem
indicacao de tratamento, mas nao estéo sendo tratadas por razdes diversas. Desde
a introducédo da TARV, a taxa de mortalidade causada pela aids foi reduzida de 9,6
mortes anuais por 100 mil habitantes em 1996, para 5,7 em 2013 (Brasil 2014).
Outra consequéncia do acesso a TARV é a reducdo do numero de casos de

transmissdo vertical do HIV (TV), isto €, quando o HIV é transmitido da mulher

gravida para seu bebé, seja durante a gravidez, no parto ou pela amamentacao.

1.2.2 Infeccao pelo HIV-1 em gestantes e impacto na transmisséo vertical

De acordo com o relatério da UNAIDS de 2014, 16 milhdes de mulheres
vivem com HIV/aids globalmente, o que corresponde a aproximadamente 47% do
total de adultos infectados (UNAIDS 2014). No Brasil, embora a epidemia esteja
concentrada nas populacdes de maior vulnerabilidade, nas quais a prevaléncia da
infecgcdo pelo HIV-1 pode atingir propor¢cdes maiores a 10%, a principal via de
transmisséo do HIV quando se consideram os numeros absolutos é a heterossexual.
Esta via vem se estabelecendo desde o inicio dos anos 1990 e consequentemente
levou a um deslocamento do numero de casos notificados de aids dos grupos
populacionais em situagdo de maior vulnerabilidade para a populagédo geral,
aumentando consideravelmente a frequéncia de casos em mulheres (Brasil 2014).

A crescimento dos casos de AIDS na populacao feminina afeta especialmente
as mulheres em idade reprodutiva e entre os anos 2000 e 2013, 77 mil casos de
infeccdo pelo HIV-1 em gestantes foram notificados no pais, dos quais 41,7%
concentraram-se na regiao Sudeste. As maiores proporgdes de gestantes infectadas
pelo HIV-1 estdo concentradas na faixa etaria de 20 a 29 anos (Brasil 2014). A taxa
de deteccdo de gestantes HIV positivas no Brasil vem apresentando uma tendéncia
de aumento estatisticamente significativo nos ultimos dez anos, passando de 2,0
casos a cada mil nascidos vivos em 2004 para 2,5 casos a cada 1000 nascidos
vivos em 2013, entretanto na regido Sudeste uma tendéncia oposta foi observada,
apresentando uma queda de 16% quando se comparam a ultima década. Mesmo
com a reducdo das taxas de deteccdo do HIV em gestantes na regido Sudeste, 0
estado do Rio de Janeiro ainda apresenta indices superiores a média nacional, com
3,0 casos para cada mil nascidos vivos.

As taxas de TV do HIV-1 sem qualquer intervencédo se situam em torno de
20% (Connor et al. 1994) porém, com a utilizacdo de antirretrovirais combinados,
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reduzindo a carga viral a valores menores do que 1.000 copias de RNA/mL e uso de
cesariana eletiva, é possivel reduzir a TV para niveis inferiores a 2% (World Health
Organization 2010). No Brasil, dos 237 de casos de aids notificados em criangas
menores de 13 anos em 2013, 99,6% ocorreram por TV, porém o numero absoluto
de casos tem diminuido acentuadamente ao longo dos ultimos anos (Brasil 2014).

De acordo com as recomendacdes para profilaxia da TV e terapia
antirretroviral do Ministério da Saude, as gestantes portadoras de infecgdo pelo HIV
deverdo receber sempre quimioprofilaxia, com associacao de trés antirretrovirais, de
duas classes diferentes, preferencialmente dois inibidores nucleosidicos da
transcriptase reversa associado a um inibidor da protease ou, alternativamente, dois
inibidores nucleosidicos da transcriptase reversa e um inibidor ndo-nucleosidico da
transcriptase reversa, independentemente da situacdo virolégica, clinica ou
imunologica, com o objetivo de prevenir a transmissao vertical (Brasil 2010). A
introducéo da TARV deve ser precoce, apds o primeiro trimestre, entre a 14% e a 282
semana de gravidez. A suspensao de todo o esquema ARV apds o parto, em
gestantes com indicacdo apenas de profilaxia, deve ser sistematica, com interrup¢ao
do inibidor ndo-nucleosidico da transcriptase reversa duas semanas antes dos
outros ARV que compdem o0 esquema, reduzindo-se assim, 0 risco de
desenvolvimento de mutagdes de resisténcia (Brasil 2010).

Em um estudo pioneiro, conduzido em escala nacional envolvendo 63
servicos de saude de 20 estados (incluindo o Distrito Federal) a taxa de transmissao
vertical do HIV foi estimada em 8.6% em 2000 e 7.1% em 2001, porém foi
observado a existéncia de variagdo entre as taxas de diferentes regides (Menezes
Succi 2007). Outros estudos, realizados em menor escala, reforcaram a existéncia
deste panorama complexo, com taxas variando de nulas no Rio de Janeiro (Pilotto et
al. 2013), entre 2,7%-6% em Sao Paulo (Goncgalves et al. 2011; Matida et al. 2011),
8,2% na Bahia (Patricio et al. 2015) e préximas a 10% no Espirito Santo e
Amazonas (Soeiro et al. 2011; Vieira et al. 2011). Entretanto, a variacdo das taxas
de transmissao vertical observadas entre os diferentes estados pode ser o reflexo da
adesdo ao acompanhamento pré-natal, do tratamento quimioprofilatico com
antirretrovirais antes e/ou durante o parto e no neonatal, aléem da préatica do

aleitamento materno.
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1.3 Classificacao e ciclo replicativo do HIV-1

O HIV pertence ao género Lentivirus da familia Retroviridae. Membros desta
familia possuem um genoma que consiste de duas fitas de RNA de polaridade
positiva com cerca de 10 Kb e composto por 9 genes. A leitura de cada fita de RNA
€ organizada em trés fases abertas principais e que apresentam sobreposicao,
constituindo um RNA policistrénico (Figura 3) (Herschhorn e Hizi 2010).

Brevemente, o ciclo de replicagdo do HIV se inicia com a etapa de adsorc¢ao,
através do reconhecimento das moléculas de CD4 presentes na superficie de
células susceptiveis pelas glicoproteinas de superficie do HIV (gp120), em conjunto
com a subsequente interagdo com um co-receptor das familias CC ou CXC de
receptores de quimiocinas, sendo CCR5 e CXCR4 o0s mais importantes.
Posteriormente, o envelope viral se fusiona com a membrana plasmatica da célula
mediada pela glicoproteina transmembranar (gp4l), que apds uma mudanca
conformacional, expde as regides que compdem o peptideo de fusdo (Wilen et al.
2012).

Particulas virais parcialmente desencapsuladas séo transportadas em direcéo
ao nucleo enquanto o processo de transcricdo reversa do RNA gendmico ocorre
pela acdo da transcriptase reversa. Apds a transcricdo reversa, o cDNA recém
formado se associa a um complexo composto por proteinas virais e celulares
denominado de complexo pré-integracdo (CPI). A enzima viral integrase é uma das
que compde o CPI, e parece mediar a importagcdo desse complexo ao nucleo,
auxiliando a integracdo do cDNA ao DNA cromossémico da célula infectada (Craigie
e Bushman 2012; Hu e Hughes 2012a). Nos linfécitos T ativados, as copias
integradas do DNA do HIV (provirus) funcionam como molde para a RNA polimerase
Il celular, que realiza a sintese do RNA viral. A regulacdo da sintese do RNA viral é
realizada pelo LTR (repeticbes terminais longas, do inglés long terminal repeats).
Estas terminagbes s&o produzidas em ambas as extremidades do DNA proviral
durante o processo de transcricao reversa. O LTR na regidao 5 do provirus serve
como um promotor da transcricdo do genoma viral, enquanto o LTR da regido 3’
auxilia a poliadenilagdo do RNA viral transcrito.

RNAs mensageiros transcritos inalterados ou parcialmente processados séo
exportados do nucleo para o citoplasma onde ocorrera a tradugédo (Karn e Stoltzfus
2012). O precursor gpl60 é traduzido no reticulo endoplasmatico, enquanto as

poliproteinas Gag e Gag-Pol sao sintetizadas por ribossomos livres no citosol, e ao
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se associar com dimeros de RNA gendmico, concentram-se nha membrana
plasmatica. Isto resulta na formacéo das particulas esféricas imaturas contendo as
glicoproteinas transmembranar e de superficie. O processamento proteolitico das
proteinas Gag e Pol pela PR durante ou imediatamente apods a liberacédo da particula
gera os virions maduros do HIV (Sundquist e Krausslich 2012).

Apos a formacao da particula viral madura, o HIV pode infectar outras células
susceptiveis na forma de particulas livres, ou através da formacdo de sinapses
virolégicas mediadas pelo contato célula-a-célula (Sundquist e Krausslich 2012),
tendo esta ultima forma sido demonstrada como a mais eficiente por facilitar os
mecanismos de evasdo da resposta imune (Abela et al. 2012) e da acédo dos
antirretrovirais (Sigal et al. 2011) (Figura 3). O HIV é capaz de replicar-se em uma
grande variedade de tipos celulares, como por exemplo mondcitos, macréfagos,
linfocitos T e linfocitos B, porém € a deplecao de linfécitos T CD4 auxiliares, células
com um importante papel no sistema imune do hospedeiro, a principal causa da
aids.

A regido genbmica gag (antigenos grupo especifico, do inglés group-specific
antigens) codifica as proteinas do capsideo. Seu precursor é a proteina p55, que é
processada pela protease viral durante ou apés a liberacdo da progénie viral em
matriz (pl7), capsideo (p24), nuclecapsideo (p7), proteina p6 e dois peptideos
espacadores denominados SP1 e SP2. A regido gendmica pol codifica as enzimas
virais protease (PR), transcriptase reversa (TR) e integrase, responsaveis
respectivamente pela: hidrélise das poliproteinas virais em produtos proteicos
funcionais; polimerizagdo do DNA complementar (cDNA) viral a partir do molde de
RNA genbdmico; e integracdo do cDNA viral no cromossomo celular do hospedeiro
(Fanales-Belasio et al. 2010).

A regido genbmica env codifica as proteinas externas do envelope do virus e
tem um papel fundamental na entrada do virus na célula. As glicoproteinas virais s&o
produzidas como um precursor (gpl60) que é processado por uma enzima celular,
originando a glicoproteina de superficie (gp120) e a glicoproteina transmembranar
(gp41). A gpl20 contém os sitios de ligacao para o receptor CD4 como também para
receptores de quimiocina, que atuam respectivamente como receptores e CcoO-
receptores de entrada para o HIV-1. Estas glicoproteinas virais estdo sujeitas a uma
alta presséo seletiva diversificadora, resultando na sele¢ao de variantes virais com

capacidade de evadir o controle do sistema imune (Wilen et al. 2012).
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As demais proteinas codificadas pelo HIV (Vif, Vpr, Tat, Rev, Vpu, Vpx e Nef)
sao os produtos primarios da traducao dos RNA mensageiros que sofreram splicing.
Tat e Rev sao fatores regulatérios essenciais para a expressdo dos genes do HIV.
Vif, Vpr, Vpu, Vpx e Nef sdo proteinas acessorias produzidas pelos lentivirus de
primatas (SIV e HIV) (Karn e Stoltzfus 2012). Elas possuem um papel na replicacao
viral in vivo, uma vez que neutralizam o efeito de fatores de restricdo do hospedeiro,
intensificam a replicagdo viral e infectividade dos virions ou facilitam a evaséo viral
da resposta imune adaptativa. A proteina Vif é responsavel pelo bloqueio da potente
funcdo antiviral da proteina APOBEC3, um fator de restricdo do hospedeiro que
promove um acumulo de muta¢des guanina-para-adenina no genoma viral (Malim
2009). Nef é responsavel na manipulacdo da maquinaria celular, ativando as células
T e estabelecendo o estado de infeccéo persistente (Das e Jameel 2005). A proteina
Vpr participa na regulacao da importacdo nuclear do complexo de pré-integracao do
HIV (Craigie e Bushman 2012). A proteina Vpx € codificada pela linhagem do HIV-2
e é responsavel pela inibicio de SAMHD1, um fator de restricdo responsavel pela
reducdo do estoque celular de desoxirribonucleotideos (Santa-Marta et al. 2013).
Vpu é encontrado somente no HIV-1 e SIVcpz, sendo responsavel pela degradacéo
do receptor viral CD4 e promove a liberacdo da progénese viral das células
infectadas pelo HIV-1 através da antagonizacdo do fator de restricdo humano
Teterina (Santa-Marta et al. 2013) (Figura 3).
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As altas taxas evolutivas descritas para o HIV (Rambaut et al. 2004) sédo uma
consequéncia dos erros que ocorrem durante a replicacao viral, fundamentalmente
durante a transcrigdo reversa do RNA em DNA pela TR, uma vez que esta enzima
nao possui atividade de correcédo (Hu e Hughes 2012b). Recentemente, foi proposto
gque o0 mecanismo intrinseco de controle antirretroviral promovido pelas citidinas
deaminases da familia génica APOBEC3 humana atuando em niveis subétimos,
causado pelo bloqueio parcial de sua acao pela proteina viral Vif por exemplo, pode
promover mutacdes esporadicas no genoma do HIV que fornecem uma fonte de
variacdo genética em que a selecdo natural pode agir, em adicdo a variabilidade
gerada pela TR (Kim et al. 2014).

A baixa fidelidade do processo replicativo e os erros de pareamento durante
a replicacdo viral geram insercfes, delecbes, duplicacdes (Abram et al. 2010). A
taxa de mutacdo para a replicacdo do HIV-1, é de aproximadamente 2 x 10° por
nucleotideo por ciclo replicativo (Hu e Hughes 2012b). Devido a alta frequéncia de
erros, essa dindmica garante que cada novo virus tenha praticamente um genoma
anico e diferente de seu parental. A baixa fidelidade da TR, o surgimento de
aproximadamente 10%° - 10%? diferentes virions por dia dentro de um mesmo
hospedeiro (Perelson et al. 1996), o grande numero de individuos infectados e a
persisténcia da infeccdo por varios anos compdem um conjunto de fatores ideais
gue favorecem a geracao e expanséao da diversidade viral atual (Aldrich e Hemelaar
2012; Hemelaar et al. 2011).

Além das mutacbes geradas durante o processo de replicacdo, a
recombinacdo homologa também faz parte dos mecanismos de geracdo de
diversidade HIV. Multiplos passos sdo necessarios para a geracao de um novo
recombinante, e antes de tudo, a célula produtora de virus precisa estar infectada
por mais de um virus. A dupla infeccdo pode ocorrer em um intervalo de tempo
proximo (co-infec¢do) ou uma nova infec¢cdo pode ocorrer em um individuo com uma
infeccdo pelo HIV ja estabelecida (superinfecgdo). Os RNAs gendmicos
provenientes destes dois provirus precisam ser co-empacotados num mesmo virion,
de forma que durante a transcricdo reversa dos genomas ocorra uma mudanca de
fita molde, gerando uma copia de DNA quimérica, que entdo deve se integrar no
genoma da célula alvo. Finalmente, este provirus recombinante tem de ser capaz de
gerar virus por sua vez aptos de se replicar para que o evento de recombinagéo
possa ser observado (Najera et al. 2002). E importante notar que o processo de

recombinacdo pode ocorrer mesmo que as duas sequéncias presentes no virion
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sejam do mesmo genotipo, porém, somente a recombinacédo entre duas moléculas

de RNA diferentes pode gerar um genotipo distinto dos parentais (Burke 1997).

1.4 Origem do HIV

Logo apds a descoberta do HIV-1 e do HIV-2, outros virus, coletivamente
denominados virus da imunodeficiéncia simia (SIV) foram detectados em diferentes
primatas da Africa Subsaariana, incluindo o macaco verde africano (Chlorocebus
sabaeus), macacos mangabeys (Cercocebus atys), mandris (Mandrillus sphinx),
chimpanzés (Pan troglodytes) e gorilas (Gorilla gorila) (Beer et al. 1999; Peeters et
al. 2001; Peeters e Courgnaud 2002). Estes virus mostraram-se ndo patogénicos
aos seus hospedeiros naturais, embora fossem muito relacionados ao HIV (Hirsch et
al. 1995).

Pesquisas recentes demonstram que os SIVs estdo presentes na Africa
infectando seus hospedeiros simios ha mais de 30.000 anos (Worobey et al. 2010).
Desta forma, as diversas espécies simias representam um antigo e extenso
reservatorio de virus com o potencial para infectar e disseminar uma nova epidemia
em outras espécies (Hahn 2000). Estes achados forneceram evidéncias para a
formulacdo da hip6tese de surgimento do HIV como uma provavel transmisséo
zoonGtica de virus que infectavam simios para o ser humano. Esta hipétese foi
testada através de andlises filogenéticas comparando sequéncias do genoma dos
diferentes linhagens de SIVs e HIVs (Gao et al. 1999; Keele et al. 2006; Locatelli e
Peeters 2012; Sharp et al. 1995).

Diferentes estudos caracterizaram o surgimento das duas linhagens do HIV
(HIV-1 e HIV-2) como resultado de, pelo menos, doze transmissées zoonoticas
independentes do SIV para humanos (Sharp e Hahn 2011). As duas linhagens
humanas ndo apresentam relacdo genética entre si, porém estdo relacionadas com
diferentes linhagens de SIV que circulam na Africa Centro-Ocidental (D’arc et al.
2015; Keele et al. 2006; Sharp e Hahn 2011).

Andlises filogenéticas do HIV-1 demonstraram que este virus esta relacionado
aos SlVs de grandes primatas, no caso, chimpanzé (Pan troglodytes, SIVcpz) (Keele
et al. 2006; Paraskevis et al. 2003) e gorila (Gorilla gorilla, SIVgor) (D’arc et al. 2015;
Van Heuverswyn et al. 2006; Takehisa et al. 2009). A partir destes hospedeiros o
virus parece ter cruzado a barreira entre espécies mdultiplas vezes e em quatro

ocasifes foi capaz de se estabelecer no organismo humano em niveis suficientes
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que permitiram a ocorréncia de transmissao entre humanos (Gdurtler et al. 1994; De
Leys et al. 1990; Plantier et al. 2009; Simon et al. 1998). Estas quatro introducdes
independentes deram origem a diferentes linhagens denominadas grupos M (major),
N (non-M, non-0), O (outlier) e P (Plantier et al. 2009; Robertson et al. 2000).

Todos os quatro grupos do HIV-1, assim como o SlVgor sao relacionados ao
SIVcpz, particularmente, com cepas SIVcpzPtt da subespécie Pan troglodytes
troglodytes nativos da regido central da Africa, sugerindo que esta subespécie atua
como o reservatorio natural das infeccfes tanto de humanos quanto de gorilas
(Keele et al. 2006; Takehisa et al. 2009) (Figura 4). Os grupos M e N sdo muito
relacionados a isolados do SIVcpzPtt do sul de Camardes, indicando este local
como a provavel origem destes grupos (Van Heuverswyn et al. 2007; Keele et al.
2006). As provaveis fontes zoondticas imediatas dos grupos O e P foram
recentemente confirmadas como o SlVgor, que foi transmitido de gorilas para
humanos. Apesar dos isolados de SlVgor terem sido encontrados no sul dos
Camardes, a identificacdo exata do local onde a transmissao zoonética ocorreu nao
foi possivel (D’arc et al. 2015; Plantier et al. 2009).

Estudos filogenéticos mais robustos, utilizando estratégias de reconstrucao
temporal baseadas na teoria do rel6gio molecular, estimaram a origem das
epidemias dos grupos M e O entre 1910 e 1930 (Faria et al. 2014; Korber 2000;
Lemey et al. 2004; Worobey et al. 2008). Em contraste, os grupos N e P parecem ter
emergido mais recentemente, devido aos baixos niveis de diversidade genética
observados (Sharp e Hahn 2011). O grupo O esta restrito ao centro-oeste da Africa,
tendo se disseminado por Camardes, Gabao, Nigéria e paises vizinhos, e estima-se
que tenha infectado cerca de 100.000 individuos. Os grupos N e P sao
extremamente raros, encontrados somente nos Camardes, sendo o grupo N descrito
em 20 individuos e o grupo P em dois (Peeters et al. 1997; Plantier et al. 2009;
Vallari et al. 2011; Vallari et al. 2010). O grupo M foi o primeiro a ser descoberto e
representa a forma pandémica do HIV-1, infectando milh6es de pessoas no mundo
(UNAIDS 2013).
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Figura 4 — Origens do HIV-1. Arvore filogenética de méaxima-verossimilhanca construida a partir da
sequéncia do gene pol dos grupos do HIV-1 e dos isolados do SIV mais préximos a cada um destes
grupos. Cada grupo do HIV-1 forma um clado monofilético distinto (M, N, O e P, indicado pelas
diferentes cores) relacionado aos SIVs isolados de distintos grupos de primatas ndo humanos do
Camardes (CM). Isto evidencia os quatro eventos de transmissao independentes a partir do SIVgor
(Gorilla gorilla) e SIVcpzPtt (Pan troglodytes troglodytes), cujos ramos estdo coloridos em preto.
Circulos indicam os diferentes eventos de transmissédo zoonética: preto - SlIVcpzPtt para humanos;
cinza - SIvVgor para humanos; vermelho — SIVcpzPtt para gorilas. Cada subtipo e subsubtipo do grupo
M do HIV-1 esté representado por duas sequéncias como indicado. Os comprimentos dos ramos
horizontais sdo proporcionais a barra da parte inferior, indicando substituicdo de nucleotideos por
sitio.

A origem do HIV-2 é atribuida ao contato entre humanos e macacos
mangabey (Cercocebus atys) distribuidos na regido ocidental Africa, se estendendo
do Senegal a Costa do Marfim (Lemey et al. 2003; Reeves e Doms 2002; Santiago
et al. 2005). Desde o isolamento inicial, pelo menos oito linhagens distintas do HIV-2
foram identificadas (Figura 5), cada uma aparentando se tratar de uma transferéncia

zoonodtica independente do SIV infectando macacos mangabey (SIVsmm) para o

homem (Sharp e Hahn 2011). Cada transferéncia pode ser categorizada como um
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grupo epidémico, classificados de A até H, embora somente os grupos A e B tenham

se disseminado na populacdo humana de forma consideravel (Sharp e Hahn 2011).
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Figura 5 — Origens do HIV-2. Arvore filogenética de maxima-verossimilhanga construida a partir da
sequéncia do gene gag dos grupos do HIV-2 e os isolados do SIVsmm mais préximos. Cada um dos
oito grupos do HIV-2 (A-H) representa uma introducdo zoonotica inpendente nos humanos, e estao
representados por diferentes cores. A sequéncia do suposto grupo | foi incluida (Ayouba et al., 2013).
Circulos pretos indicam os diferentes eventos de transmissdo zoondtica do SIVsmm para humanos.
Os ramos de SIVsmm estdo representadas em preto, com o pais de isolamento indicado: Cl = Costa
do Marfim, SL = Serra Leoa, GH = Gana, LR = Libéria, GM = Gambia, GW = Guiné Bissau, SN =
Senegal. Os comprimentos dos ramos horizontais sdo proporcionais a barra da parte inferior,
indicando substituicdo de nucleotideos por sitio.

Dentre os oito grupos que compdem o HIV-2, somente os grupos A e B
infectam significativamente a populacdo humana. Dados de soroprevaléncia e

estimativas evolutivas sugerem que o HIV-2 tenha surgido em Guiné-Bissau e o0s
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eventos de transmisséo interespecifica que originaram os grupos A e B do HIV-2
ocorreram na década de 1940, enquanto que a difusdo efetiva do virus para
populacées humanas s6 tenha ocorrido apos 20 a 30 anos (Lemey et al. 2003).
Atualmente o HIV-2 circula moderadamente em paises do Africa Ocidental,
principalmente Senegal, Guiné, Gambia e Cabo Verde (Campbell-Yesufu e Gandhi
2011; de Pina-Araujo et al. 2014).

Mesmo apos a identificacdo da origem espacial e temporal dos principais
eventos de transmissdo zoonotica dos diferentes SIVs de primatas ndo humanos
para o homem, permanece a questdo de como tais eventos ocorreram. EXxistem
varias hipoteses, porém uma das mais aceitas é a “teoria do cagador” (Moore 2004),
na qual a transferéncia do SIV para humanos teria sido o resultado da caca de
chimpanzés e outros simios infectados, tendo ocorrido através da alimentacdo da
carne e/ou do contato do sangue contaminado com algum ferimento do cacador.
Normalmente, o sistema imunolégico do cacador conseguiria combater o SIV,
porém, em algumas ocasides o virus teria se adaptado ao novo hospedeiro, dando
origem ao HIV (Sharp et al. 2001; Sharp e Hahn 2011). Cada passagem para 0 hovo
hospedeiro humano que resultou em uma adaptacédo bem sucedida ao mesmo teria
originado a uma nova linhagem (grupos M, N, O e P no HIV-1, e grupos A-H do HIV-
2) e existem evidéncias de que essas transmissdes zoonoticas continuam ocorrendo
(Ayouba et al. 2013).

1.5 A diversidade genética global do HIV

As sequéncias gendmicas do HIV variam consideravelmente, ndo somente
entre individuos, mas também no individuo infectado. A habilidade do virus acumular
mutacOes rapidamente o torna capaz de burlar os mecanismos de resposta imune
do hospedeiro e se tornar resistente as drogas antirretrovirais, 0 que torna o
tratamento e o desenvolvimento de uma vacina efetiva cada vez mais desafiadores.

Devido ao seu grau de diversidade genética e pelo grande numero de
individuos infectados, o grupo M do HIV-1 se diversificou em diferentes linhagens,
denominadas subtipos. Esta diversificacdo ocorreu logo apdés a transmisséo
zoonodtica para o homem, ainda na regido do centro-oeste da Africa. Diferentes
linhagens destes subtipos disseminaram-se globalmente, em funcéo do resultado de
efeitos fundadores (estabelecimentos independentes de uma linhagem proveniente

de uma regidao que atua como fonte para novas populacdes) e recombinac¢des entre
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e dentro de diferentes linhagens (Rambaut et al. 2004). As chances distintas de
disseminacgéo e estabelecimento das diferentes linhagens originadas no epicentro da
origem do HIV-1 para outras regides geograficas moldaram a distribuicdo global dos
subtipos do HIV-1 observada atualmente (Hemelaar 2012; Hemelaar et al. 2011).

A variacao genética dentro de um subtipo (intrassubtipo) € da ordem de 8%,
enquanto que a variacao entre subtipos (intersubtipo) é geralmente proxima a 15%
dependendo de quais subtipos e regides gendmicas sdo comparados (Li et al. 2015).
Este elevado grau de diversidade é uma das causas que limitam a reatividade
cruzada da resposta imune intra- e intersubtipos. Este fator torna a escolha dos
subtipos que comporiam uma provavel vacina um critério decisivo em sua eficiéncia
(Hemelaar et al. 2011). Além da resposta vacinal, a diversidade do HIV-1 pode
impactar o diagnostico (Kim et al. 2007), afetar a resposta ao tratamento e o
desenvolvimento de resisténcia (Camacho e Vandamme 2007; Geretti et al. 2009) e
a progressao da doenca (Baeten et al. 2007; Tarosso et al. 2013), o que torna
estudos de epidemiologia molecular fundamentais para avaliar o impacto da
progressao da diversidade na epidemia do HIV.

Atualmente, o grupo M do HIV-1 é composto por nove subtipos (A-D, F-H, J,
K), dois conjuntos de subsubtipos (Al-A4, F1-F2), além de uma miriade de formas
recombinantes circulantes (CRFs, nomeadas de acordo com a ordem de descoberta
e subtipos que os compdem) e Uunicas (URFs) (Taylor e Hammer 2008).
Recombinantes entre subtipos sdo designados como CRFs se 0 genoma completo
de trés ou mais virus de individuos ndo diretamente relacionados
epidemiologicamente forem sequenciados e estes apresentarem 0S mesmos pontos
de recombinacéo; e URFs se este critério ndo for cumprido. Até setembro de 2015,
74 diferentes CRFs do HIV-1 tinham sido descritos (Los Alamos HIV Database,
http://www.hiv.lanl.gov) e a tendéncia € que este numero continue a crescer.

Como resultado do aumento da amostragem e sequenciamento de isolados
do HIV provenientes de paises da Africa Central, novas propostas de classificacéo
das linhagens encontradas do grupo M do HIV-1 tém surgido. Dentre as novas
propostas estdo a identificacdo do subtipo L (Vallari et al. 2015) e da existéncia do
subsubtipo A5 (Vidal et al. 2009) na Republica Democratica do Congo.
Adicionalmente, também foi proposta a existéncia dos subsubtipos A5 e A6 em
Angola (Bartolo et al. 2009). Contudo, estas propostas sdo preliminares, nao
cumprindo todos o0s requisitos para uma mudanca concreta na nomenclatura do HIV-
1 (Robertson et al. 2000)
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A disseminacéo global do grupo M do HIV-1 na segunda metade do século 20
levou a uma distribuicdo heterogénea dos subtipos e recombinantes (Figura 6).
Numa escala global, o subtipo C é a linhagem predominante, responsavel por quase
50% das infec¢des, seguido pelo subtipo A (12%), subtipo B (11%), CRF02_AG
(7%), CRFO1_AE (5%) e subtipo G (5%). Formas recombinantes representam
aproximadamente 20% das infec¢cbes (Hemelaar et al. 2011).

O predominio do subtipo C do HIV-1 pode ser explicado gracas a regido
geografica no qual ele se distribui, composta pelos paises da Africa Meridional, india
e adicionalmente paises da Africa Oriental (Hemelaar et al. 2011), paises com as
mais altas taxas de infeccdo e bastante populosos. Dos dez paises com o maior
namero de pessoas infectadas pelo HIV-1, sete sdo dominados por este subtipo
(UNAIDS 2013).

A maior diversidade do HIV-1 é encontrada na regido da Africa Central, berco
de origem do HIV-1, onde todos os subtipos e muitos CRFs e URFs séo verificados
(Figura 6). Na regido do oeste da Africa, uma grande variedade de subtipos também
€ encontrada, porém com predominio do CRF02_AG e do subtipo G. Nestas regides
também circulam muitos CRFs complexos, formados por subtipos raramente
encontrados na forma pura, como os subtipos H, J e K. Dentre os CRF complexos
mais importantes presentes, destacam-se o CRF06_cpx que atinge prevaléncias de
>10% na Africa Ocidental, além do CRFO09 cpx, CRF11 cpx, CRF13 cpx e
CRF45_cpx, que normalmente apresentam prevaléncias inferiores a 5% (Lihana et
al. 2012).

O subtipo C corresponde a mais de 95% das infec¢des pelo HIV em todos os
paises da Africa Meridional. Enquanto que na regido leste da Africa a maioria das
infeccbes € pelo subtipo A, seguido pelos subtipos C e D que exibem prevaléncia
variadas. As excecbOes sdo o Burundi, Djibuti e Etidpia, nos quais predomina o
subtipo C, com prevaléncias maiores que 70%. Na regido norte da Africa
predominam o subtipo B e varios CRFs (Aldrich e Hemelaar 2012; Hemelaar et al.
2011).

Nas regides sul e sudeste da Asia, 0 CRF01_AE ¢é responsavel pela grande
maioria das infecgdes, com excecéo da india, onde ocorre o predominio do subtipo
C. A epidemia na regi&o norte da Asia é composta pelos subtipos A e B. Na regi&o
leste da Asia, a epidemia é dominada por CRF07_BC, CRF08 BC, CRF01_AE e
subtipo B. Na Oceania, a epidemia € composta pelos subtipos B e C (Hemelaar et al.

2011). Na Europa Central e Ocidental predomina o subtipo B, enquanto que na
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Europa Oriental predominam os subtipos A e B. No continente americano predomina

o0 subtipo B, espalhado por toda sua &rea geografica (Hemelaar et al. 2011).

B, F, BF
B A B AB B, CRFO2_AG, outros CRFs
. B I CRFO2_AG, G, URFse outros CFRs [ CRFO1_AF, B, outros CRFs
A, C, D, Ge CRFs @ CRFO1_AE, A
C @ A D C URFs Dados insuficientes

Figura 6 — Distribuicdo global dos subtipos e formas recombinantes do HIV-1. Formas
recombinantes sdo majoritariamente encontradas na regido central de Africa (com excecdo do
CRF02_AG na regido oeste deste continente), enquanto o subtipo B € a linhagem mais dispersa e
predomina em grande parte da Europa, Oceania e América (baseado em Hemelaar et al. 2011;
Taylor e Hammer 2008).

Mesmo que a epidemiologia molecular do grupo M nas Américas nao seja tao
complexa quanto a encontrada no continente Africano (Hemelaar et al. 2011), outros
subtipos além do B também tém valor epidemioldgico, tais como os subtipos F, C e
recombinantes BF e BC que circulam na América do Sul, especialmente no Brasil,
na Argentina e no Uruguai (Dilernia et al. 2007; Quarleri et al. 2004; Thomson et al.
2000) (figura 5). Dentre os CRFs caracterizados nesta regido estdo o CRF12_BF na
Argentina, Bolivia, Chile, Paraguai e Uruguai (Aguayo et al. 2008; Carr et al. 2001;
Rios et al. 2007), CRF17 na Argentina e Paraguai (Aguayo et al. 2008; Carr et al.
2001), CRF28_BF, CRF29 BF, CRF39 BF, CRF40_BF, CRF46_BF, CRF70_BF,
CRF71_BF e CRF72_BF no Brasil (Guimardes et al. 2008; Pessba et al. 2014a;
Pessba et al. 2014b; De Sa Filho et al. 2006; Sanabani et al. 2010), CRF38 no
Uruguai (Ruchansky et al. 2009), CRF44 no Chile (Delgado et al. 2010) e o
CRF31_BC na regiao sul do Brasil (Santos et al. 2006).
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Casos isolados de outros subtipos do grupo M também foram descritos na
América do Sul, tais como os subtipos A (Caride et al. 2000), D (Morgado et al.
1998), G (Liegler et al. 2014) H (Yabar et al. 2012), CRF02_AG (Carrion et al. 2003;
Delatorre et al. 2012), CRF06_cpx (Castillo et al. 2009; Dilernia et al. 2007;
Fernandez et al. 2015) e CRF45 cpx (Pessba et al. 2015), porém muitos destes
virus foram introduzidos provavelmente por imigrantes africanos e né&o

estabeleceram um numero significativo de infecgfes locais.

1.5.1 Diversidade genética do HIV-1 no Brasil

A epidemia brasileira € composta majoritariamente pelos subtipos B, F1 e C,
além das formas recombinantes entre eles. O subtipo B apresenta uma prevaléncia
de 70-90%, seguido pelo subsubtipo F1 (5-20%), subtipo C (1-10%). Porém, a
distribuicdo dos subtipos do HIV-1 ndo € homogénea por todo o pais, como por
exemplo os estados da regido Sul do pais, onde o subtipo C e recombinantes BC
alcancam altas prevaléncias (25-66%) (Alcantara et al. 2013; Cavalcanti et al. 2007,
Couto-Fernandez et al. 2005; Gaspareto et al. 2012; Graf et al. 2011; Lopez-Lopes
et al. 2013; Machado et al. 2009; Silveira et al. 2012; Soares et al. 2005; Soares et
al. 2003).

Com relacéo a distribuicdo dos CRFs pelas diferentes regides do pais, nota-
se uma grande variedade de formas recombinantes na regido sudeste,
especificamente o CRF28 BF, CRF29 BF, CRF39_BF, CRF40_BF, CRF46_BF e
CRF72_BF (Guimaréaes et al. 2008; Pessba et al. 2014a; De Sa Filho et al. 2006;
Sanabani et al. 2010; Santos et al. 2006). Na regidao Sul, foi identificado o
CRF31_BC, que atinge altas prevaléncias (25-35%) e provavelmente surgiu por
conta da co-circulacdo dos subtipos B e C (Almeida et al. 2012; Graf e Pinto 2013;
Santos et al. 2006). E mais recentemente o0s recombinantes CRF70 _BF e
CRF71_BF foram identificados na regido Nordeste (Pess0a et al. 2014b).

Embora a diversidade molecular do HIV-1 no Brasil tenha aparentemente se
mantido estavel nos dltimos anos, algumas mudangcas tem sido notadas
recentemente, como o avan¢o do subtipo C do Sul do pais em direcdo aos estados
mais ao norte, principalmente aqueles situados na regido Centro-Oeste, onde
atingem as maiores prevaléncias depois dos estados do Sul, como por exemplo nos
estados de Mato Grosso (5%) (Ferreira et al. 2011), Mato Grosso do Sul (10%) (da
Silveira et al. 2012) e Goias (11%) (Alcantara et al. 2013).
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Além da disseminacédo do subtipo C em dire¢cdo ao norte do Brasil, também
tem sido notado um aumento na incidéncia de clados do HIV normalmente
encontrados na epidemia africana em diferentes estados, como por exemplo os
subtipos A e D e os recombinantes CRF02_AG e CRF45_cpx (Alencar et al. 2013a;
Caride et al. 2000; Delatorre et al. 2012; Eyer-Silva e Morgado 2007; Morgado et al.
1998; Pessoba et al. 2015; Pimentel et al. 2013)

B, BFL,F1,C  ®CRFO2_AG
C, 8, BC, F1,BF1 @ URF_UK

Figura 7 — Mapa da distribuicdo dos clados do HIV no Brasil. Cada cor representa as
diferentes prevaléncias dos subtipos e formas recombinantes presentes em cada localidade. A
ordem dos subtipos na legenda esta organizada da maior para a menor prevaléncia. As CRFs
brasileiras estdo assinaladas de acordo com o estado onde ocorreu a descri¢cdo. Os estados
onde o CRF02_AG e/ou URF_UK foram encontrados estdo marcados com os pinos de acordo
com a legenda. Mapa adaptado a partir dos dados de Bello et al. 2011; Graf e Pinto 2013;
Morgado et al. 2002.

O clado CRF02_AG ja foi descrito nos estados do Rio de Janeiro (Couto-
Fernandez et al. 2005; Delatorre et al. 2012; Eyer-Silva e Morgado 2007; Pires et al.
2004; Velasco-de-Castro et al. 2014), Sao Paulo (Ferreira et al. 2013; Sanabani et
al. 2011), Pard (Machado et al. 2009) e Bahia (Inocencio et al. 2009), com
prevaléncias na ordem de 0.2-1.9%, indicando a dispersdo mesmo que limitada
deste CRF no pais. Além disso, formas recombinantes Unicas carreando o subtipo K,
rarissimo em sua forma pura, ja foram descritos em baixas prevaléncias (<2%) nos
estados do Rio de Janeiro (Brindeiro et al. 2002; Pilotto et al. 2013; Velasco-de-

Castro et al. 2014), Sao Paulo (Alencar et al. 2013a; Pessba et al. 2015) e Minas
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Gerais (Ferreira et al. 2010). Estes estudos foram realizados com amostras de
conveniéncia, e talvez as prevaléncias observadas n&do representem a real
circulacdo destes recombinantes no pais (Figura 7).

A maior parte do subtipo B que circula no Brasil pertence ao clado
‘pandémico” (>98%) (Cabello et al. 2015). Esta linhagem do subtipo B
provavelmente migrou da Republica Democratica do Congo para o Haiti no fim da
década de 1960, e apds um pequeno periodo de expanséo local, se moveu para 0s
EUA de onde se disseminou para todo o mundo, principalmente Europa Ocidental e
Ameérica Latina, inclusive para o Brasil (Gilbert et al. 2007). No Brasil o clado B
“pandémico” foi introduzido diversas vezes, até se tornar o predominante (Bello et al.
2007). Dentro da linhagem do subtipo B circulante no Brasil foram encontradas
diferencas genéticas e antigénicas, com a presenca de um variante do subtipo B
denominada BBr que se caracteriza por apresentar um motivo GWGR no topo da
alca V3 da glicoproteina do envelope gp120, em vez do motivo GPGR (Morgado et
al. 1994). As frequéncias desta variante atualmente correspondem a 20-60% do
subtipo B encontrado no Brasil, entretanto a monofilia desta variante ainda é alvo de
controvérsia (Bello et al. 2007; Covas et al. 1998; Diaz et al. 2008; Leal e Villanova
2010).

Andlises filogenéticas estimam a maioria das cepas do subsubtipo F1 e
subtipo C que circulam no Brasil sdo provenientes de eventos fundadores
envolvendo linhagens circulantes na Africa (Aulicino et al. 2007; Bello et al. 2012;
Bello et al. 2008; Bello et al. 2007; Fontella et al. 2008; Véras et al. 2011). O
subsubtipo F1 brasileiro provavelmente se originou a partir da introducéo de uma
linhagem proveniente da Africa Central, possivelmente a Republica Democratica do
Congo, porém a pequena quantidade de sequéncias de outros paises desta regiao
dificulta a obtencdo de uma estimativa precisa. A data provavel da introducéo do
subsubtipo F1 no Brasil foi estimada entre o fim da década de 1970 e inicio da
década de 1980 (Aulicino et al. 2007; Bello et al. 2012; Bello et al. 2007).
Atualmente, grande parte do subsubtipo F1 que circula no pais esta presente na
forma de fragmentos que compdem diversas formas recombinantes BF1 e poucas
cepas com 0 genoma composto completamente por este subsubtipo foram descritas
(Bello et al. 2012; Bello et al. 2011; Guimarées et al. 2009).

Estudos filogeograficos indicam que a epidemia do subtipo C no Brasil se
iniciou pela introducdo de uma cepa ou cepas geneticamente relacionadas no

estado do Parana, de onde em seguida se disseminou rapidamente para os estados

27



vizinhos (Bello et al. 2008; Véras et al. 2011). Esta cepa do subtipo C fundadora da
epidemia brasileira provavelmente se originou na Africa Oriental, embora o pais e a
data precisa deste evento variem entre os estudos. Em trabalhos conduzidos pelo
nosso grupo, o Burundi foi apontado como a origem mais provavel do clado
brasileiro do subtipo C (Bello et al. 2008; Delatorre et al. 2013), enquanto outros
autores indicam a Etiépia ou Quénia (Fontella et al. 2008; Véras et al. 2011). As
estimativas iniciais da escala temporal do evento fundador deste clado propdem que
0 mesmo ocorreu por volta do inicio da década de 1980 (Bello et al. 2008), enquanto
outros indicam uma introducdo mais antiga entre as décadas de 1960 e 1970 (Véras
et al. 2011). Em um trabalho mais recente conduzido por noSso grupo e que também
compde esta tese, utilizando amostras obtidas de diferentes regides do Brasil, a data
de introducéo foi estimada em meados da década de 1970, coincidindo a origem de
outros subclados do subtipo C em paises da Africa Oriental, como Etiopia, Quénia,
Tanzéania e Uganda (Delatorre et al. 2013).

Embora exista um ndamero razoavel de trabalhos abordando a reconstrucao
espaco-temporal da origem dos principais subtipos do HIV-1 que compdem a
epidemia brasileira, existe uma caréncia de estudos sobre a origem dos outros
subtipos também presentes de forma minoritaria na epidemia. Estas linhagens
menos prevalentes representam o resultado do processo dinamico da distribuicdo
global dos diferentes subtipos do HIV, que envolvem diversos fatores, como efeitos
fundadores, crescimento populacional, migracdes, entre muitos outros. A coleta de
informacgdes precisas e atualizadas sobre a distribuicdo, origem e disseminagéo dos
diferentes subtipos do HIV-1 podem auxiliar nos esforcos de prevencédo e
tratamento, com ac¢des direcionadas para rotas de transmisséo e/ou grupos de risco
especificos de cada pais ou regido geografica, além de revelar a existéncia de redes

de transmissao desconhecidas.

1.6 Resisténcia do HIV aos antirretrovirais

O acumulo de mutac¢des causado pela baixa fidelidade da enzima RT como
também a elevada frequéncia de replicagcdo geram uma populacdo viral altamente
heterogénea, composta por um conjunto de variantes virais distintas, porém
relacionadas entre si, conhecidas como quasispecies (Domingo et al. 2006). A alta
diversidade genotipica existente nesta populagéo viral permite que, ao ocorrer uma

mudanga nas pressOes seletivas existentes no hospedeiro, como as
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desempenhadas pela resposta imune e/ou TARV, seja possivel a emergéncia de
uma variante mais bem adaptada as novas condi¢des, que pode acabar suplantando
a populacéo selvagem original.

Algumas das mutacBes presentes podem alterar o fenotipo do virus,
afetando seu fitness (adaptabilidade), ou seja, sua capacidade de transmisséo,
infeccédo, replicagcéo, escape do sistema imunoldgico e resisténcia aos tratamentos
antirretrovirais utilizados. Desta forma, a emergéncia de variantes virais carreando
mutacOes de resisténcia durante o tratamento € um fenbmeno constante (Martinez-
Picado e Martinez 2008). Mesmo sob terapia, a replicacdo residual do HIV pode
ocorrer, permitindo a emergéncia de variantes resistentes (Sahu 2015). A replicacéo
pode permanecer em compartimentos onde a concentragao de inibidores fica abaixo
dos valores ideais (Pierson et al. 2000), ou em regides onde multiplas infec¢des
derivadas da transmissdo célula a célula induzem a perda de sensibilidade ao
inibidor, sem o requerimento de mutacdes de resisténcia as drogas (Sigal et al.
2011).

Mutacbes que conferem reducao da susceptibilidade viral ja foram descritas
para todas as drogas antirretrovirais utilizadas na rotina clinica. Tipicamente, a
resisténcia aos inibidores nao-nucleosidicos de transcriptase reversa esta associada
a mutacdes pontuais, enquanto a resisténcia aos inibidores de protease na maioria
dos casos envolve mutacdes mdltiplas (Wensing et al. 2014). Desta forma, é
recomendado realizar testes genotipicos para detectar mutacdes de resisténcia
antes de se iniciar a TARV e no monitoramento da falha virolégica, definida como a
ndo-obtencdo ou ndo-manutencdo de carga viral indetectavel apds seis meses do
inicio ou modificacdo do tratamento antirretroviral, ou por deteccdo da carga viral
nos individuos que a mantinham indetectavel na vigéncia do tratamento (Brasil
2012b).

As mutacoOes relacionadas a resisténcia aos antirretrovirais sdo classificadas
como mutagBes principais e acessorias, porém, ndo existem critérios especificos
consolidados para a classificacdo das mutagcbes nestas duas categorias.
Usualmente, as mutagdes principais sdo aquelas que sozinhas conseguem reduzir a
susceptibilidade do virus a uma ou mais drogas. Adicionalmente, mutacdes
altamente frequentes em individuos em falha virolégica, localizadas em sitios
estruturalmente importantes ou em regifes conservadas das proteinas também séo

regularmente consideradas principais (Arts e Hazuda 2012).
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Em contraste, mutacdes acessorias sdo aquelas com pouca ou nenhuma
capacidade para reducdo da susceptibilidade viral aos ARV per se, sendo, porém
capazes na presenca de mutacfes principais. Além disso, as mutacfes acessorias
também podem aumentar o fithess de virus contendo mutagbes principais,
contribuindo para a manutencdo da populacdo viral resistente (Chang e Torbett
2011; Wensing et al. 2014).

As mutacdes de resisténcia aos antirretrovirais podem estar presentes na
populacdo viral do individuo infectado antes do uso da medicacdo (resisténcia
transmitida) ou serem selecionadas apoés o inicio da terapia (resisténcia adquirida)
(Coffin 1995). Em pacientes virgens de tratamento muitas das mutacdes acessorias
nao chegam a conferir resisténcia, mas facilitam fixagdo das mutag¢des principais
relacionadas, uma vez que ao surgir, o virus carreando ambas possui um fithess
superior ao que teria somente com a mutacéao principal (Arts e Hazuda 2012).

Até o momento, a terapia antirretroviral encontra-se dividida em seis classes,
classificadas de acordo com quais etapas do ciclo replicativo do HIV sé&o bloqueadas
(Figura 3): antagonistas do correceptor CCR5 (adsorcdo e entrada); inibidores de
fusdo (fusdo de membranas); inibidores da transcriptase reversa analogos de
nucleosideos e nucleotideos, e inibidores ndo-nucleosideos da transcriptase reversa
(transcricéo reversa do RNA gendmico viral); inibidores de integrase (integracao do
cDNA no genoma da célula hospedeira); inibidores da protease (maturacdo da
particula viral) (Arts e Hazuda 2012; Thompson et al. 2014).

A classe com o maior nimero de antirretrovirais aprovados sédo os inibidores
da transcricdo reversa, que atuam inibindo a acdo da transcriptase reversa. Esta
enzima é um heterodimero com acdo DNA polimerase RNA dependente,
ribonuclease H (RNase H) e DNA polimerase DNA dependente. Os medicamentos
gue atuam nesta enzima podem ser divididos em inibidores nucleosidicos (INTRs) e
inibidores néo nucleosidicos (INNTRs). Os INNTRs (efavirenz, nevirapina,
delavirdina, etravirina e mais recentemente rilpivirina) se ligam a um bolso
hidrofébico situado no sitio alostérico, e com isso causam mudancas
conformacionais que impedem a sintese de DNA (Esnouf et al. 1995).

Os INTRs atuam como terminadores de cadeia, impedindo a continuidade da
replicagdo uma vez que nao possuem o grupo hidroxila no carbono 3’ da ribose,
responsavel pela formacdo da ligacdo fosfodiéster (Cheng et al. 1987; Richman
2001). Portanto esta classe impossibilita o ataque nucleofilico do fosfato 5 do

nucleotideo que sera adicionado a hidroxila 3', e consequentemente a extensao da
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cadeia nascente (Esnouf et al. 1995). Dentro da classe dos INTRs, diferenciam-se
os analogos de nucleosideos, que competem com os dNTPs celulares e requerem
trés passos de fosforilacdo para serem convertidos em metabdlitos ativos (i.e.,
nucleotideos) e os analogos de nucleotideos, que ja possuem um grupo fosforilado e
requerem apenas dois passos para serem ativados (Menéndez-Arias 2013). Desta
forma, todos os INTRs sédo considerados pro-farmacos, necessitando da ativagédo
através de uma biotransformacdo, que neste caso corresponde a fosforilagdo
intracelular, para se tornarem drogas farmacologicamente ativas.

Atualmente, sete inibidores analogos de nucleosideos foram aprovados
(zidovudina, didanosina, zalcitabina, estavudina, lamivudina, abacavir e
emtricitabina), enquanto ha apenas um analogo de nucleotideo (tenofovir)
(Thompson et al. 2014). Existem dois mecanismos principais que conferem
resisténcia aos INTRs. O primeiro corresponde a um mecanismo discriminatorio
através de inibicdo alostérica, no qual a TR se torna capaz de evitar a incorporacéo
do andlogo de nucleotideo, enquanto retém a habilidade de incorporar o dNTP
natural. Neste caso, mutacfes pontuais reduzem a afinidade da enzima por certos
INTRs. O outro mecanismo corresponde ao aprimoramento da capacidade de
remocdao hidrolitica do analogo incorporado na terminacdo 3° da cadeia de cDNA,
processo conhecido como pirofosforélise. As mutacdes associadas aos analogos de
timina (TAMs) caracterizam-se por promover este aumento de capacidade
fosforolitica. As TAMs estdo envolvidas na resisténcia para todos os INTRs, exceto a
lamivudina, entretanto o grau de resisténcia depende do INRT considerado e a
quantidade de TAMs presentes (Marcelin 2006).

Os inibidores da protease exibem sua acdo farmacolégica durante a
maturacdo dos virions do HIV, que ocorre na fase tardia no ciclo de replicacdo (Kohl
et al. 1988). Através da ligacdo com proteases, os IPs induzem o bloqueio das
atividades proteoliticas da enzima, o que resulta na inabilidade de formacdo de
virions maduros infecciosos (Ali et al. 2010). Atualmente, nove IPs estdo aprovados
para uso: saquinavir, indinavir, nelfinavir, lopinavir, ritonavir, fosamprenavir,
tipranavir, atazanavir, darunavir (Wensing et al. 2014). De maneira geral, IPs se
caracterizam por possuirem uma alta barreira genética, sendo necessario o acumulo
de multiplas mutacdes de resisténcia para que ocorra uma diminuicdo sensivel da
susceptibilidade viral a esta classe (Ali et al. 2010). Entretanto, o tratamento
continuo e a longo prazo com esta classe de ARV acaba sendo frequentemente

associado ao aparecimento de efeitos colaterais. Dentre aqueles mais comuns estao
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as sindromes metabdlicas, como a dislipidemia, a resisténcia a insulina, e
lipodistrofia/lipoatrofia, bem como doencas cardiovasculares e cerebrovasculares (Lv
et al. 2015). O aparecimento destes efeitos colaterais afeta gravemente a adeséo
dos pacientes ao tratamento, um dos maiores obstaculos para o controle da
progressao para aids.

Os outros alvos terapéuticos incluem a integragdo do DNA viral no genoma
da célula hospedeira, através da acdo de inibidores da integrase. Os inibidores
raltegravir, elvitegravir e dolutegravir sdo capazes de se ligar aos dois ions Mg2*
presentes no sitio ativo e interromper a transferéncia de nucleotideos entre o
complexo de integracao e o cromossomo impedindo a formacao do provirus (Hare et
al. 2010). Os inibidores de adsorcao e fusdo impedem o processo de entrada do HIV
na célula alvo, o que depende da ligacéo da proteina gp120 com o receptor CD4 e a
posterior fusdo das membranas viral e celular mediada pela proteina gp4l (Dorr et
al. 2005). A inibicdo da etapa de ligacdo é realizada pelo farmaco maraviroque,
capaz de se ligar a gpl20 (Westby e van der Ryst 2010). J& a enfuvirtida € um
pequeno peptideo injetavel que impede a mudanca conformacional da gp41, inibindo
a fusdo das membranas (Matthews et al. 2004). O uso destas classes €é direcionado
para a combinagdo com outros antirretrovirais compondo o0 resgate terapéutico de
pacientes com virus multirresistentes (Brasil 2012b). A multirresisténcia é
usualmente definida como a presenca de resisténcia fenotipica ou genotipica a
todas as trés classes de antirretrovirais originais (IPs, INTRs e INNTRs), uma
condicao que diminui sensivelmente as op¢des terapéuticas disponiveis, 0 que esta
associado a um maior risco da progressao clinica e aumento na mortalidade (Imaz et
al. 2011).

O Ministério da Saude brasileiro oferece acesso gratuito e universal da terapia
antirretroviral, composta por uma combinacdo de pelo menos trés antirretrovirais e
envolvendo ao menos duas classes de inibidores, inclusive para a profilaxia da
transmisséo vertical do HIV. Esta combinac¢do proporciona a supressao maxima da
replicacdo do HIV, auxiliando na redugdo da morbimortalidade e melhorando a
qualidade de vida dos individuos, além de permitir a reconstituicdo do sistema
imunologico, reduzindo a ocorréncia de doengas oportunistas (Richman 2001).

O aumento da disponibilidade da terapia antirretroviral, é benéfica para os
individuos vivendo com HIV/aids, mas também pode ter consequéncias negativas,
como o favorecimento da emergéncia de variantes resistentes as drogas, devido as

baixas barreiras genéticas de alguns medicamentos, problemas de adesdo aos
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regimes terapéuticos, entre outros fatores (Tang e Pillay 2004). Estas variantes
resistentes poderiam entdo serem transmitidas para individuos recém-infectados, o
que limitaria as opcdes terapéuticas disponiveis. Isto € ainda mais grave no caso
gestantes, nas quais a terapia quimioprofilatica tem o objetivo de reduzir
rapidamente os niveis de carga viral para a prevencao da transmissdo do HIV da
mae para o seu bebé.

Estudos transversais realizados no Brasil apontam para um nivel moderado
(5-15%) de resisténcia transmitida do HIV-1 (Brindeiro et al. 2003; Inocencio et al.
2009; Sprinz et al. 2009; Alencar et al. 2013), embora um cenario mais diversificado
seja observado nos estudos realizados com mulheres gravidas, que mostram taxas
de resisténcia transmitidas em niveis baixos [0% (Cardoso et al. 2010)], moderados
[5.9% (Alcantara et al. 2012), 9.8% (de Lourdes Teixeira et al. 2014), 10.7% (Pilotto
et al. 2013)] e altas [25% (da Costa et al. 2013)] de acordo com o0s critérios
estabelecidos pela OMS. Se a prevaléncia de resisténcia transmitida aos
antirretrovirais em mulheres infectadas pelo HIV entre 15-49 anos alcanca niveis
superiores a 15%, a OMS recomenda, como uma acao de saude publica, o inicio de
testes de genotipagem para resisténcia do HIV para todas as gestantes antes de se
iniciar a profilaxia para prevencao da transmissao vertical (World Health Organization
2012), tornando o monitoramento continuo dos niveis de virus carreando mutacdes
de resisténcia aos antirretrovirais imprescindivel para que se obtenha o controle da
replicacdo viral, otimizar o sucesso da profilaxia para prevencdo da transmissao
vertical, prevenir a emergéncia de mutacdes de resisténcia adicionais e prevenir a

transmissado de virus resistentes para outros individuos.

1.7 A regido metropolitana do Rio de Janeiro como sentinela das mudancas

nos perfis de resisténcia e diversidade do HIV

A regiao metropolitana do Rio de Janeiro engloba 21 municipios situados nas
cercanias da cidade do Rio de Janeiro que se estendem por mais de oito milhdes de
km?. Esta regido concentra uma populacdo estimada superior a 12 milhdes de
individuos, sendo a segunda maior area metropolitana do Brasil, terceira da América
do Sul e 202 maior do mundo (IBGE 2014). Dentro do estado do Rio de Janeiro, a
regido metropolitana é responsavel por 90% das infec¢bes, sendo 0os municipios do
Rio de Janeiro, Nova lguacgu, Niteroi, Duque de Caxias e Sao Goncgalo os que

apresentam os maiores numeros de casos de HIV/aids acumulados (Brasil 2012a).
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No Brasil, a via heterossexual & a forma dominante de transmissao do HIV
entre adolescentes e adultos, correspondendo a >75% de todos os casos de aids
relatados nos ultimos 10 anos (Brasil 2014). Desta forma, a populagédo de gestantes
seria um importante grupo, formado exclusivamente por individuos com vida sexual
ativa, fornecendo uma boa representacdo da epidemia do HIV circulante na
populacdo em geral.

Estudos prévios conduzidos com esta populacdo no Rio de Janeiro, ja
apontaram para hiveis moderados de mutacdes transmitidas de resisténcia as
drogas antirretrovirais (MTRD) préximos a 10% (de Lourdes Teixeira et al. 2014;
Pilotto et al. 2013). Mesmo tendo encontrado niveis moderados de MTRDs, estes
estudos recomendaram a realiza¢do da genotipagem do HIV-1 pré-tratamento como
uma forma de auxiliar a prescricdo da terapia antirretroviral apropriada durante a
gravidez, com o intuito de suprimir a carga viral e prevenir a TV.

Com o aumento da oferta de antirretrovirais para os individuos infectados pelo
HIV como uma nova medida implementada pelo Ministério da Satude em 2013, o
namero de pessoas em tratamento tende a aumentar progressivamente. Desta
forma, também aumentam a probabilidade de que ocorram mudancas nos niveis de
MTRDs para patamares mais elevados, como consequéncia de falhas na supressao
virologica dos regimes terapéuticos adotados, seja por conta da baixa barreira
genética de algumas drogas e/ou baixa adesdo a terapia (Tang e Pillay 2004).
Maiores taxas de MTRDs impactam diretamente o sucesso da TARV, com reflexos
negativos no controle da morbimortalidade dos individuos infectados como também
da transmissao do HIV.

Além disso, ja foi sugerido que a regido metropolitana do Rio de Janeiro é
formada por uma populacdo com um alto nivel de infec¢cdes importadas do HIV-1
(Velasco-de-Castro et al. 2014). Isto se deve provavelmente ao carater turistico da
regido e seu importante papel econémico e cultural, atraindo um grande namero de
visitantes do mundo todo. Como consequéncia, se tem um aumento da circulagdo de
clados importados do HIV, alterando o perfil da diversidade de subtipos encontrados
na epidemia fluminense. Isto foi evidenciado em dois estudos conduzidos com
gestantes desta regido, onde foram encontrados pacientes infectados pelo
subsubtipo Al (de Lourdes Teixeira et al. 2014) e recombinantes formados por
fragmentos do subtipo K (Pilotto et al. 2013).

Esta alta diversidade e a prevaléncia moderada de MTRDs do HIV-1 nos

motivaram a conduzir um novo estudo para monitorar as mudancas nos perfis de
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diversidade e resisténcia do HIV nesta populacdo gestantes infectadas pelo HIV-1, e
comparar com o estudo de Pilotto e colaboradores (2013), realizado com casuistica
similar no mesmo centro de atendimento (Hospital Geral de Nova lguagu), cinco
anos antes que o presente estudo. O Hospital Geral de Nova Iguacu (HGNI) é um
hospital geral do Ministério da Saude com 350 leitos e uma maternidade de alto
risco, onde sao realizados cerca de 3.000 partos/ano. Sua maternidade é o centro
de referéncia para atendimento de gestantes portadoras de infec¢cao pelo HIV-1 em
toda a Baixada Fluminense, atendendo cerca de 120 gestantes nesta situagdo por
ano.

A partir dos clados do HIV-1 raros na epidemia brasileira evidenciados nesta
populacdo, procuramos avaliar a histdria evolutiva dos mesmos em conjunto com
outras amostras geneticamente relacionadas encontradas em outros estudos
conduzidos no laboratério e/ou disponiveis em bancos de dados publicos de
sequéncias para tentar tracar os padrées de disseminacao e a data mais provavel de
introducéo destas linhagens no Brasil.
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2 OBJETIVOS

2.1 Objetivo Geral

Avaliacdo da prevaléncia da resisténcia transmitida aos ARVs e da historia
evolutiva de clados raros do HIV presentes em uma populagéo de gestantes do Rio

de Janeiro submetidas a terapia antirretroviral.

2.2 Objetivos Especificos

e Avaliar a diversidade viral e prevaléncia de mutacbes de resisténcia
transmitidas as drogas antirretrovirais entre gestantes infectadas pelo HIV

virgens de terapia do Rio de Janeiro entre os anos de 2012 e 2015.

e Determinar com mais precisdo as origens temporal e geografica das
linhagens do subtipo C do HIV-1 que circulam no Rio de Janeiro e outros

estados brasileiros e a sua dindmica de disseminagéo no pais.

e Determinar a provavel origem geografica e temporal de linhagens do
CRF02_AG introduzidas no Rio de Janeiro.

e Caracterizar os genomas e reconstruir a historia evolutiva de recombinantes
do HIV-1 relacionados ao CRF45_cpx identificados no Rio de Janeiro e outros

estados da regido Sudeste.
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3 RESULTADOS

3.1 Artigo1l

Titulo: High HIV-1 diversity and prevalence of transmitted drug resistance mutations

among antiretroviral-naive HIV-infected pregnant women in Rio de Janeiro, Brazil

Autores: Edson Delatorre, Carlos Silva-de-Jesus, José Carlos Couto-Fernandez,

Jose H. Pilotto e Mariza G. Morgado

Resumo:

Mutacbes de resisténcia aos antirretrovirais (ARV) durante a infeccdo pelo
HIV-1 podem reduzir a eficacia da terapia profilatica para a prevencdo da
transmisséo vertical (PTV) e tratamentos futuros. Este estudo avaliou a diversidade
viral e a prevaléncia de muta¢des transmitidas de resisténcia as drogas (MTRD)
entre gestantes infectadas pelo HIV-1 virgens de terapia do Rio de Janeiro - Brasil
entre 0s anos de 2012 e 2015. As regides da protease (PR) e transcriptase reversa
(TR) do gene pol do HIV-1 de 87 amostras de plasma foram sequenciadas utilizando
um método de genotipagem in house validado. Os subtipos do HIV-1 e MTRD foram
determinadas por analises filogenéticas e pela ferramenta Calibrated Population
Resistance, respectivamente. O subtipo B do HIV-1 foi identificado em 69% das
amostras, seguido pelo sub-subtipo F1 (16,1%) e C (4,6%). As formas
recombinantes representaram 10,3% das amostras. A prevaléncia global para
qualguer MTRD foi 17,2%, das quais 5,7% para inibidores nucleosidicos da TR
(INTRs), 5,7% para inibidores ndo-nucleosidicos da TR e 8% para inibidores da
protease (IPs). Um aumento na prevaléncia de subtipos ndo-B e uma mudanca na
tendéncia das MTRD com maiores taxas (de INTRs para IPs) foi observada quando
comparada a um estudo prévio conduzido no mesmo local. O nivel de MTRD
encontrado nesta populagédo pode afetar o desfecho viroldgico dos regimes de ARV

padréo para PTV, reforcando a importancia do seu continuo monitoramento.
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ABSTRACT

Background

Antiretroviral (ARV) resistance mutations in HIV-1 infection may reduce the efficacy of
prophylactic therapy to prevent mother-to-child transmission (PMTCT) and future treatments.
This study evaluated the viral diversity and the prevalence of transmitted drug resistance
mutations (TDRM) among ARV-naive HIV-1-infected pregnant women from Rio de Janeiro
— Brazil between 2012 and 2015

Methods

The HIV-1 protease and reverse transcriptase (PR/RT) regions of the pol gene from 87 plasma
samples were sequenced using a validated in house genotyping method. TDRM and HIV-1
subtypes were determined by the Calibrated Population Resistance tool and phylogenetic
analyses, respectively.

Results

The HIV-1 subtype B was identified in 67.8% of the samples, followed by subtypes F1
(17.2%) and C (4.6%). The recombinant forms accounted for 10.3% of the samples. The
overall prevalence of any TDRM was 17.2%, of which 5.7% were for nucleoside RT
inhibitors (NRTIs), 5.7% for nonnucleoside RT inhibitors and 8% for protease inhibitors
(PIs). An increase in the prevalence of non-B subtypes and a change in the trend of TDRM
with higher rates (from NRTIs to PIs) were observed when compared to a previous study at
the same locale.

Conclusions

The TDRM level found in this population may affect the virological outcome of the standard

PMTCT ARV-regimens, reinforcing the importance of its continuous monitoring.

KEYWORDS: HIV-1, pregnancy, TDRM, subtypes, PMTCT, Brazil
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BACKGROUND

The human immunodeficiency virus type 1 (HIV-1) is the causative agent of acquired
immune deficiency syndrome (AIDS), and currently, 35 years after the first description of this
disease, it is estimated that approximately 36 (34.3 - 41.4) million people are living with HIV
worldwide [1]. According to estimates of the Brazilian Ministry of Health, approximately
734.000 people are HIV-infected in Brazil, which corresponds to a prevalence of 0.4% [2].
However, in populations at higher risk, such as men who have sex with men and sex workers,
prevalence rates >5% are observed [3, 4]. Regarding pregnant woman, it is expected that
12.000 cases of HIV infection occur annually in Brazil, however, only 3700 cases were
reported to the public health system in 2014, of which 8% corresponds to Rio de Janeiro state
[2]. The HIV-1 epidemic of Rio de Janeiro is highly concentrated in its metropolitan region,
which is responsible by nearly 90% of the HIV infections reported in the state [2].

Since 1996, universal free access to highly active antiretroviral therapy (HAART) has
been available in Brazil for HIV/AIDS treatment, including its use for the prevention of HIV
mother-to-child transmission (PMTCT). Over 350.000 HIV-1 infected individuals are
currently under treatment through the Public Health System, and since 2013, the Brazilian
government recommends the immediate start of antiretroviral (ARV) therapy for all
individuals living with HIV/AIDS, regardless the CD4 T-cells counts [5]. The increase in the
use of ARV drugs has had a strong impact with reduction of morbidity and mortality of HIV-
1 infected individuals [6]. However, it may also have favored the emergence of HIV-1 drug-
resistant variants, due to the lower genetic barrier of some drugs, poor adherence to treatment
regimens, among other factors [7]. These drug-resistant HIV-1 variants could therefore limit
the therapeutic options available for newly infected people, especially for pregnant women, in
which the prophylactic therapy intends to achieve a rapid reduction of viral load levels to
prevent vertical transmission of HIV. So far, national and regional cross-sectional surveys

conducted in Brazil have pointed out a moderate level (5-15%) of HIV-1 transmitted drug
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resistance (TDR) [8-11]. However, a more diverse scenario was observed in studies
conducted with pregnant women, that showed low (0% [12]), moderate (5.9% [13], 9.8%
[14], 10.7% [15]) and high TDR prevalences (25% [16]). Nevertheless, these results should be
interpreted with caution, since most studies had small sampling sizes, due to the difficulty in
obtaining the number of samples representative of the population of women living with
HIV/AIDS at the locations analyzed. If the estimated prevalence of TDR in HIV-infected
women between 15 and 49 years reaches >15%, the World Health Organization (WHO)
recommends, as a public health action, to start conducting HIV TDR testing of all HIV
infected pregnant women before starting PMTCT prophylaxis [17].

Another factor that could possibly influence the drug susceptibility of treatment-naive
subjects are the different HIV-1 subtypes. It has been reported that some non-B subtypes,
notably the subtypes C, F, G and CRF02_AG, display different susceptibilities to specific
protease inhibitors (PI) [18, 19]. In Brazil, the HIV-1 molecular epidemiology is dominated
by subtypes B (70-90%), F1 (5-15%) and C (1-10%), as the recombinants between them [20—
25]. The exceptions are the Southern states, where subtype C and CRF31_BC predominate
[26, 27]. However, the continuous finding of other HIV clades, such as subtypes A, D and
CRF02_AG [Morgado et al. 1998; Caride et al. 2000; Delatorre et al. 2012; Alencar, et al.
2013; Pimentel et al. 2013], as well as the northward spread of subtype C [33], indicate that
the HIV-1 molecular diversity in Brazil is dynamic and in constant evolution.

Here, we evaluated the viral diversity and the prevalence of TDR among
antiretroviral-naive HIV-1-infected pregnant women followed at the Hospital Geral de Nova
Iguacu in Rio de Janeiro — Brazil, between 2012 and 2015, and compared the results with a
similar previous study conducted by our group at the same locale from 2005 to 2008 [15].
Moreover, we also present in detail the protease and reverse transcriptase in house sequencing
protocol developed by our group, which is Virology Quality Assessment Program (VQA)-

validated and used for the genotyping of HIV-1 positive individuals in Brazil.
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RESULTS
Characteristics of the study population

All patients analyzed in this study lived in the metropolitan region of the Rio de
Janeiro state - Brazil at the time of analysis and have a median age of 25 years (15-36 years
range). The median pre-HAART CD4+ T-cell count was 413 cellssrmm3 (IQR, 316-589),
with a homogeneous distribution among the cell count ranges (~33%) when considering the
whole study period. The median HIVV-1 RNA plasma viral load for our study population was
4.04 logio copies/ml (IQR, 3.35-4.53), which was mostly distributed (75.4%) between 3 and 5
logio copies/ml. It is noteworthy that approximately 14% of the samples amplified and
sequenced using our protocol had viral loads below 3 logio copies/ml. Table 1 summarizes the

clinical characteristics of the patients.

HIV-1 subtype diversity in the pol gene

The HIV-1 subtype B was the most prevalent clade in our sample (67.8%, 59/87),
followed by subsubtype F1 (17.2%, 15/87), and subtype C (4.6%, 4/87). The intersubtype
recombinant forms (10.3%, 9/87) were divided into circulating recombinant forms (CRF;
5.7%, 5/87) and unique recombinant forms (URF; 4.6%, 4/87) (Fig. 1 A and B). It is worth
mentioning that together, the intersubtype recombinant forms represented the third more
prevalent HIV-1 group of the pregnant women tested in this study. Most CRFs were
composed of subtypes B and F1, as follows: CRF12_BF (2.3%, 2/87), CRF28/29_BF (1.1%,
1/87) and CRF39_BF (1.1%, 1/87). One CRF02_AG (1.1%, 1/87) was also found, as well as
two URF_BF (2.3%, 2/87), one URF_BC (1.1%, 1/87) and one URF_CF (1.1%, 1/87). The
classification of one sequence as CRF28/29 BF was indicated because these two CRFs share
a very similar pattern of recombination in the protease/reverse transcriptase region (PR/RT),
forming a unique clade in the maximum likelihood (ML) phylogenetic analysis (Fig. 1B),

which makes the genetic distinction between them difficult.
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Prevalence and patterns of transmitted drug resistance mutations in PR/RT

Resistance analysis among the 87 samples with both PR and RT sequences showed
that at least one drug resistance mutation was observed in 15 samples, leading to an overall
prevalence of TDR of 17.2%. TDRM for protease inhibitors (PIs) were detected in 8.0%
(7/87) of the patients. Of these, five had the M46L mutation (5.7%, 5/87) and one had the
M461 mutation (1.1%, 1/87). The other mutations found were D30N and N88D, both
harboured by the same pregnant woman. Additionally, the most frequent minor drug
resistance mutations observed were: M361/L (49.4%, 43/87), L10l/V (18.4%, 16/87) and
K20M/R (11.5%, 10/87). TDRM for nucleoside reverse transcriptase inhibitors (NRTISs) were
detected in 5.7% (5/87) of the women in the study. The mutation M41L was found in one
patient (1.1%, 1/87), while the D67N mutation was found in three (3.4%, 3/87). Furthermore,
the mutations T69D and K219Q were detected in one subject each (1.1%, 1/87) that both also
exhibited the D67N mutation. TDRM to non-nucleoside reverse transcriptase inhibitors
(NNRTISs) were detected in 5.7% (5/87) of the patients analysed. A total of 2.3% (2/87) of
women had the K103N mutation. The same frequency was observed for the G190A mutation
(2.3%, 2/87). The mutation K101E was found in one patient (1.1%, 1/87) that also had the
G190A mutation. The following minor drug resistance mutations associated to NNRTIs were
observed: V901 (6.9%, 6/87), E138A/G (3.4%, 3/87), V1061 (2.3%, 2/87), V179D (2.3%,
2/87), A98G (1.1%, 1/87). One sequence carrying both NRTI and NNRTI mutations was
detected, however, no sequence with triple class resistance was found. Table 2 summarizes Pl,
NRTI, and NNRTI transmitted drug resistance mutations according to the subtype. Almost all
TDRM were found in women infected with HIV-1 subtype B viruses (73%, 11/15). Three

patients with TDRM were infected with subsubtype F1 and one with CRF28/29_BF.
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DISCUSSION

This TDR and HIV-1 diversity survey was performed in pregnant women from an
impoverished and populous area located in the metropolitan region of the Rio de Janeiro state
in Brazil. The list of mutations proposed by Bennett et al. [2009] was used as marker of HIV
TDRM. The 17.2% overall prevalence of TDR found in this study places the region analyzed
in the high level stratum of TDR prevalence (>15%) according to the WHO criteria [17].
Reaching this level, WHO has suggested that it becomes cost effective to perform genotypic
resistance testing in individuals with newly diagnosed HIV infection, prior to the beginning of
the HAART.

Our findings are affected by the low number of patients sampled as well as some
different criteria between the survey method used in this study and the WHO HIV drug
resistance threshold survey method, such as limit of inclusion age (< 25 years), and the CD4
T-cell count limit (>500 cells/pl) [17]. However, some criteria were fulfilled, such as the
exclusion of all patients who may have been previously exposed to ART, including PMTCT
prophylaxis. These WHO criteria have been established to predict the likelihood of recent
HIV infection.

In Brazil, national and regional cross-sectional surveys pointed out a moderate level of
HIV-1 transmitted drug resistance (5-15%) [8-10]. However, when comparing specific
regions of the country and/or population groups, TDR becomes relatively more frequent, such
as in the general population of Sdo Paulo (19.4%) [11], men who have sex with men from
Santos (28%) [35] and newly HIV-1 diagnosed individuals in Rio de Janeiro (15%) [36]. The
prevalence of TDR found in this study (17.2%) was higher than that found in other studies
conducted with HIV-1-infected pregnant woman, depicting TDR rates of 0% and 5.9% in
Goias [12, 13], as well as 9.8% and 10.7% in Rio de Janeiro [14, 15]. However, the
prevalence of TDR in our study was lower than that described by da Costa et al. (25%) in

Goiéas [16]. It is important to highlight that the work of Pilotto et al. [15] was conducted for
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the same study population five years earlier (2005-2008) than the present study, and at the
same location. The overall prevalence of any HIV-1 TDRM found in this study was higher
(17.2%) than the previous estimate (10.7%), although the difference was not statistically
significant (P = 0.1271), indicating that the TDRM prevalences seem not to have changed
between these time periods despite the adoption of new practices regarding ART use.
However, the influence of these actions may only be suitable for observation in the future.

Mutations to NRTI were the most prevalent (5.6%) in pregnant women sampled in the
2005-2008 period, which were associated with the use of NRTI monotherapy (zidovudine and
stavudine) and NRTI dual therapy before the HAART era in Brazil. In this study, the TDRM
for IPs were the most prevalent, with a rate of 8.0%, much higher than the previous
observations (3.0%). This may reflect the widespread adoption of HAART in Brazil, in which
a regimen composed by two NRTI and one boosted Pl is the alternative choice of the main
regimen composed by two NRTI and one NNRTI [5]. This high TDRM rate for Pls may be
the effect of poor patient adherence to this alternative therapeutic regimen, frequently caused
by high pill burden and low tolerance to these ARV regimens [37]. Boosted Pls have a short
half-life and for this reason, regularly missed doses may cause more problems for ritonavir-
boosted Pls than for NNRTI-based regimens [38]. Therefore, when patients are undergoing
partial PI treatment interruption, wild-type virus may be suppressed by the backbone therapy,
which prevents the outgrowth of wild-type virus [39]. This allows the replication of the HIV
variants carrying PI resistance mutations, which might increase the likelihood of transmission
of the resistant virus.

In this study, the PI resistance mutations M461/L, N88D and D30N were found, which
are responsible for low, intermediate, and high levels of resistance to nelfinavir (NFV),
respectively [40, 41]. Therapeutic regimens containing NFV were adopted in Brazil since
1998, becoming one of the major Pls used in the country, until its replacement by newly

developed Pls, such as lopinavir/r and atazanavir [42]. NFV initially used in Brazil had a high
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pill burden (five pills twice a day), a characteristic that is associated with both worse
adherence and virological suppression [37]. Among the RT gene resistance mutations,
thymidine analogue-associated mutations (TAM)-related mutations D67N and K219Q were
found. These mutations are associated to low-level resistance to zidovudine (AZT) and
stavudine (d4T) [40, 41]. Two patients exhibited the mutation K103N that causes high-level
resistance to efavirenz (EFV) and nevirapine (NVP). The others mutations found (K101E,
Y188L and G190A) are responsible of variable levels of resistance to all NNRTIs, but share a
high level resistance to NVP [40, 41]. Taken together, these resistance mutations found can
abrogate the first line treatment regimen and PMTCT prophylaxis commonly employed in
Brazil, which recommends the use of two NRTI (AZT and lamivudine) plus a PI, or
alternatively a NNRTI (specifically NVP) [43]. These findings enforce the necessity to
promote routine and universal genotype ARV-resistance susceptibility testing to all Brazilian
HIV-infected pregnant women for PMTCT purposes.

Regarding HIV-1 diversity, despite the predominance of subtype B, subsubtype F1
was the second most frequent, followed by subtype C and recombinant forms. These findings
are in accordance with previous descriptions of the HIV diversity found in the Rio de Janeiro
state [29, 36] and with the previous study of pregnant women recruited from 2005 to 2008 at
the same clinical center [15]. However, when comparing the differences among the
prevalence of subtypes, a statistically significant increase in the prevalence of non-B viruses
between the two time periods (P = 0.0330) was observed. This trend was expected, since it
has already been observed that the molecular epidemiology of HIV-1 in Rio de Janeiro is
changing over the years towards a marked increase in the circulation of non-B strains, mainly
intersubtype recombinants [36]. One CRF02_AG sample was among the recombinant forms
described in this study. CRF02_AG is the most prevalent recombinant form around the world
and is mainly distributed in West Africa [44], however, it has been continuously isolated in

Brazil [8, 20, 21, 32, 36]. In a previous study from our group, this CRF02_AG sample was
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described as participating in an autochthonous transmission network, which has been
disseminated locally in the Rio de Janeiro state over the last 30 years [45]. It is also
noteworthy that two CRF12_BF samples were found in this study. This CRF is highly
prevalent in Argentina and Uruguay, but rarely detected in Brazil [46]. These findings
demonstrate the role of the Rio de Janeiro metropolitan area (a major touristic destination and
an important commercial hub) as a hot spot for the introduction and dissemination of new

viral clades in the Brazilian epidemic.

CONCLUSIONS

The results presented here indicate an increase in the HIV-1 molecular diversity and a
probable change in the TDRM profile in Rio de Janeiro between the periods of 2005-2008 and
2012-2015. The HIV-1 TDRM found in this population of women could affect the virological
outcome of the standard ARV regimens employed to prevent HIV vertical transmission. This
highlights the importance of continuous monitoring of the HIV-1 genetic diversity and TDRM
in Brazil for all HIV-infected pregnant women, intended to optimize the success of PMTCT
prophylaxis, prevent the emergence of further resistance mutations, and prevent transmission

of resistant viruses to other individuals.

METHODS
Study population

A total of 87 plasma samples were obtained from HIV-1-infected pregnant women
followed at the Department of Sexually Transmitted Diseases of the Hospital Geral de Nova
Iguacu (HGNI). This department is the main referral center for HIV-infected patients, located
in a populous and impoverished area in the metropolitan region of Rio de Janeiro — Southeast
Region of Brazil, providing assistance, free ARVs and services for PMTCT of HIV. Inclusion

criteria were confirmed reactive HIV testing and pregnancy of ARV-naive women, with blood
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samples collected before the beginning of treatment. Samples were collected between
January/2012 and June/2015. Women with a previous history of HIV-1 PMTCT prophylaxis
were excluded from this cohort. Plasma samples were stored at -70°C and later transported to
the Laboratory of AIDS and Molecular Imunology (FIOCRUZ) in Rio de Janeiro for HIV
subtype and resistance mutations analyses. This study was approved by the Ethics Committee
of the Oswaldo Cruz Foundation/Oswaldo Cruz Institute (Number CAAE: 0067.0.011.316-

11), and all women signed an informed consent form.

CDA4 T cell count and HIV viral load determination

CD4+ T-cell counts were evaluated using flow cytometry (Trucount; FACSCalibur™;
BD Biosciences Immunocytometry Systems, USA). Plasma HIV-1 RNA levels were
determined by the VERSANT® HIV bDNA assay (Bayer 3.0 Quantitative Assay, USA) and

by the Abbott Real Time HIV-1 assay (Abbott Molecular Inc., USA).

Sample processing and sequencing of HIV-1 pol gene

Viral RNA was extracted from plasma samples using the QlAamp Viral RNA Mini
Kit (QIAGEN, Germany) according to the manufacturer’s protocol, with a final elution
volume of 50 pl. The cDNA synthesis was performed using 10ul of purified viral RNA in a
20pl final volume reagent mix containing 1X First-Strand Buffer (Tris-HCI 250mM pH8.3;
KCl1 375mM; MgCI2 15mM), 10mM of DTT, 40U of RNaseOUT™ (Life Technologies,
USA), 0.5mM of dNTP mix, 0.1mM of reverse primer (MMRT®, Invitrogen, USA) and 200U
of SuperScript® Il reverse transcriptase enzyme (Life Technologies, USA). Samples were
then incubated at 37°C for 90 minutes followed by 70°C for 15 minutes for enzyme
denaturation.

The PR/RT fragment of the HIV-1 pol gene was amplified by nested polymerase chain

reaction (nested-PCR). Nested-PCR reactions were carried out using 5 pl input template, 1.5U
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of Platinum® Tag DNA Polymerase (Invitrogen, EUA), 1X PCR Buffer (20 mM Tris-HCI
(pH 8.4), 50 mM KClI), 2.5mM of MgClz, 0.3mM of dNTPs mix (Invitrogen, USA), 0.35uM
of each specific primer (forward and reverse) and diethylpyrocarbonate-treated water
(Invitrogen, USA) to complete 50ul. The G17S and MMRT®6 primers (Invitrogen, USA) were
used to amplify the outer fragment. The inner amplification was conducted using MMRT10
and MMRT5 primers (Invitrogen, USA), resulting in a fragment of approximately 1,500bp.
Cycling conditions were: one cycle of two minutes at 94°C; 35 cycles of 30 seconds at 94°C,
30 seconds at 55°C and two minutes at 72°C. When the second round of amplification was
negative an alternative protocol was used, splitting the second round in two fragments
following the same cycling described above and using the primer combinations MMRT10-
RT4 (A fragment) and Pol4-MMRTS5 (B fragment) (Invitrogen, USA). Table S1 describes the
primers used in this study.

The final PCR products were purified using the Illustra GFX PCR DNA purification
kit (GE Healthcare, USA) according to the manufacturer’s protocol. Purified DNA was
sequenced using the ABI BigDye Terminator v.3.1 cycle sequencing ready reaction Kit
(Applied Biosystems, USA). For each sample, eight primers were used to sequencing the
entire PR and the first 335 codons of RT (HXB2: 2253-3554): MMRT10, LR51, DP16, RT4,
RT9, Pol4, SEQ-RT and MMRTS5 (Invitrogen, USA), ensuring that each nucleotide position
was covered by at least two sequencing reactions. After isopropanol precipitation, the
sequencing was performed with the automated ABI 3130xL and 3730xL Genetic Analyzers
(Applied Biosystems, USA). This protocol is validated by the Virology Quality assessment

(VQA) from Rush University, EUA, and is periodically tested for quality control assurance.

HIV-1 subtypes and resistance analyses in the pol gene
Chromatograms were assembled and carefully inspected for the presence of

ambiguous sites using the SeqMan v7 software, Lasergene package (DNAStar, USA). HIV-1
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genetic subtypes were initially determined with the REGA HIV subtyping tool v.3 [47] and
later confirmed by ML phylogenetic and bootscaning analyses with HIV-1 reference
sequences retrieved from the Los Alamos HIV database (ww.hiv.lanl.gov). ML trees were
reconstructed with the PhyML 3.0 program [48], using the SPR branch-swapping algorithm
for heuristic tree search and the approximate likelihood-ratio test (aLRT) [49] for estimating
the reliability of the obtained tree topology. The ML trees were visualized using the FigTree
v1.4.2 program [50]. Bootscaning analyses were performed with by Simplot 3.5.1 software
[51], in which bootstrap values supporting branching with reference sequences were
determined by the neighbour-joining method using the Kimura-2-parameter distance model
and 100 bootstrap replicates of 250 nucleotides sliding windows moving in steps of 10 bases.
The Calibrated Population Resistance Tool (CPR version 6.0;-http://cpr.stanford.edu/cpr.cgi,
available through the Stanford University HIV Drug Resistance Database) was used to
analyse the PR and RT sequences [52]. Transmitted drug resistance mutation (TDRM) was
defined as the presence of at least one major mutation described in the Surveillance Drug
Resistance Mutation (SDRM-2009) list proposed by Bennett et al. [2009]. The minor
resistance mutations were analysed based on the list of drug resistance mutations described by
the International AIDS Society (IAS)-USA [40], however, these were not considered for the

calculation of TDR prevalence.

Statistical analysis

Descriptive analyses (frequency, medians, averages, standard deviations) and
univariate analyses using the two-tailed Fisher’s exact test were performed in GraphPad Prism
v6 (GraphPad Software, USA). Statistical significance was defined as an alpha level of 0.05.
Nucleotide sequence accession numbers

Sequences were deposited in GenBank under accession numbers KX357219 to KX357305.
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Availability of supporting data

The data sets supporting the results of this article are included within the article.

ABBREVIATIONS

AIDS acquired immune deficiency syndrome
aLRT approximate likelihood-ratio test
ARV antiretroviral

AZT zidovudine

DAT stavudine

EFV efavirenz

HAART highly active antiretroviral therapy

HIV-1 human immunodeficiency virus type 1
ML maximum likelihood

NNRTI non-nucleoside reverse transcriptase inhibitor
NRTI nucleoside reverse transcriptase inhibitor
NVP nevirapine

Pl protease inhibitor

PMTCT prevent mother-to-child transmission
PR/RT protease and reverse transcriptase

TDR transmitted drug resistance

TDRM transmitted drug resistance mutations
WHO World Health Organization
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Figure 1. Subtype classification of sequences. A) Maximum likelihood (ML) tree of
the PR/RT region. HIV-1 reference sequences of pure subtypes (A-D, F-H, J and K) were
included and colored black. The branch support values are indicated as asterisks (aLRT >
0.90) at key nodes. Each HIV-1 clade found in the Brazilian samples is colored as indicated in
the figure. Horizontal branch lengths are drawn to scale with the bar at the bottom indicating
nucleotide substitutions per site. B) ML tree of the PR/RT region of the intersubtype
recombinant samples. HIV-1 reference sequences of pure subtypes and some CRFs
(CRF02_AG, CRF12_BF, CRF28_BF, CRF29 BF, CRF31_BC, CRF39 BF, CRF40 BF,
CRF70_BF, CRF71_BF and CRF72_BF) were included and colored black. Each HIV-1 clade
found or closely related to the Brazilian samples is colored as indicated in the figure. For
visual clarity, some clades are collapsed into triangles and the branch support values are
indicated as asterisks (aLRT > 0.90). Horizontal branch lengths are drawn to scale with the
bar at the bottom indicating nucleotide substitutions per site. Unique recombinant forms are

colored in gray and their bootscanning plots are depicted on the right.
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TABLES

Table 1. Clinical data from the pregnant women included in this study stratified by year

Characteristica 2012 2013 2014/15°  2012-2015
CD?:J;;'#‘;;’““ N=27 (%) N=35 (%) N=22 (%) N=84 (%)
<350 6(22.2) 11 (31.4) 10 (45.5) 27 (32.2)
350-500 13 (48.1) 8 (22.9) 7 (31.8) 28 (33.3)
>500 8 (29.6) 16 (45.7) 5(22.7) 29 (34.5)
(RN\QS('J;)?:SW) N=27 (%) N=38 (%) N=20 (%) N=85 (%)
<3 loguo 6 (22.2) 5 (13.2) 1(5.0) 12 (14.1)
3-4 loguo 14 (51.9) 10 (26.3) 6 (30.0) 30 (35.3)
4-5 10g10 5 (18.5) 20 (52.6) 9 (45.0) 34 (40.1)
56 l0g1o 2(7.4) 3(7.9) 3(15.0) 8 (9.4)
>6 10910 0 (0.0) 0(0.0) 1(5.0) 1(L)

2 Numbers vary because of missing information. ® Samples from years 2014 and 2015 were joined to keep a
comparable sample size.
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Table 2. Protease inhibitor, nucleoside reverse transcriptase inhibitor, and nonnucleoside reverse transcriptase inhibitor transmitted drug resistance

mutations found according to subtypes.

Sequence Mutations Resistance profile
Subtype _ .

ID Pl NRTI NNRTI Low Intermediate High
GNO02 B M461 - - NFV - —
GNO3 F1 - D67N - AZT/d4T - -
GN12 B M46L - - NFV - —
GN13 B - D67N, K219Q - AZT/ d4T - —
GN14 B M46L - — NFV - —
GN16 F1 - - K101E, G190A - ETR/RPV EFV/NVP
GN22 B - K70R - daT AZT -
GN24 B - D67N, T69D Y188L AZT/d4T/ETR ddl EFV/NVP/RPV
GN26 B M46L M41L - NFV/AZT/ d4T - —
GN31 B M46L - - NFV - —
GN44 F1 — - G190A ETR/RPV EFV NVP
GN48 28/29 BF D30N, N88D - - - - NFV
GN68 B M46L - - NFV - —
GN70 B - - K103N - - EFV/NVP
GN72 B - - K103N - - EFV/NVP

Pl, protease inhibitor; NRTI, nucleoside reverse transcriptase inhibitors; NNRTI, non-nucleoside reverse transcriptase inhibitors; AZT, zidovudine; ddl, didanosine; d4T,

stavudine; EFV, efavirenz; ETR, etravirine ; NFV, nelfinavir; NVP, nevirapine; RPV, rilpivirine.
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Table S1. Primers used in this study for RT/PCR and cDNA sequencing.

Name Reaction? Direction  Sequence NUCI.ef)t'CLe
position
G17S PCR 1R Forward 5’-AAAAAGGGCTGTTGGAAATGTGGA-3*  2017-2040
MMRT6  RT/PCR 1R Reverse 5>-TTTTACATCATTAGTGTGGG-3’ 3628-3647
MMRT10 PCR 2R/PCR 2RA/SEQ  Forward 5-CAGGCTAATTTTTTAGGGAA-3’ 2077-2096
MMRT5  PCR 2R/PCR 2RB/SEQ  Reverse 5’-TAAATTTGATATGTCCATTG-3’ 3555-3574
LR51 SEQ Reverse 5’-GTATTCCTAATTGAACYTCC-3’ 2813-2832
DP16 SEQ Forward 5’-CCTCARRTCACTCTTTGGCARC-3’ 2253-2274
RT4 PCR 2RA/SEQ Reverse 5’-AGTTCATAMCCCATCCA-3’ 3234-3250
RT9 SEQ Forward 5’-GTACAGTRTTAGTAGGACCTACA-3’ 2470-2492
Pol4 PCR 2RB/SEQ Forward 5-CARTAYAATGTGCTTCCAC-3’ 2982-3000
SEQ-RT  SEQ Forward 5’-ATGGAAAGGATCACCAGCAA-3’ 3005-3024

2 RT — reverse transcription; PCR 1R — first round; PCR 2R — second round; PCR 2RA and PCR 2RB - alternative second round amplification; SEQ — sequencing.

b Positions relative to the HXB2 HIV genome (GenBank accession number K03455).
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Resumo:

Estudos prévios indicam que a epidemia do subtipo C do HIV-1 na regido Sul
do Brasil foi iniciada pela introducdo de uma Unica cepa fundadora provavelmente
oriunda da Africa Oriental. Entretanto, o exato pais de origem de tal cepa fundadora
assim como a origem dos virus do subtipo C detectados fora da regido Sul do Brasil
permanecem desconhecidos. Sequéncias do gene pol do HIV-1 isoladas nas regifes
Sul, Sudeste e Centro-Oeste do Brasil (n = 209) forma comparadas com uma grande
guantidade (n ~ 2000) de sequéncias do gene pol do subtipo C de origem africana.
Andlises de maxima-verossimilhanca revelaram que a maioria das sequéncias
brasileiras do subtipo C do HIV-1 agruparam-se em um clado Unico monofilético
(Cer-1), aninhado dentro de uma maior linhagem monofilética, caracteristica da Africa
Oriental. Analises bayesianas indicaram gque o clado Csr-1 S€ originou provavelmente
no Burundi e foi introduzido no estado do Parana (regido Sul) por volta de meados
da década de 1970, apdés o qual rapidamente se disseminou para as regides
vizinhas. Os estados do Parana e Santa Catarina foram 0s mais importantes eixos
de disseminacdo do subtipo C, e viagens de rotina e acessibilidade espacial
parecem ser as principais forcas motrizes deste processo. Cinco introducdes
adicionais de cepas do subtipo C do HIV-1 provavelmente originadas em paises da
Africa Oriental (n = 2), Meridional (n = 2) e Central (n = 1) foram detectadas no
estado do Rio de Janeiro (regido Sudeste). Estes resultados indicam um influxo
continuo de cepas do subtipo C do HIV-1 de origem africana no Brasil e também
revelam a existéncia de redes de transmissdo desconhecidas ligando este pais a

Africa Oriental.
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Abstract

Previous studies indicate that the HIV-1 subtype C epidemic in southern Brazil was initiated by the introduction of a
single founder strain probably originating from east Africa. However, the exact country of origin of such a founder
strain as well as the origin of the subtype C viruses detected outside the Brazilian southern region remains unknown.
HIV-1 subtype C pol sequences isolated in the southern, southeastern and central-western Brazilian regions (n =
209) were compared with a large number (n ~ 2,000) of subtype C pol sequences of African origin. Maximum-
likelihood analyses revealed that most HIV-1 subtype C Brazilian sequences branched in a single monophyletic clade
(Cgr.), nested within a larger monophyletic lineage characteristic of east Africa. Bayesian analyses indicate that the
Cgr, clade most probably originated in Burundi and was introduced into the Parana state (southern region) around
the middle 1970s, after which it rapidly disseminated to neighboring regions. The states of Parana and Santa
Catarina have been the most important hubs of subtype C dissemination, and routine travel and spatial accessibility
seems to have been the major driving forces of this process. Five additional introductions of HIV-1 subtype C strains
probably originated in eastern (n = 2), southern (n = 2) and central (n = 1) African countries were detected in the Rio
de Janeiro state (southeastern region). These results indicate a continuous influx of HIV-1 subtype C strains of
African origin into Brazil and also unveil the existence of unrecognized transmission networks linking this country to
east Africa.

Citation: Delatorre E, Couto-Fernandez JC, Guimaraes ML, Vaz Cardoso LP, de Alcantara KC, et al. (2013) Tracing the Origin and Northward
Dissemination Dynamics of HIV-1 Subtype C in Brazil. PLoS ONE 8(9): e74072. doi:10.1371/journal.pone.0074072

Editor: Rongge Yang, Chinese Academy of Sciences, Wuhan Institute of Virology, China
Received April 16, 2013; Accepted July 26, 2013; Published September 12, 2013

Copyright: © 2013 Delatorre et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: This work was supported by Public Health Service grants E-26/111.758/2012 from the FAPERJ and 472896/2012-1 from the CNPq. The funders
had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.

Competing interests: The authors have declared that no competing interests exist.
* E-Mail: gbellobr@gmail.com

Introduction

The global spread of the Human immunodeficiency virus
type 1 (HIV-1) group M that took place in the second half of the
twentieth century was associated to the random exportation of
some viral strains out of the epicenter in Central Africa into
previously unexposed human populations [1]. The subsequent
dissemination and diversification of the virus within such
populations has resulted in the differential global distribution of
HIV-1 group M subtypes and inter-subtype recombinants. The
most prevalent HIV-1 group M variant worldwide is subtype C,
which accounts for nearly half (48%) of all global infections [2].
This HIV-1 subtype is particularly prevalent in several countries
from southern, eastern and central Africa, India and Brazil.

PLOS ONE | www.plosone.org

The Brazilian HIV-1 subtype C epidemic has been mostly
restricted to the states of the southern region (Rio Grande do
Sul [RS], Santa Catarina [SC] and Parana [PR]) where this
subtype accounts for between 20% and 80% of HIV-1
infections [3]. Previous phylogeographic studies indicate that
the subtype C epidemic in southern Brazil was probably
initiated by the introduction of a single founder strain into PR,
followed by a rapid dissemination of the virus to the
neighboring southern states [4,5]. The founder Brazilian
subtype C strain probably originated in east Africa, although
the exact country of origin and the precise time-scale of such
an event remain uncertain [6]. One study conducted by our
group points to Burundi as the most probable origin of the
Brazilian subtype C clade [4], while other studies point to
Ethiopia or Kenya [5,7]. Initial estimates based on viral strains
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mostly sampled in Rio Grande do Sul propose that the founder
event occurred around the early 1980s [4,8], but another study
based on samples from several states traced back the origin of
the Brazilian subtype C epidemic to 1960-1970 [5].

Recent studies have also documented a significant
proportion of HIV-1 subtype C infections among individuals
from different states across the southeast, central-west and
north Brazilian regions, supporting a northward spread of HIV-1
subtype C in Brazil [3]. Subtype C was observed in 6-8% of
patients from the Sao Paulo (SP) state [9,10], 0.5-1% of
patients from the Rio de Janeiro (RJ) state [11,12,13], 3-11% of
patients from the Goias (GO) state [14,15,16], 5% of patients
from the Mato Grosso (MT) state [17], 10% of patients from the
Mato Grosso do Sul (MS) state [18] and 6% of patients from
the Tocantins state [19]. Although those studies support an
influx of variants from the southern region, the exact origin and
dissemination dynamics of Brazilian subtype C viruses
circulating outside the southern states has not been studied in
detail up to date.

In the present study, we used a comprehensive data set of
Brazilian (n = 209) and African (n > 2,000) HIV-1 subtype C pol
sequences to reconstruct with more precision the geographic
origin and the onset date of the HIV-1 subtype C clade
introduced into southern Brazil. Moreover, we traced the
dissemination dynamics of the HIV-1 subtype C epidemic in the
southeast and central-west Brazilian regions. Spatial and
temporal information were combined in a Bayesian framework
to reconstruct migration events both within Brazil and between
African countries and Brazil.

Materials and Methods

HIV-1 subtype C Brazilian sequences

The Brazilian HIV-1 subtype C dataset was composed of 209
sequences covering the entire protease and partial reverse
transcriptase (PR/RT) genes (nt 2253-3272 relative to HXB2
clone) collected in eight states from the south (RS, SC and
PR), southeast (SP and RJ), and central-west (GO, MT and
MS) regions of Brazil (Figure 1). New PR/RT subtype C
sequences were obtained from 32 individuals from RJ selected
from a larger cohort of about 3,000 HIV-infected patients
followed at outpatient clinics from the Public Health System
distributed throughout the state that underwent HIV genotyping
tests at the Laboratory of AIDS and Molecular Immunology
(FIOCRUZ) between 2002 and 2011, as previously described
[20]. The HIV-1 subtype C pol sequences from RJ were
combined with sequences from SP (n = 18), GO (n = 16), MT
(n = 4) and MS (n = 4) available at the Los Alamos HIV
Sequence Database (wwwe.hiv.lanl.gov) and described
elsewhere [10,14,15,16,17,18,21,22,23,24], and with a dataset
of sequences isolated in the south region (RS = 55, SC = 41
and PR = 39) described in detail in a previous study [25]. The
study was approved by the Instituto Oswaldo Cruz - Ethics
Committee. No informed consent from participants was
obtained as the data were analyzed anonymously.
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HIV-1 subtype C reference dataset

The HIV-1 subtype C Brazilian sequences were initially
aligned with a reference set of 1,961 subtype C pol gene
sequences of African origin obtained from the Los Alamos HIV
Sequence Database. This reference data set, described in
more detail in our previous study [26], includes subtype C
sequences from therapy-naive patients representative of the
east (Burundi, Ethiopia, Kenya, Tanzania and Uganda),
southern (Botswana, Malawi, Mozambique, South Africa,
Zambia and Zimbabwe) and central (Angola and Democratic
Republic of Congo) African regions sampled over a time period
of 25 years (1986-2010). The basic local alignment search tool
(BLAST) (www.ncbi.nlm.nih.gov/BLAST) was also used to
select 50 subtype C reference sequences with known sampling
dates isolated world-wide that displayed a high similarity score
(> 95%) to specific Brazilian subtype C strains. The subtype
assignment of all sequences here included was confirmed
using the REGA HIV subtyping tool v.2 [27].

Sequence alignment and analysis of phylogenetic
signal

Sequences were aligned using the CLUSTAL X program
[28]. To avoid any bias on the phylogenetic reconstructions, all
sites with major antiretroviral drug resistance mutations in PR
(50, 82 and 90) and RT (41, 67, 70, 98, 103, 106, 179, 184,
190, 215 and 219) detected in at least two sequences were
excluded from those alignments containing Brazilian subtype C
sequences retrieved from treated-patients. All alignments are
available from the authors upon request. Substitution saturation
was evaluated in each alignment by plotting the estimated
number of transitions and transversions against genetic
distance for each pairwise comparison, using the DAMBE
program [29]. The phylogenetic signal in each alignment was
also investigated with the likelihood mapping method [30] by
analyzing 10,000 random quartets. Likelihood mapping
analyses were performed with the TREE-PUZZLE program
[31], using the online web platform Phylemon 2.0 [32].

Phylogenetic analysis

Maximum Likelihood (ML) phylogenetic trees were inferred
under the GTR+I+l, nucleotide substitution model, selected
using the jModeltest program [33]. The ML tree was
reconstructed with the PhyML program [34] using an online
web server [35]. Heuristic tree search was performed using the
SPR branch-swapping algorithm and the reliability of the
obtained topology was estimated with the approximate
likelihood-ratio test (aLRT) [36] based on the Shimodaira-
Hasegawa-like procedure. The ML trees were visualized using
the FigTree v1.3.1 program [37].

Analysis of spatiotemporal dispersion pattern

The evolutionary rate (u, nucleotide substitutions per site per
year, subst./site/year), the age of the most recent common
ancestor (T, years), and the spatial dynamics of different
HIV-1 subtype C clades were jointly estimated using the
Bayesian Markov Chain Monte Carlo (MCMC) approach as
implemented in BEAST v1.7.4 [38,39]. Analyses were
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Figure 1. Political map of Brazil showing the country regions and states. Boundaries of regions and states are indicated by
black and gray lines, respectively. The position of the eight states analyzed in the present study is indicated with a two letter code:
GO (Goias), MT (Mato Grosso), MS (Mato Grosso do Sul), PR (Parana), RJ (Rio de Janeiro), RS (Rio Grande do Sul), SC (Santa
Catarina) and SP (Sao Paulo). The number and sampling dates of HIV-1 subtype C pol sequences from each location included in

the present study are indicated.
doi: 10.1371/journal.pone.0074072.g001

performed using the GTR+I+I", nucleotide substitution model,
an uncorrelated Lognormal relaxed molecular clock model [40]
and a Bayesian Skyline coalescent tree prior [41]. Migration
events and the most relevant migration pathways between
locations were identified by applying a standard discrete
Bayesian phylogeographic model and the Bayesian stochastic
search variable selection (BSSVS) approach [42], respectively.
Migratory events and significant non-zero rates were
summarized using the cross-platform SPREAD application [43]
and viewed with Google, Earth (http://earth.google.com).
MCMC chains were run for 4-5 x 108 generations and adequate
chain mixing was checked, after excluding an initial 10%, by
calculating the effective sample size (ESS) using the TRACER
v1.5 program [44]. Maximum clade credibility (MCC) trees were
summarized from the posterior set of trees (PST) with
TreeAnnotator and visualized with FigTree v1.3.1.

Viral exchange rates among localities in Brazil were also
estimated as transition rates between discrete characters along
a PST generated using MrBayes v3.2.1 [45]. The PST was
obtained during MCMC convergence from two independent
runs with 2 x 107 generations and sampled at each 2,000
generations, employing the GTR+I+[, substitution model.
Transition rates (q) were estimated using the APE package
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v3.06 [46] implemented in the R statistical environment v2.15.2
[47], under three different models: completely asymmetrical
(ARD), symmetrical (SYM) and equal rates (ER). The best-fit
model to our data was chosen by the comparison of the
marginal Likelihoods from each one after 10,000 bootstrap
replications, using the method proposed by Suchard et al. [48]
implemented in Tracer v1.5. Due to the great uncertainty on the
phylogenetic topologies obtained from HIV sequences and
given that the estimated q values are subject to this issue,
outliers from g’ s distribution were removed using the boxplot
function in R.

GenBank accession numbers

Nucleotide sequences obtained during our study have been
assigned GenBank accession numbers KF247210, KF255836-
KF255866.
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Results

Identification of multiple HIV-1 subtype C introductions
in Brazil

Four different datasets were used to reconstruct the origin
and spatiotemporal dynamics of HIV-1 subtype C in Brazil
(Tables S1 to S4). The transition/transversion vs divergence
graphics and the likelihood-mapping analyses showed that all
HIV-1 subtype C pol datasets used in this study contain
enough evolutionary information for reliable phylogenetic and
molecular clock inferences (Figure S1). The first dataset, here
called Cprigr (Table S1), was used to characterize the
relationship between viruses sampled in Brazil (n = 209) with
those circulating at 13 African countries (n = 1,961) with an
estimated subtype C prevalence >5% [2]. The Brazilian
subtype C strains were initially compared with those sequences
from South Africa that represent the majority (52%) of subtype
C sequences in our dataset. The close relative South African
sequences were selected up to a maximum of 100 (Figure S2)
and combined with subtype C sequences from the other
African countries. The final ML phylogenetic tree revealed that
most (98%) subtype C sequences from Brazil branched within
a single monophyletic cluster (Cgg, aLRT = 0.86) that was
nested within a highly supported subtype C monophyletic clade
(Cea, aLRT = 0.90) (Figure 2). The Cg, clade has been
previously associated to the east African region [26] and
comprise 73% of sequences from east Africa, 9% of sequences
from central Africa, and none of sequences from southern
Africa included in this analysis. Five (2%) Brazilian subtype C
sequences branched outside the Cgz, clade, constituting
independent lineages. The lineage Cgg, branched within the
Cea clade, while the remaining four lineages (Cgry t0o Cgryvi)
were dispersed outside that clade (Figure 2). All Brazilian
subtype C sequences that branched outside the Cgg, clade
were sampled from Brazilian individuals who live in RJ state
and were diagnosed with HIV-infection between 2006 and
2011.

Origin of Brazilian HIV-1 subtype C clades

The origin of each Brazilian HIV-1 subtype C clade was
reconstructed using a Bayesian statistical framework that
allows ancestral reconstruction of the locations at the interior
nodes of Bayesian trees while accommodating phylogenetic
uncertainty. To trace the origin of the Cgg, clade we used a
dataset (Cgaigry) that combines all sequences from east Africa
(n = 236) that branched within the Cg, clade and a subset of
Brazilian sequences (n = 30) that were representative of the
Cgr, lineage (Table S2). The median evolutionary rate of the
Ceasgra POl dataset, estimated under a chronological time-scale
employing the dates of the sequences, was 1.8 x 102 (95%
highest posterior density [HPD]: 1.3 x 10 - 2.4 x 1073) subst./
site/year. The Bayesian MCC tree indicates that the Cgg, clade
most probably originated in Burundi (posterior state probability,
PSP = 1) at around the middle 1970s, coinciding with the
emergence of other major country-specific subclades in several
east African countries including: Ethiopia (Cgr), Kenya (Cyg),
Tanzania (C;;) and Uganda (Cg) (Figure 3).
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To determine the most probable geographic origin of the
minor Brazilian subtype C clades we used an independent
dataset (Carrsgraivi) that combines the sequences Cgr, to Cgr.
v, their closest relative African sequences that branched with
each minor Brazilian clade until the second ancestral node in
the ML phylogenetic tree, and those subtype C sequences
isolated world-wide with the highest BLAST search similarity
score (> 95%) to each of the minor Brazilian subtype C
lineages (Table S3). The Bayesian MCC tree suggests that the
Cgr.i clade most probably originated in Burundi (PSP = 0.67) or
Kenya (PSP = 0.14), the Cgr,, clade in Zambia (PSP = 0.65) or
South Africa (PSP = 0.34), the Cgr,y clade in Angola (PSP =
0.70) or Zambia (PSP = 0.15), the Cgg.y clade in Kenya (PSP =
0.89) and the Cgg., clade in South Africa (PSP = 0.99) (Figure
4).

Spatiotemporal dispersal pattern of the HIV-1 Cg,, clade

To reconstruct the spatiotemporal dynamics of dissemination
of the major Brazilian clade we used a fourth dataset (Cg.gr.)
that comprises all Brazilian subtype C sequences that
branched within the Cgg, clade and a subset of 10 closely
related sequences from Burundi (Table S2). The median
evolutionary rate for this subtype C pol dataset also estimated
under a chronological time-scale employing the dates of the
sequences was 2.0 x 10 (95% HPD: 1.4 x 103 - 2.6 x 1079)
subst./site/lyear. The Bayesian analysis placed the most
probable root location in the state of PR (PSP = 0.83), followed
by SC (PSP = 0.15), and set the maximum and minimum dates
for such a founder event to 1972 (median T,,, of the Brazilian
and the closest Burundian sequences) and 1976 (median T,
of the Cgg, clade), respectively (Figure 5). The overall topology
of the Bayesian phylogenetic tree showed a great level of
phylogenetic intermixing of Brazilian subtype C sequences
from different geographic locations, with the exception of RS. A
high proportion (78%) of subtype C sequences from RS
branched within a single state-specific monophyletic cluster
(Cgrrs) (Figure 5). This analysis also identifies seven highly
supported (posterior probability, PP > 0.85) geographic-specific
monophyletic clades of small size (2-3 sequences) outside the
southern region (RJ = 4, SP =1, GO/MT = 1 and GO/MS = 1)
(Figure 5). These local clusters comprise 11 (35%) out of 31
subtype C sequences from RJ, 2 (11%) out of 18 sequences
from SP and 5 (21%) out of 24 sequences from the central-
west region.

Reconstruction of viral migrations across time with the
BEAST program revealed a rapid dissemination of the virus
across Brazilian regions (Figure 6A). Between 1976 and 1980,
the virus moves from PR to SC and from there to RS. During
the 1980s, the virus migrates from PR to the southeast and
central-west regions and from SC to RJ. In the following years,
migration events from PR to RS, from SC to SP and the
central-west region, and from RS to the southeast region were
also registered. The Bayes factor (BF) tests for significant non-
zero rates indicate well-supported rates (BF > 5) between
PR/SC, PR/SP and PR/central-west region, and weakly
supported rates (BF > 2) between PR/RS, PR/RJ, SC/RS and
SC/RJ (Figure 6B). Viral movements among Brazilian localities
were also estimated with the APE package. By comparing the
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Figure 2. ML tree of HIV-1 subtype C pol (~1,000 bp) sequences from Brazil (n = 209) and the central (n = 53), eastern (n =
332) and southern (n = 645) African regions. The color of the branches represents the geographic region from where the subtype
C sequences originated, according to the legend and map provide in the figure. The dotted boxes highlight the position of the
Brazilian subtype C lineages (Cgr, to Cggr.y) that branched outside the major Brazilian clade (Cgg,). A close view of the minor
Brazilian subtype C lineages and the most closely related African sequences is also provided. For visual clarity, the Brazilian clade
Cgr. and some clades that comprised mostly sequences from central, eastern or southern Africa were collapsed into triangles. The
aLRT support values are indicated only at key nodes. The tree was rooted using HIV-1 subtype A1 and D reference sequences
(black branches). Horizontal branch lengths are drawn to scale with the bar at the bottom indicating nucleotide substitutions per site.
doi: 10.1371/journal.pone.0074072.g002
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molecular clock.
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available in Google™ Earth (http://earth.google.com). (C) Major estimated viral transitions rates (q) as measured by the APES
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doi: 10.1371/journal.pone.0074072.g006

marginal likelihoods for each model, we found that the
asymmetric one outperformed the other two models (Figure S3
and Table S4). Confirming previous analysis, PR and SC
states displayed the most representative estimates of viral
exchange and also acted as the most important hubs of spread
to the southeast and central-west regions (Figure 6C and S4).
This analysis further suggests that SP could be a secondary
hub of viral dissemination to the south and central-west regions
(Figure 6C and S4); while RS, RJ and the central-west regions
came out as receiving ends (i.e., a sink), having few lineages
moving to other states (Figure 6C and S4).

Human mobility and spread of the HIV-1 Cg, clade

To test the relevance of human mobility on the dissemination
of HIV-1 subtype C epidemic in Brazil, viral transition rates
estimated from the APE package were fitted to the routine
travel and road distances between Brazilian localities from the
south, southeast and central-west regions (Table S5). We
found that viral movement between localities trend to be
positively correlated with routine traffic among them (Figure
7A), although such a correlation became statistically significant
(P < 0.05) only after the routine traffic was adjusted according
to the estimated prevalence of subtype C in the state of origin
(Figure 7B). We also found a significant negative correlation
between viral transition rates and road distance, irrespective of
the adjustment to the prevalence of subtype C in the state of
origin (Figure 7C and 7D). Despite the statistical significance,
the correlation coefficients obtained for all associations were
low (R? < 0.4).

PLOS ONE | www.plosone.org

Discussion

The results presented here confirm the hypothesis that the
major HIV-1 subtype C lineage circulating in Brazil (Cgg,)
originated in east Africa [4,7,8] and further show that this
Brazilian lineage belongs to the previously called Cg, clade
[26]. It has been estimated that the Cg, clade comprises 100%
of the HIV-1 subtype C sequences from Burundi, 97% from
Uganda, 64% from Kenya, 61% from Ethiopia, 49% from
Tanzania and 9% from central African countries; while it is
absent or extremely rare in southern Africa [26]. Among all
African countries where the Cg, clade circulates, Burundi is the
most probable source of the Brazilian Cgg, lineage.

The median T,,, of the Cgg, clade was previously estimated
at 1980-1983 [4], 1977-1980 [8] and 1962-1977 [5]. The two
datasets here analyzed (Cgasgr. @nd Cg.gr.) COnsistently traced
the origin of the Cgg, clade back to the middle 1970s
(1974-1976) and situate the median upper and lower limits for
subtype C introduction in Brazil at 1972 and 1976, respectively.
This time-frame coincides with the onset date of other major
country-specific Cg, subclades detected in Ethiopia, Kenya,
Tanzania and Uganda [26]. Interestingly, the estimated
dissemination of the Cg, clade from Burundi to other east
African countries and Brazil overlapped with the first major civil
conflict that took place in Burundi in 1972 and generated
around 300,000 refugees [49]. This large human migration flow
exiting Burundi may have played a crucial role in the regional
and international dissemination of the Cg, clade. The exact
route of migration of the Cg, clade from Burundi to Brazil,
however, remains unclear. It has been suggested that the
United Kingdom (UK) may have acted as a staging post in the
dissemination of subtype C between east Africa and Brazil [8];
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but another study found no evidence of viral flow from the UK
to Brazil, only from east Africa and Brazil to the UK [5].

Our phylogeographic reconstruction places the root of the
Cgry Clade in the state of PR with highest probability (PSP =
0.83), in agreement with previous studies [5,25]. By the early
1980s, the Cgg, clade was already disseminated to the other
southern Brazilian states, while between 1983 and 1988 the
virus reached the southeast and the central-west regions.
Despite a long-standing presence of the Cgg, clade in all
Brazilian regions, the final outcome of this HIV-1 clade across
localities vary greatly. While subtype C accounts for 20-80% of
HIV-1 infections in the southern states, the prevalence of this
subtype remains < 10% in the southeast and central-west
regions. A recent study also showed an important expansion of
HIV-1 subtype C infections amongst pregnant women from
interior cities from the GO state, but not among those from the
metropolitan area [16]. Thus, factors other than viral genetic
characteristic and/or timing of viral introduction have shaped
the expansion rate of the Cgg, clade in different Brazilian
regions. We propose that difference in the HIV transmission
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networks operating across localities may have contributed to
such a heterogeneous spatial distribution pattern.

The states of PR and SC seems to be the main hubs of
dissemination of the Cgg, clade, exporting viruses to the other
states. Estimation of viral movements with the APE package
suggests that SP could be a secondary hub of viral
dissemination sending viruses to the south and central-west
regions; although this epidemiological link was not confirmed in
the analysis with the BEAST program. Despite the high
prevalence of subtype C and the large number of HIV cases in
RS, this southernmost state seems to have a marginal role in
the dissemination of the Cgg, clade, sending only a few viral
lineages to SC, SP and RJ. The results presented here point to
a partially isolated subtype C epidemic in RS, consistent with
our previous findings [25]. A large proportion (78%) of subtype
C infections in RS appeared to be the result of the in situ
dissemination of a single local sublineage (Cgg.rs) that probably
emerged at around 1980 and is mostly restricted to that area.
Some highly supported geographic-specific monophyletic
clades of small size were also identified in RJ, SP and the
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central-west region, revealing the existence of local
transmission networks operating outside the southern region.

Routine travel and spatial accessibility among Brazilian
regions has been pointed as possible driving forces of subtype
C dissemination [5,25] and our results are fully consistent with
this model. Viral exchanges between Brazilian localities
increase as the routine traffic increases and the road distance
(accessibility) decreases. The seeding of subtype C in the
central-west region mainly from PR is also in line with the
recent human migration in that direction, due to soybean
plantation and similar agricultural activities. The HIV-1 subtype
C prevalence in each locality seems to be another important
factor to explain the rates of viral migration. The overall low
prevalence of subtype C in SP (<10%) and RJ (<1%), for
example, may explain the low viral exchange between both
states despite their close geographical proximity and high
routine traffic. By contrast, accessibility, human mobility and
subtype C prevalence cannot explain the low level of viral
migration from RS to SC. Indeed, the low correlation
coefficients observed (R? < 0.4) indicate that additional factors
also have influenced the viral dissemination process.

While the Cgr, lineage was the only subtype C clade
detected in the southern and central-west Brazilian regions,
five additional subtype C introductions were detected in the
southeast region, particularly in the state of RJ. Although those
five subtype C viruses may have been acquired locally, there is
no evidence that they have become widely disseminated in the
country as they were represented by only one individual each.
Other studies have also identified the circulation of HIV-1
variants of African origin in the states of RJ and SP, including
subtype D and the CRF02_AG [10,20,50,51,52]. These states
host large international airports, ports and sociocultural and
economic events, which create an excellent milieu for the
introduction of new HIV-1 strains in the area. Of note, our
phylogeographic analyses suggest that two of those five
subtype C viruses introduced into RJ were probably imported
from Burundi and/or Kenya. The identification of these
additional  introductions  uncovers the existence of
unrecognized transmission networks linking Brazil to east
Africa.

The unequal number of sequences available from different
countries and Brazilian regions can introduce large biases in
phylogeographic reconstructions and influence the conclusions.
Some of our key findings, however, were robust to the
sampling scheme used here. Although most (39%) HIV-1
sequences of the Cg, clade were from Burundi, a putative
epidemiological link between the Brazilian lineage Cgg, and any
other east African country could be easily established because
most sequences from Ethiopia, Kenya, Tanzania and Uganda
were distributed in well defined country-specific sub-clades.
The clade Cggr,, however, was clearly placed among Burundian
sequences and outside the major specific sub-clades from the
other east African countries, thus supporting the Burundian
origin of that major subtype C Brazilian lineage. Our study also
indicates that PR was the most probable entrance point and
one of the main hubs of dissemination of clade Cgg, in Brazil
despite the majority of subtype C Brazilian sequences within
the major clade were from RS and SC.
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In summary, the results presented here suggest that the
HIV-1 subtype C epidemic spreading in most Brazilian states
was initiated at around the middle 1970s by the introduction of
a single founder strain originated in Burundi. Such a founder
subtype C variant was probably introduced into PR and was
rapidly disseminated to the other Brazilian states, originating
the major Cgg, clade. The states of PR and SC seem to be the
most important hubs of the HIV-1 subtype C dissemination in
Brazil. The explanation for the dissemination process of Cgg,
clade in Brazil is multifactorial and includes human mobility,
accessibility, and local founder events among others. This
study also identifies a continuous introduction of new HIV-1
subtype C variants of African origin into the RJ state. These
results emphasize the importance of the continuous
surveillance of HIV-1 subtype C genetic diversity to understand
the dissemination dynamics of the Cgg, clade at country level
and for earliest detection of the introduction and dissemination
of newly emerging subtype C viral clades in the Brazilian
population.

Supporting Information

Figure S1. Substitution saturation and likelihood mapping
analyses. (A) Transition (blue line) and transversion (green
line) versus divergence plot for the different HIV-1 subtype C
pol datasets. (B) Percentage of dots plotted in each region of
the map after likelihood mapping of 10,000 random quarters
selected from the different HIV-1 subtype C pol datasets. Each
dot represents the likelihoods of the three possible tree
topologies for a set of four sequences (quartets) selected
randomly from the dataset. The dots localized on the vertices,
in the center and on the laterals represent the tree-like, the

star-like and the network-like phylogenetic signals,
respectively.

(PDF)

Figure S2. ML tree of HIV-1 subtype C pol (~1,000pb)

sequences from Brazil (n = 209) and South Africa (n =
1,031). Branches of Brazilian sequences are represented in
red. Those branches of South African sequences that were
more closely related to the Brazilian ones and were selected
for further phylogenetic analyses are indicated in green. For
visual clarity, some Brazilian and South African clades were
collapsed. The aLRT support values are indicated only at key
nodes. The tree was rooted using HIV-1 subtype A1 and D
reference sequences (gray branches). Horizontal branch
lengths are drawn to scale with the bar at the bottom indicating
nucleotide substitutions per site.

(PDF)

Figure S3. Distribution of the likelihood for three distinct
models of viral transition rates. ER: model with equal rates
among localities (black line). SYM: model with symmetric rates
among localities (blue line). ARD: model with asymmetric rates
among localities (red line).

(PDF)
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Figure S4. Estimated viral transition rates (q) to and from
each locality. All g lower than 0.5 were excluded for clarity. A
— RS (Rio Grande do Sul, in red). B-SC (Santa Catarina, in
blue). C-PR (Parana, in green). D-SP (Sao Paulo, in yellow). E-
RJ (Rio de Janeiro, in purple). F-CW (Central-west region, in
black). The arrows width is proportional to q (available in Table
S5).

(PDF)

Table S1. HIV-1 C k.5 dataset.
(DOC)

Table S2. HIV-1 Cgp.gry and Cgyugr., datasets.
(DOC)

Table S3. HIV-1 C,prigravi dataset.
(DOC)

Table S4. Harmonic mean of Likelihoods for distinct
models of viral transition rates.
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Table S1. HIV-1 Carr+er dataset.

Region Country/State N Sampling date
PR 39 2001-2007
Brazil (South) RS 55 1992-2006
SC 41 2008-2009
RJ 32 2003-2011
Brazil (Southeast)
SP 18 2004-2009
Brazil (Central-west) GO/MT/MS 24 2003-2010
Angola 31 2001-2010
Central Africa

Democratic Republic of Congo 22 2002-2007

Botswana 70 2001

Malawi 46 2002
Mozambique 101 2002-2004

Southern Africa

South Africa 1,031 1999-2009
Zambia 150 1998-2008

Zimbabwe 178 2007

Burundi 92 2002
Ethiopia 82 1986-2003
East Africa Kenya 39 1991-2007
Tanzania 81 1997-2009
Uganda 38 1990-2010




Table S2. HIV-1 Cea+gr-1 and Cgi+gr- datasets.

Dataset Region Country/State N Sampling date
PR 10 2001-2006
Brazil (South) RS 10 1992-2006
SC 10 2008-2009
Burundi 92 2002
CeA+BR-I .
Ethiopia 47 2002-2003
East Africa Kenya 24 2004-2007
Tanzania 40 2005-2009
Uganda 33 1990-2010
PR 39 2001-2007
Brazil (South) RS 55 1992-2006
SC 41 2008-2009
CgI+BR-I RJ 27 2003-2011
Brazil (Southeast)
SP 18 2004-2009
Brazil (Central-west) GO/MT/MS 24 2003-2010
East Africa Burundi 10 2002




Table S3. HIV-1 Carr+Br-11-vi dataset.

Region Country/State N* Sampling date
Brazil (Southeast) RJ 5 2006-2011
Central Africa Angola 2 (2/0) 2001-2010
Burundi 9 (3/6) 2002
Ethiopia 3 (0/3) 1996-2003
East Africa Kenya 15 (14/1) 2004-2007
Tanzania 2 (2/0) 2005
Uganda 1 (1/0) 1997
Botswana 4 (0/4) 2000-2001
Malawi 4 (0/4) 2000-2009
Mozambique 1 (1/0) 2002
Southern Africa
South Africa 32 (19/13) 2000-2009
Zambia 15 (2/13) 1989-2008
Zimbabwe 2 (2/0) 2007
Western Africa Senegal 2 (0/2) 1990-2003
China 1(0/1) 2004
Asia
India 1(0/1) 2000
Austria 1(0/1) 2004
Europe
Sweden 1(0/1) 2004

*In parenthesis is indicated the number of non-Brazilian reference sequences selected using ML

analysis/BLAST.



Table S4. Differences among harmonic mean of Likelihoods for three distinct transition models.

Model In P(model | data) S.E. Equal rates Symmetric rates Asymmetric rates
Equal rates -321,307 +/- 0.078 - -15,145 -18,754
Symmetric rates -306,162 +/- 0.106 15,145 - -3,609
Asymmetric rates -302,553 +/-0.152 18,754 3,609 -




Table S5. Viral transition rates, routine travels and road distances between localities.

. Cc
Routine travels

Localities” Transition rate (q)b (people  trip)/1,000 Road distances (Km)¢
RJ to SC 0.88 39 1144
PR to SC 3.06 618 300
SP to SC 2.43 1320 705
RS to SC 0.86 409 476
CW to SC 1.52 0 1493
SCto RJ 1.64 80 1144
PRto RJ 1.67 0 852
SP to RJ 0.46 171 429
RSto RJ 0.90 4 1553
CW to RJ 0.10 1 1338
SCto PR 4.82 267 300
RJ to PR 0.00 19 852
SP to PR 2.27 86 408
RS to PR 0.00 59 711

CW to PR 1.07 107 1186
SC to SP 1.05 158 705
RJ to SP 0.21 526 429
PR to SP 2.79 1223 408
RS to SP 0.41 147 1109
CW to SP 0.34 608 926
SCto RS 3.35 34 476
RJ to RS 0.00 45 1553
PR to RS 0.64 42 711
SP to RS 1.10 33 1109

CW to RS 0.00 0 1847

SC to CW 1.27 24 1493
RJto CW 0.79 17 1338
PR to CW 2.70 102 1186
SP to CW 1.74 726 926
RS to CW 0.32 0 1847

2 RS (Rio Grande do Sul), SC (Santa Catarina), PR (Parand), RJ (Rio de Janeiro), SP (Sao Paulo) and CW
(Central-west Region). ® Mean transition rates (q) estimated for the posterior set of 18,000 trees using the
APE package. ¢ Routine traffic amongst states according to estimations of the Public Ministry of Tourism

(http://www.dadosefatos.turismo.gov.br/export/sites/default/dadosefatos/demanda_turistica/domestica/downlo

ads_domestica/Relatxrio_Executivo_Tur_Dom_2007.pdf) for the year 2007. ¢ Road distances between state’s

capitals (the capital of Goiéas state was used as reference for the central-west region).


http://www.dadosefatos.turismo.gov.br/export/sites/default/dadosefatos/demanda_turistica/domestica/downloads_domestica/Relatxrio_Executivo_Tur_Dom_2007.pdf
http://www.dadosefatos.turismo.gov.br/export/sites/default/dadosefatos/demanda_turistica/domestica/downloads_domestica/Relatxrio_Executivo_Tur_Dom_2007.pdf
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Resumo:

O CRF02_AG do HIV-1 é responsavel por pelo menos 8% das infec¢des pelo
HIV-1 mundialmente e esta distribuido principalmente na Africa Ocidental. O
CRF02_AG foi recentemente relatado em paises onde ndo é nativo, incluindo o
Brasil. Em um estudo prévio, que incluiu 10 amostras de CRF02_AG brasileiras, nos
encontramos pelo menos quatro introducdes independentes e duas redes de
transmissao autéctones deste clado no Brasil. Como mais amostras de CRF02_AG
foram identificadas no Brasil, n6s realizamos uma nova analise filogeografica
utilizando um dataset maior que o anterior. Um total de 20 sequéncias brasileiras (18
do Rio de Janeiro e duas de S&o Paulo) e 1.485 sequéncias africanas do gene pol
de CRF02_AG do HIV-1 forma analisadas utilizando maxima verossimilhanca (MV).
A arvore de MV demonstrou que as sequéncias brasileiras se distribuiram em cinco
linhagens distintas. A analise filogeografica bayesiana das sequéncias brasileiras e
das sequéncias africanas mais intimamente relacionadas (n = 212) situaram a
origem de todas as linhagens brasileiras na Africa Ocidental, provavelmente Gana,
Senegal e Nigéria. Dois clados monofiléticos foram identificados, formados somente
por sequéncias do Rio de Janeiro, e sua data de origem foi estimada por volta de
1985 (95% da maior densidade a posteriori: 1979-1992). Estes resultados suportam
a existéncia de pelo menos cinco eventos independentes de introdugéo da linhagem
CRF02_AG da Africa Ocidental no Brasil e também indicam que pelo menos duas
destas linhagens tem se disseminado localmente no estado do Rio de Janeiro pelos

ultimos 30 anos.
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Abstract

HIV-1 CRF02_AG is responsible for at least 8% of the HIV-1 infections worldwide and is distributed mainly in
West Africa. CRF02_AG has recently been reported in countries where it is not native, including Brazil. In a
previous study including 10 CRF02_AG Brazilian samples, we found at least four independent introductions
and two autochthonous transmission networks of this clade in Brazil. As more CRF02_AG samples have been
identified in Brazil, we performed a new phylogeographic analysis using a larger dataset than before. A total of
20 Brazilian (18 from Rio de Janeiro and two from Sao Paulo) and 1,485 African HIV-1 CRF02_AG pol
sequences were analyzed using maximum likelihood (ML). The ML tree showed that the Brazilian sequences
were distributed in five different lineages. The Bayesian phylogeographic analysis of the Brazilian and their
most closely related African sequences (n=212) placed the origin of all Brazilian lineages in West Africa,
probably Ghana, Senegal, and Nigeria. Two monophyletic clades were identified, comprising only sequences
from Rio de Janeiro, and their date of origin was estimated at around 1985 (95% highest posterior density:
1979-1992). These results support the existence of at least five independent introductions of the CRF02_AG
lineage from West Africa into Brazil and further indicate that at least two of these lineages have been locally

disseminated in the Rio de Janeiro state over the past 30 years.

T HE HUMAN IMMUNODEFICIENCY VIRUS TYPE 1 (HIV-1) is
classified into four groups (M, N, O, and P), each one
representing independent zoonotic transmission events to hu-
mans." The M group is responsible for the worldwide pan-
demic, having evolved and diversified into different c:lades,2
characterized by an extensive genetic diversity and further
subdivided into pure subtypes (A-D, F-H, J, and K), sub-
subtypes (Al1-A4, F1-F2), 72 circulating recombinant forms
(CRFs) and multiple unique recombinant forms (URFs) (Los
Alamos HIV Sequence Database—www .hiv.lanl.gov/).
Among the CRFs, the CRF02_AG is the most prevalent
worldwide and is responsible for at least 8% of the HIV-1
global infections.® This recombinant is distributed mainly in
West Africa and, to a lesser extent, in the Middle East and
North Africa. In recent years, an increase in the number of
CRFO02_AG-infected patients has been observed in Europe,“’6
North America,7’8 and South America,9’12 probably due to
migrations from African endemic regions. In Brazil, HIV-1
molecular epidemiology studies based in the pol gene have
identified a high prevalence of HIV-1 subtype B (70-90%),

followed by subsubtype F1 (5-15%) and subtype C (1-10%)
in almost the entire country, with the exception of the
southern re%ion, where subtype C reaches high prevalences
(25-66%).">°

Despite the predominance of subtypes B, F1, and C and
recombinants between them in the Brazilian HIV-1 epidemic,
clade CRF02_AG has already been described in the states of
Riode J aneiro,lo’lz’15 21 S50 Paulo,zz’23 Parzi,16 and Bahia,24
with prevalences between 0.2% and 1.9%, indicating a lim-
ited spread of this CRF in the country. However, these studies
were conducted with convenience samples that might not
represent the prevalence of this subtype in Brazil.

In a previous attempt to trace the origin of some of those
sequences, we have found that at least four introductions of
this clade occurred in Brazil and that at least two CRF02_AG
Brazilian lineages were successful in getting established and
disseminated throughout the Rio de Janeiro state. The precise
time and country of origin of those CRFO2_AG lineages in-
troduced in Brazil, however, remain unknown.'® As more
CRF02_AG samples have been identified in Brazil,lz’22 we

'Laboratério de AIDS & Imunologia Molecular, Instituto Oswaldo Cruz—FIOCRUZ, Rio de Janeiro, Brazil.
Laboratério de Virologia, Departamento de Patologia Clinica, Instituto Nacional de Saide da Mulher, da Crianga e do Adolescente

Fernandes Figueira—FIOCRUZ, Rio de Janeiro, Brazil.
3Hospital Geral de Nova Iguacu, Rio de Janeiro, Brazil.
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aimed to improve our knowledge about the spread of this
CRF infection through the country by using robust Bayesian
phylogeographic analysis to estimate the country of origin
and date of introduction of Brazilian CRFO2_AG lineages.

In this study, all available HIV-1 CRF02_AG pol se-
quences previously reported in Brazil (n=19, 17 from Rio de
Janeiro and two from Sao Pz:tulo)'o’lz’zl’zs’26 were combined
with one new CRF02_AG sequence obtained from a sample
collected from one antiretroviral (ARV)-naive pregnant
woman recruited at the Hospital Geral de Nova Iguacu
(HGNI), Rio de Janeiro. This sample was amplified and se-
quenced as described elsewhere.?” Brazilian sequences were
combined with all HIV-1 CRF02_AG pol sequences from
Sub-Saharan Africa available in the Los Alamos HIV Se-
quence Database (www.hiv.lanl.gov) that covered the entire
protease and partial reverse transcriptase (PR/RT) regions (nt
positions 2253-3272 relative to the HIV-1 HXB2 clone) and
had a known sampling year. Sub-Saharan Africa has an es-
timated CRFO2_AG prevalence of >7% and as the preva-
lence of this clade outside this region is very low,> sequences
from other countries were not included in the study. The
subtype assignment of all sequences was confirmed by the
REGA HIV subtyping tool v.2,*® neighbor-joining (NJ)
phylogenetic analysis, and bootscanning analysis. The NJ
phylogeny with HIV-1 group M subtype reference sequences
was constructed with MEGA 5.0 software®® under the
Tamura—Nei nucleotide substitution model.

Bootscanning analyses were performed with the Kimura
two-parameter model, within a 250bp window moving in
steps of 10 bases, using SimPlot 3.5.1 software.*® Sequences
with an incorrect CRF02_AG classification and multiple
sequences from the same individual were removed, as well as
sequences with 100% of identity recognized with the CD-
HIT suite online web server.>' These procedures resulted in
a final dataset composed by 1,505HIV-1 CRF02_AG pol

DELATORRE ET AL.

sequences (AFR-BR-I) sampled from 17 African countries
and Brazil (Table 1).

The phylogenetic signal of all datasets was evaluated by
substitution saturation analysis, plotting the observed number
of transitions and transversions against genetic distance for
each pairwise comparison using DAMBE 5.3 software®” and
with the likelihood mapping method®® by analyzing 10,000
random quartets using TREE-PUZZLE 5.2 software™ in the
web platform Mobyle@Pasteur (http://mobyle.pasteur.fr/).
Maximum likelihood (ML) phylogenetic tree of the
AFR-BR-I dataset was inferred under the GTR+1+1"4 nu-
cleotide substitution model, selected using the jModeltest
program.*® The ML tree was reconstructed with PhyML 3.0
software*® using an online web server’’ and visualized in
FigTree 1.4 software.’® A heuristic tree search was per-
formed using the SPR branch-swapping algorithm and the
reliability of the obtained topology was estimated with the
approximate likelihood ratio test (aLRT)* based on the
Shimodaira—Hasegawa-like procedure.

A second alignment (AFR-BR-II) was used for spatio-
temporal reconstruction (Table 1). This alignment included
all Brazilian sequences and the African sequences more
closely related to the Brazilian ones, branching with high
support (aLRT >0.8) up to the second ancestral node in the
ML phylogenetic tree. The evolutionary rate (p, nucleotide
substitutions per site per year, subst./site/year), the time of the
most recent common ancestor (Tyrca, years), and the geo-
graphic transitions of the AFR-BR-II dataset were jointly
estimated using the Bayesian Markov Chain Monte Carlo
(MCMC) approach as implemented in BEAST 1.8%**! with
BEAGLE to increase computational speed.*? Analyses were
performed using the GTR+I+1I'; nucleotide substitution
model, the uncorrelated relaxed lognormal molecular clock
model,** and the nonparametric Bayesian Skyline coalescent
tree prior as a coalescent demographic model.** Migration

TaBLE 1. HIV-1 CRF02_AG pol SEQUENCES DATASET COMPOSITION

AFR-BR-I (ML)

AFR-BR-II (Bayesian)

Region Country N % N Sampling date %
South America Brazil 20 — 19% 1998-2012 —
Central Africa Angola 1 0.1 0 — 0.0
DRC” 8 0.5 0 — 0.0
West-Central Africa Cameroon 538 36.2 22 1998-2009 10.4
Equatorial Guinea 21 14 1 2008 0.5
Gabon 57 3.8 2 2008 0.9
West Africa Benin 93 6.3 10 2004-2009 4.7
Burkina Faso 79 53 7 2003-2006 33
Cape Verde 41 2.8 16 20102011 7.5
Cote d’Ivoire 2 0.1 0 — 0.0
Gambia 1 0.1 0 — 0.0
Ghana 184 12.4 43 1993-2007 20.3
Guinea 1 0.1 1 2007 0.5
Guinea-Bissau 5 03 2 2004-2005 0.9
Liberia 1 0.1 0 — 0.0
Nigeria 165 11.1 38 1999-2009 17.9
Senegal 233 15.7 61 19982011 28.8
Togo 55 3.7 9 20062008 4.2

“The shortest sequence (KF922174) was excluded to avoid compromising the Bayesian estimates.

"The Democratic Republic of Congo.



ORIGIN OF HIV-1 CRF02_AG BRAZILIAN LINEAGES

events throughout the phylogenetic history were identi-
fied using a reversible discrete Bayesian phylogeographic
model*’ with a continuous-time Markov chain rate reference
prior.** MCMC chains were run for 2.5 x 10® generations and
adequate chain mixing was checked by calculating the ef-
fective sample size (ESS) after excluding 10% burn-in using
the TRACER 1.6 program.*’” Maximum clade credibility
(MCC) trees were summarized from the posterior set of trees
with TreeAnnotator 1.8*° and visualized with FigTree 1.4
software.*®

Transitions and transversions versus divergence analysis
and likelihood mapping indicated that both AFR-BR-I and
AFR-BR-II datasets retained enough phylogenetic signals for
consistent phylogenetic and molecular clock inferences
(Supplementary Fig. S1; Supplementary Data are available
online at www.liebertpub.com/aid). The ML phylogenetic
analysis of the AFR-BR-I dataset revealed that the 20
Brazilian CRF02_AG sequences formed two monophyletic
clusters, consisting of 11 (BR-I) and six (BR-II) sequences.
The remaining (three sequences) were sparsely distributed in
the ML tree, intermixed among sequences of African origin
(Fig. 1). We detected at least three independent introductions
of the CRFO2_AG clade in Rio de Janeiro (BR-I, BR-II and
06BRRJ34) and two in Sao Paulo (BR0O9SP371 and SP3686),
but only the introductions into Rio de Janeiro (BR-I and BR-
IT) seem to have been successfully disseminated locally.

The lineage BR-I formed a highly supported clade
(aLRT=0.93) composed by 11 sequences sampled be-
tween 2004 and 2012 from patients living in the state of
Rio de Janeiro. This lineage was described in our previous
work as being composed of three sequences isolated be-
tween 2004 and 2010,'° thus representing a four-times size
increase of this lineage size since our previous work. It is
noteworthy that seven of the new sequences were isolated
between 2005 and 2007 from patients classified as recent
HIV-1 seroconverters,12 whereas the remaining one was
isolated in 2012 from a 29-year-old pregnant woman di-
agnosed in the same year. The presence of HIV-1 recent
seroconverters indicates the occurrence of the local spread
of this CRFO02_AG lineage in the Rio de Janeiro metro-
politan region, at least in the past decade, probably through
heterosexual contacts.

The lineage BR-II was composed of six sequences, all
isolated from patients from Rio de Janeiro state that clustered
together with high support (aLRT =0.85). This CRFO02_AG
lineage was also described in our previous work as being
composed of five sequences isolated between 2006 and
2011."° The new sequence identified within this cluster was
isolated in 2002 from a patient attending the Army Health
Service in Rio de Janeiro®' and does not represent a recent
transmission event. The remaining CRF02-AG Brazilian
sequences (06BRRJ34, BR0O9SP371, and SP3686) did not
form clusters. The sequences 06BRRJ34 and BR0O9SP371
were already described in our previous work'® whereas se-
quence SP3686 corresponds to an CRF02_AG transmission
event previously unidentified.

Sequence BRO9SP371 was isolated in 2009 from an ARV-
naive adult patient newly diagnosed in the state of Sdo
Paulo,26 sequence 06BRRJ34 was isolated in 2006 from a
woman from the city of Rio de Janeiro,'” and sequence
SP3686 was isolated in 1998 from a blood donor at the Blood
Center of Sdo Paulo.”

The Brazilian HIV-1 CRF02_AG sequences were com-
bined with their most closely related African sequences in the
ML phylogenetic tree. The lineages BR-I and BR-II and se-
quence 06BRRJ34 were nested within a highly supported
CRF02_AG monophyletic clade (aLRT =0.92), mainly com-
posed of sequences from Senegal (31.8%), Ghana (23.5%),
and Cameroon (11.7%). Sequence BRO9SP371 was nested
within a cluster with high support (aLRT =0.87) composed
mostly of sequences from Cape Verde (57.1%). Sequence
SP3686 was located inside a relatively well-supported cluster
(aLRT =0.88) mostly composed of sequences from Nigeria
(82.1%) (Fig. 1).

Comparing the frequencies of each African country in the
complete (AFR-BR-I) and Brazilian-related (AFR-BR-II)
datasets, an increase in the frequency of some West African
countries including Ghana (from 12.4% to 20.3%), Nigeria
(from 11.1% to 17.9%), Senegal (from 23.3% to 28.8%), and
Cape Verde (from 2.8% to 7.4%) was noted as well as a
reduction in the frequency of some West-Central African
countries, mainly Cameroon (from 36.2% to 10.4%) and
Gabon (from 3.8% to 0.9%) (Table 1).

The geographic origin and time scale of Brazilian HIV-1
CRFO02_AG strains were inferred from the AFR-BR-II da-
taset using a Bayesian phylogeographic framework. The
median evolutionary rate of the AFR-BR-II pol dataset, es-
timated under a chronological time scale employing the dates
of the sequences, was 1.9x107 [95% highest posterior
density (HPD): 1.4 x 10> —2.4 x 10~°] substitutions/site/year,
consistent with previous estimations made from this CRF.*®
The estimated coefficient of rate variation in this dataset was
0.34 (HPD: 0.28-0.39), thus supporting a significant variation
of substitution rate among branches and the use of a relaxed
molecular clock model. The BR-I and BR-II lineages formed
highly supported monophyletic clades [posterior probability
(PP)=1] in the reconstructed Bayesian phylogeny and ap-
peared to have originated in Ghana [posterior state proba-
bility (PSP)=1 and PSP =0.94, respectively] at around 1985
(HPD: 1979-1992). The sequence 06BRRIJ34 probably
originated in Ghana (PSP=0.67) or Benin (PSP=0.27), the
sequence BRO9SP371 in Senegal (PSP=0.62) or Guinea-
Bissau (PSP=0.23), and the sequence SP3686in Nigeria
(PSP=1) (Fig. 2).

These results confirm that HIV-1 CRF02_AG strains
circulating in Brazil are closely related to those circulating
in western African countries from the Bight of Benin
(Ghana, Nigeria, and Benin), Senegal, and Guinea-Bissau,
where this CRF is highly prevalent.” Economic and cultural
relationships between these African countries and Brazil
are quite restricted, with the exceptions of Nigeria, for
which Brazil is an important trading partner (DESA/UNSD,
2013), and Guinea-Bissau, which shares the Portuguese
colonization and official language with Brazil.

West African countries have a long history of population
migration, internally and externally, traditionally following
old colonial linkages.*” In Ghana and Nigeria, the emigra-
tion rate intensified in the 1970s and 1980s, as economic and
political conditions Worsened,50 which may have contrib-
uted to the spread of HIV-1 CRF02_AG outside these
countries, possibly also to Brazil. Thus, the introduction of
CRFO02_AG strains into Brazil seems to be the result of
sporadic events, rather than the consequence of the contin-
uous mobility of people between Brazil and West Africa.
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FIG. 1. Maximum likeli-
hood (ML) tree of HIV-1
CRFO02_AG pol (~1,000pb)
sequences from Brazil (n=20)

BRo9Sp371 and African countries (n=

1,485). The tree was rooted
using HIV-1 subtype G se-
quences (black branches). The
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However, it is important to note that immigration of Africans
to Brazil has grown in recent years, mainly from Central and
West African countries.”’ These countries have HIV-1
prevalence rates among adults ranging from 1% to 5%°* and
this migration increase can contribute to the future intro-
duction and establishment of African HIV-1 variants in
Brazil.

branch colors represent the
geographic origin of the se-
quences, according to the leg-
end. The red boxes highlight
the position of the Brazilian
CRF02_AG sequences. For
visual clarity, some African
clades were collapsed in trian-
gles and only the clades most
closely related to the Brazilian
lineages and used in the sub-
sequent analysis are shown.
The sequences not used in the
phylogeographic analysis are
in gray. Asterisks point to key
nodes with aLLTR support val-
ues between 0.80 and 0.9 (¥)
and >09 (**). Horizontal
branch lengths are drawn to
scale with the bar at the bottom
indicating nucleotide substitu-
tions per site. Color images
available online at www.liebert
pub.com/aid

06BRRJ34

SP3686

It is necessary to consider the sampling bias caused by the
unequal number of sequences and countries used in the
phylogeographic reconstructions. Here, we included only
sequences from Sub-Saharan Africa, a region that has a
consolidated HIV-1 CRF02_AG epidemic, particularly
Western Africa, where the prevalence of this clade is ~ 50%.3
Outside this continent, reports of CRF02_AG are anecdotal,’
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except in Europe, where an increasing prevalence of CRF02_
AG among newly diagnosed HIV-1 infections was reported.>”
However, the estimated prevalence is <5% and this proportion
is mostly due to immigrants originating from Africa.”> This
study clearly demonstrates the dissemination of CRF02_AG
lineages of Western African countries to Brazil; however, the
exact route of migration of these lineages remains unclear. It
is not possible to exclude the hypothesis of Europe acting as a
staging post in the dissemination of CRF02_AG to Brazil;
however, the low prevalence of this HIV-1 clade in Europe
makes this scenario unlikely.

Dated phylogeny made it possible to estimate 1985 (HPD:
1979-1992) as the Tyrca of both BR-I and BR-II lineages,
thus suggesting that the HIV-1 CRF02_AG strains started to
circulate in Brazil around 10 years later than the other more
prevalent HIV-1 subtypes C and F1.>*¢ Although the con-
ditions of introduction of subtypes C, F1, and CRFO2_AG in
Brazil may have been similar, involving a single or a few
related strains of African origin,>**"~° the relatively late
spread of these CRF02_AG lineages may have limited the
dissemination of this viral clade, possibly because it was
introduced when the HIV-1 epidemic in Brazil started to
stabilize.®® Variation in the spread of different HIV-1 clades
may also be explained by differences in the efficiency of
transmission networks that promoted the initial dissemina-
tion of these lineages.

HIV-1 subtypes C and F1 may have been introduced and
initially disseminated through highly connected networks of
injection drug users.®’~®* The CRF02_AG clade, however,
seems to have been introduced and mostly disseminated in
poorly connected networks primarily involving sexual
transmissions, thus resulting in a limited propagation.

The results presented here add a body of evidence to
support the existence of at least five independent introduc-
tions of the CRF02_AG lineage from West Africa into Brazil
and further indicate that at least two of these lineages have
been disseminated in the Rio de Janeiro state for about 30
years, reinforcing the important role of this state in the in-
troduction of new HIV-1 strains of African origin. Previous
studies have also described the presence of HIV-1 lineages of
African origin in the Rio de Janeiro state, such as HIV-1
subtype D variants, probably originating from South Africa,**
and five HIV-1 subtype C lineages, probably imported from
different eastern and southern African countries.>* In addition,
the periodic isolation of typical African HIV-1 subtypes A, D,
and CRF02_AG in Rio de Janeiro reinforces the hypothesis that
these lineages are being introduced and becoming established in
this state, albeit in a minority form, '0-11:65-68 Altogether, the
continuous surveillance of HIV-1 genetic diversity is war-
ranted and fundamental to the early detection of the intro-
duction and dissemination of newly emerging viral clades in
the Brazilian epidemic, which may expose unknown trans-
mission networks.
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SUPPLEMENTARY FIG. S1. Phylogenetic signal measurement of the datasets. Transitions (s, blue line) and trans-
versions (v, green line) versus divergence plot for the HIV-1 CRF02_AG pol datasets AFR-BR I (A) and AFR-BR 1I (B).
Likelihood mapping diagram and percentage of dots plotted in each region of the map after likelihood mapping of 10,000
random quarters selected from the HIV-1 CRF02_AG pol datasets AFR-BR I (C) and AFR-BR II (D). Each dot represents
the probability of the three possible tree topologies for a set of four sequences (quartets) selected randomly from the dataset.
The dots localized on the vertices, in the center, and on the laterals represent the tree-like, the star-like, and the network-like

phylogenetic signals, respectively.
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Titulo: Near full-length genomes and the date of introduction of a CRF45_cpx HIV-1
lineage identified in Brazil

Autores: Edson Delatorre, Suwellen S.D. de Azevedo, Adriana Rodrigues-Pedro,
Carlos A. Velasco-de-Castro, José C. Couto-Fernandez, Jose H. Pilotto e Mariza G.
Morgado.

Resumo:

Pesquisas de epidemiologia molecular recentes identificaram algumas cepas
do HIV-1 originadas provavelmente na Africa circulando no Brasil, incluindo a Forma
Recombinante Circulante (CRF)45 cpx, um recombinante A1l/K/U complexo que
circula na Africa Central. Amostras recombinantes relacionadas ao CRF45_cpx
identificadas em estudos independentes conduzidos com individuos HIV+ no Brasil
tiveram seus genomas parciais e quase completos caracterizados e sua histéria
evolutiva reconstruida. As sequéncias virais foram obtidas por amplificacdes
sobrepostas seguidas de sequenciamento direto. Os perfis de recombinacdo foram
determinados por analises filogenéticas e de bootscanning. A historia evolutiva foi
estimada por analises bayesianas utilizando datasets dos genes gag, pol e env. Seis
das 10 amostras isoladas no Rio de Janeiro mostraram um padrdo similar ao
CRF45_cpx ao longo de todo o genoma. As restantes foram classificadas como
recombinantes de segunda-geracdo, exibindo os padrdes de mosaico:
CRF45_cpx/B/D/IF1/U, CRF45_cpx/B/F1/U, CRF45 cpx/B/U e CRF45 cpx/F1.
Todas as sequéncias CRF45 cpx brasileiras, exceto uma, formaram um clado
monofilético (CRF45-BR), que parece ser o resultado de um Uunico evento de
introducéo que se disseminou pelos estados do Rio de Janeiro, S&o Paulo e Minas
Gerais e é relacionado a sequéncias da Argentina, Itadlia e Bélgica. As analises
bayesianas indicaram datas de origem bastante semelhantes (~1984: 1976-1996)
para os trés genes. Estes resultados indicam que o clado CRF45-BR esta circulando
na regido Sudeste por cerca de 30 anos, embora sua presenca ndo tenha sido
detectada até recentemente devido a sua baixa prevaléncia. Isso reforca a
relevancia dos dados de vigilancia molecular em larga escala para identificar a

emergéncia de novas variantes do HIV e seu impacto sobre as epidemias locais.
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ABSTRACT

The HIV-1 epidemiology has changed over the past decade toward a marked increase in
the circulation of strains previously restricted to local epidemics. Recent molecular
epidemiological surveys identified some HIV-1 strains of probable African origin
circulating in Brazil, including the Circulating Recombinant Form (CRF) 45 cpx, a
complex A1/K/U recombinant that circulates in Central Africa. Here, we characterize
partial and near full-length genomes (NFLG) and reconstruct the evolutionary history of
HIV-1 CRF45 cpx-related recombinant samples identified in independent studies
carried out with HIV+ individuals in Brazil. The NFLG was obtained by overlapping
PCR amplifications followed by direct sequencing. Recombination profiles were
determined by phylogenetic and bootscaning analyses. The evolutionary history was
estimated by a Bayesian coalescent-based method using datasets representing the gag,
pol and env gene fragments. Six of the 10 samples isolated in Rio de Janeiro showed a
CRF45_cpx-like pattern throughout the whole genome. The remaining were classified
as  second-generation recombinants,  showing the  mosaic  patterns:
CRF45_cpx/B/D/F1/U, CRF45 cpx/B/F1/U, CRF45 cpx/B/U and CRF45 cpx/F1. All
Brazilian CRF45_cpx sequences, except one, formed a monophyletic clade (CRF45-
BR), which seems to be the result of a single introduction event that has spread to the
Rio de Janeiro, Sdo Paulo and Minas Gerais states and is related to sequences from
Argentina, Italy and Belgium. The Bayesian analyses pointed out quite consistent onset
dates for CRF45-BR clade (~1984: 1976-1996) in the three gene datasets. These results
indicate that the CRF45-BR clade has been circulating in the Southeastern Brazilian
region for about 30 years, although its presence was not detected until recently due to its
very low prevalence. This reinforces the relevance of large-scale molecular surveillance

data to identify the emergence of new HIV variants and their impact on local epidemics.
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INTRODUCTION

The human immunodeficiency virus type 1 (HIV-1) originated from multiple zoonotic
transmission events of simian immunodeficiency virus from non-human primates to
humans in Western-Central Africa in the first decades of the twentieth century [1]. One
of these transmission events originated the M group of HIV-1, that shortly thereafter
diversified into genetic subtypes (named A-D, F-H and J-K) and disseminated
worldwide, being currently the responsible for the HIV pandemic [2]. The distinct
chance of spread and establishment of lineages originated at the HIV-1 epicenter to
other geographical regions resulted in the current global HIV-1 subtype distribution [3].
Even though this distribution has been broadly stable over the 2000-2007 period, there
were dynamic changes in some regions, possibly due to several factors including
population growth, increasing migrations and founder effects [4].

In some regions, the epidemiology of HIV-1 has changed over the past decade towards
a marked increase in the circulation of non-B strains, such as Western Europe, for
example, that although having a characteristic epidemic marked by the predominance of
HIV-1 subtype B, increasing in the prevalence of other subtypes has been found, such
as the subtype G and CRF02_AG in Spain [5], the subtype D and CRF01_AE in France
[6] and subtype F1 in Italy [7]. This pattern is also observed in Brazil, where, despite
the HIV-1 epidemic being dominated by subtypes B, C, F1 and recombinants between
them, HIV-1 clades A, D and CRF02_AG were sporadically found [8-16]. In recent
years, additional isolations of HIV-1 strains containing subtype K and/or unclassified
(U) segments in the protease and reverse transcriptase (PR/RT) region of the pol gene
were described in apparently not linked individuals from the Southeast region of Brazil,
including vertically HIV-1-infected children in Rio de Janeiro [17] and Minas Gerais

states [18], blood donors in Sdo Paulo state [11,19], HIV-1-positive ARV-naive
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pregnant women [20] and individuals seeking HIV diagnosis [21], these last ones both
in the Rio de Janeiro state.

This pattern of recombination in PR/RT resembles that found in the HIV-1 complex
circulant recombinant forms (CRF) 04_cpx [22], 09 _cpx [23], 45_cpx [24] and 49_cpx
[25]. CRFO4_cpx is composed of fragments of subtypes A/G/H/K/U and has a
circulation almost limited to Cyprus and Greece [22]. CRF09_cpx displays a complex
A/G/IK/U mosaic pattern and circulates in Central and West Africa [23]. The
CRF45_cpx genome comprises subtypes A/K/U and circulates mainly in West-Central
Africa [24]. CRF49 _cpx circulates mainly in West Africa and has a genome composed
of subtypes A/C/J/K/U [25]. With the exception of CRF04_cpx, already established in
Europe, the other complex CRFs are rarely detected outside the African continent, with
occasional detections in United Kingdom [26], Spain [27] , France [28], Germany [29],
United States of America [30,31] and Brazil [19]. A Brazilian sequence first
characterized as an A1/K recombinant, based only on the pol gene sequence [11], was
reclassified as a CRF45_cpx after amplification of the viral near full-length genome
(NFLG) [19], reinforcing the importance of increasing genomic length in order to
improve HIV-1 subtype characterization.

As several HIV-1-recombinant strains carrying subtype K in the pol gene were
identified in HIV-1-positive individuals followed in independent studies carried out in
the Rio de Janeiro state in recent years, the objective of this study was to characterize
partial and NFLGs sequences of these strains and to reconstruct their phylogenetic
relationship and onset date using Maximum Likelihood and Bayesian coalescent-based

approaches.

MATERIAL AND METHODS
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Ethics statement

The sequences obtained in this study were retrieved from individuals recruited in the
context of different research projects involving molecular analyzes. The patients
enrolled in the research projects approved by the Evandro Chagas Clinical Research
Institute Ethics Committee (CAAE 0040.1.009.000-4; 0032.0.009.000-04 and
0130.0.009.016-05) signed the informed consent or the signature was obtained from
their relatives or guardians in the case of minor age individuals (<18 years old). The
patients involved in the research project approved by the Oswaldo Cruz Institute Ethics
Committee (CAAE 03925112.0.0000.5248) corresponded to HIV-1-infected individuals
that underwent standard clinical HIV resistance genotyping tests. These patients do not
signed informed consent and their data were analyzed anonymously.

Patient selection

From 2005 to 2014, 10 individuals infected with HIV-1 carrying mosaic genomes
composed by subtypes Al, K and/or U in the protease and reverse transcriptase
(PR/RT) region of the pol gene were recovered from different studies carried out by the
Laboratory of AIDS and Molecular Immunology (FIOCRUZ) in the Rio de Janeiro
state. The first recombinant sequence found (05BRRJLTS223) came from a HIV-1-
positive male, classified as long-term seroconverter based on the BED capture enzyme
immunoassay protocol, that had the blood sample collected in 2005 [21]. Two other
recombinant sequences came from HIV-1-positive ARV-naive pregnant women,
07BRRJPG144 and 08BRRJPG226, whose samples were collected in 2007 and 2008,
respectively [20]. Five patients corresponding to HIV-1 vertically infected children,
had samples collected in 2007 (07BRRJPC38) and 2009 (09BRRJCRO018,
09BRRJCR019, 09BRRJCR040, 09BRRJPC37). The samples 06BRRJRENK1 and

14BRRJRENKZ2, collected in 2006 and 2014, respectively, were from HIV-1-infected
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individuals that underwent HIV resistance genotyping tests through the Brazilian
Network for HIV-1 Genotyping (RENAGENO). Additional patient details are given in
Table 1.

Amplification and characterization of partial and near full-length HIV-1 genomes
DNA or RNA samples were extracted from 200 pl of whole blood using QIAamp DNA
blood Mini (Qiagen Inc., Valencia, CA) or 140 pl of plasma using QIAamp Viral RNA
Mini kits (Qiagen Inc., Valencia, CA), respectively, according to the manufacturer's
protocols. Partial and near full-length genomes were amplified by nested polymerase
chain reaction (PCR) of overlapped fragments covering the HIV-1 genome and directly
sequenced as previously described [32]. The sequences were submitted to GenBank,
and have the accession numbers: KX273355 — KX273376.

To determine the subtype of partial and NFLG sequences characterized in this study,
bootscaning analyses were performed using the Simplot version 3.5.1 [33]. Bootstrap
values supporting branching with reference sequences were determined by the neighbor-
joining (NJ) method using the Kimura-2-parameter distance model and 100 bootstrap
replicates of 400bp sliding windows with increasing steps of 40bp. Reference sequences
available in the Los Alamos HIV Database (http://www.hiv.lanl.gov/) of HIV-1 pure
subtypes (A-D, F-H, J, K) and subsubtypes (Al1-A4, F1-F2) were included in a first
analysis. Next, a second analysis was done, using all pure subtypes (except subtype A,
to avoid conflicting tree topologies with CRF45_cpx) and CRF04_cpx, CRF09_cpx,
CRF45 cpx and CRF49 cpx sequences. For each query sequence, an alignment
composed by each fragment between recombination breakpoints and the HIV-1 subtype
reference sequences was used to construct NJ phylogenetic trees under the Tamura-Nei
nucleotide substitution model and bootstrapping with 500 replicates using the MEGA

5.0 software [34] to confirm the subtype assignment.
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Sequence datasets and alignments

Three datasets were used in the phylogenetic analysis, representing the gag, pol and env
genes of HIV-1. The pol dataset is composed by whole PR/RT (HXB2: 2253 — 3272)
sequences from HIV-1 clades CRF04_cpx, CRF09_cpx, CRF45_cpx and CRF49 cpx,
I.e., CRFs with recombination breakpoints involving U and K in this region, available in
the Los Alamos HIV database (Figure S1). To complement this dataset, the basic local
alignment search tool (BLAST; www.ncbi.nlm.nih.gov/BLAST) was used to select
HIV-1 sequences isolated worldwide that displayed a high similarity score (>95%) to
the Brazilian strains and shared the genomic mosaic structure. All sequences were
inspected by bootscaning analysis and NJ, as described above, to verify the pattern of
recombination and those with a non-CRFs_cpx-like recombination pattern were
discarded from the dataset. The gag (HXB2: 1194 — 2021) and env (HXB2: 6850 —
7350) datasets corresponded to regions with absence of recombination and composed by
subsubtype Al in both the Brazilian and some complex CRFs (Figure S1). All
sequences that fulfilled these criteria (CRF09_cpx, CRF45_ cpx and CRF49 _cpx for gag
and CRF45_cpx for env) were retrieved from the Los Alamos HIV Database, as well as,
all HIV-1 sequences classified as subtypes A/A1/A2 at each gene region. Those isolates
included in the pol dataset from the BLAST search that also had sequences available in
the gag and env regions and met the criteria above were also added. The subtype
classification of all pol, gag and env sequences were verified by NJ phylogenetic
analysis, REGA HIV subtyping tool v.3 [35] and COMET v.2 [36] and those with
wrong classification were excluded from the final datasets. These approaches resulted in
three datasets containing 108 pol, 460 gag and 911 env sequences each (Table S1).
Sequences were aligned using CLUSTAL Omega [37], followed by manual editing of

some sites when necessary.
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Maximum likelihood phylogenetic analyses

The maximum likelihood (ML) trees were inferred with the PhyML program [38] using
an online web server [39] under the GTR+I+I"s nucleotide substitution model selected
using the jModeltest v.2 program [40]. The SPR branch-swapping algorithm was used
to perform the heuristic tree search and the branch support was estimated with the
approximate likelihood-ratio test (aLRT) [41] based on a Shimodaira-Hasegawa-like
procedure. Trees were rooted with HIV-1 subtype reference sequences. The ML trees
were visualized using the FigTree v1.4.2 program [42].

Temporal analysis of the Brazilian HIV-1 CRF45_cpx clade

A Bayesian Markov Chain Monte Carlo (MCMC) approach was used to jointly estimate
the phylogenetic tree, evolutionary rate (U, nucleotide substitutions per site per year,
subst./site/year) and the age of the most recent common ancestor (Twmrca, Years) of HIV-
1 CRF45_cpx-like dated sequences that composed the clades characterized in the ML
analyses and showed the same subtype pattern in each gene fragment. The MCMC
chains were implemented in BEAST v1.8.2 [43,44] along with the BEAGLE v2.1
library to improve computation time [45]. The uncorrelated lognormal relaxed
molecular clock model [46] and Bayesian Skyline coalescent tree prior [47] were used,
along with the nucleotide substitution models GTR+I+1"4, TN93+I+I's and GTR+I 4,
select by the jModeltest v.2 program [48] for the pol, gag and env datasets, respectively.
Informative  substitution rate priors for the pol (1.5x10° - 3.0x103
substitution/site/year) [49,50], gag (2x107 — 4.5x1073 substitution/site/year) [51-53] and
env (4x1073 — 7x10° substitution/site/year) [49] were provided for each run. MCMC
chains were run for 1-2x107 generations and adequate convergence was checked by
calculating the effective sample size (ESS) after excluding an initial 10% burn-in for

each run in TRACER v1.6 [54]. All parameter estimates for each run showed ESS
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values >200. Maximum clade credibility (MCC) trees were summarized from the

posterior distribution of trees with TreeAnnotator and visualized with FigTree v1.4 [42].

RESULTS

Classification of Brazilian HIV-1 A1/K/U recombinant pol samples

The BLAST search analysis of the 10 HIV pol A1/K/U Brazilian sequences recovered
24 sequences originated from Central (Congo and Democratic Republic of Congo),
West-Central (Chad) and West (Senegal) Africa, Europe (Belgium, France, Italy,
Norway, Poland, Spain and Switzerland) and South America (Argentina and Brazil)
initially classified as unique recombinant forms (URFs), U or even CRF06_cpx. All
Brazilian HIV-1 A1/K/U sequences from this study and those sequences recovered by
the BLAST analysis were reclassified as CRF45_cpx-like once they clustered with a
high support (aLRT = 0.98) inside the CRF45_cpx clade (Fig. 1 A. This clearly expands
the list of countries were the CRF45_cpx could be circulating.

Seven sequences recovered by BLAST were from Brazil and jointly with the new
samples from this study, except one (07BRRJPC38), formed a monophyletic clade
(CRF45-BR, aLRT = 0.70) along with a sequence isolated in Italy (EF488575). It is
noteworthy that one Argentinian sample, isolated from a heterosexual woman and
previously classified as a CRF06_cpx [55], formed a basal branch to the CRF45-BR
clade (aLRT =0.99). This clade seems to be the result of a single introduction event that
has spread to the Southeast region of Brazil, in the Rio de Janeiro, S&o Paulo and Minas
Gerais states (Fig.1 B). The largest number of CRF45_cpx-related sequences in Brazil
was found in Rio de Janeiro (n = 14), where this clade has spread to at least five

counties of the metropolitan and south state regions (Fig.1 B).
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The bootscaning analysis showed that although most Brazilian CRF45_ cpx-like pol
sequences formed a monophyletic clade, some sequences were actually second
generation recombinants (SGRs). Two recombination patterns were found, one
composed by CRF45 cpx and subsubtype F1 detected in two samples from Rio de
Janeiro recovered from heterosexual women, one of which was as a recent HIV
seroconverter (GenBank accession number (AN): KF922200) [21] and the other
(08BRRJPG226) an ARV-naive pregnant woman [20]. The other recombination pattern
comprised the CRF45 cpx and subtype B clades and was also found in two
heterosexual women, one recent seroconverter (AN: KF922154) [21] and a pregnant-
woman (07BRRJPG144) [20]. The sequence 09BRRJCRO019 clustered together with the
CRF45_cpx/B recombinants, however, it did not show the same recombinant pattern,
displaying a distinct U fragment in pol (Fig.1 A).

NFLGs of the CRF45_cpx-like and SGRs sequences identified in Rio de Janeiro
Among the 10 A1/K/U pol samples isolated in Rio de Janeiro, six were classified as
CRF45_cpx-like and the others as SGRs between CRF45 cpx and B, F1 or U clades
(Fig.1 A). Partial and NFLG of these isolates were obtained to unveil the mosaic
subtype structure along the genome. Nine isolates had at least portions of the three viral
structural genes gag, pol and env sequenced (Fig.2). Among the samples analyzed, six
showed a CRF45_cpx-like pattern throughout the whole genome. The remaining four
consisted of mosaic recombinants between HIV-1 clades CRF45_cpx, B, D, F1 and U.
None of the Brazilian SGRs shared a similar mosaic profile and no obvious preferred
location for Dbreakpoints was found. The observed mosaic patterns were
CRF45_cpx/B/D/F1/U, CRF45 cpx/B/F1/U, CRF45 cpx/B/U and CRF45 cpx/F1, all
displaying at least one recombinant fragment with subtypes B and/or F1, characteristic

of the Brazilian HIV epidemic (Table 1). Subregion tree analyses indicated that the
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subtype F1 fragments found in SGRs were of Brazilian origin (Fig. S2). This analysis
was not done with subtype B fragments, since the Brazilian epidemic is characterized by
multiple introductions of this subtype [56].

To confirm the shared ancestry of the Brazilian CRF45-BR pol clade previously
identified, partial genome sequences derived from the gag and env genes classified as
subtype Al (same subtype as observed in the CRF45 cpx genome) were analyzed.
Brazilian CRF45_cpx-like sequences were combined with HIV-1 sequences of subtypes
AJA1/A2 and other CRFs_cpx that share the same subtype composition in those regions
(Fig. S1). The ML phylogenetic analyses of gag and env regions confirmed the
monophyletic origin of the Brazilian CRF45-BR clade, that formed a highly supported
subgroup (aLRT > 0.95) nested within the CRF45 cpx radiation (Fig. 3 A and B).
Notably, two subtype Al sequences from Belgium clustered inside the CRF45-BR clade
in the env dataset. As expected, the sequence 07BRRJPC38 remained inside de
CRF45_cpx clade, but did not cluster within the CRF45-BR sub-clade, confirming the
independent origin of this CRF45_cpx-like strain.

Time-scale of the HIV-1 CRF45_cpx Brazilian clade

All HIV-1 sequences that clustered inside the CRF45_cpx clade in the ML analyses and
were not classified as SGRs were included in the Bayesian analyses. This resulted in
three datasets composed by 44 pol, 30 gag and 14 env sequences sampled between 1985
and 2014 (Table S2). Bayesian analyses revealed that the CRF45-BR clade formed a
highly (posterior probability, PP > 0.95) or relatively highly (PP = 0.77) supported
monophyletic group in all genomic regions (Fig. 4), consistent with the ML topology.
The median evolutionary rates calculated with informative priors under a relaxed
molecular clock model for pol, gag and env genes, were 1.58 x 10 subst./site/year,

2.15 x 107 subst./site/year and 4.77 x 107 subst./site/year, respectively (Table 2). The
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coefficient of rate variation estimated from all datasets was significantly higher than
zero (Table 2), thus supporting the use of a relaxed molecular clock model for all
genomic regions. Bayesian analyses pointed to quite similar median onset dates for the
CRF45_cpx clade between 1970 and 1975 and for the CRF45-BR sub-clade between
1981 and 1986 across genes (Table 2 and Fig. 4), indicating consistency in the estimates

despite the limited amount of sequences available.

DISCUSSION

In this study, we describe partial and near full-length genome sequences of HIV-1
samples previously classified as URFs bearing subtype K found in independent studies
carried out with HIV+ individuals from Brazil and reconstruct their evolutionary
history. Ten out of 16 Brazilian HIV-1 pol sequences bearing subtype K fragments
described in this study and recovered by BLAST were classified as CRF45_cpx-like
sequences and the remaining six were classified as SGRs between CRF45 cpx and
subtypes B, F1 and/or unclassified clades. Most CRF45_cpx-like and SGRs Brazilian
sequences were detected in heterosexual patients and vertically infected children from
the Rio de Janeiro state, indicating that these strains are mainly disseminating by
heterosexual contacts. This is in agreement with the actual main transmission route
among teens and adults in Brazil, in which heterosexual sex accounted for >75 percent
of all AIDS cases in the last ten years [57].

The BLAST search analysis of the CRF45_cpx-like Brazilian sequences recovered 30
pol sequences from Africa, Europe and the Americas previously designated as U,
URFs_UK or even CRF06_cpx that were reclassified in this study as CRF45_cpx-like.
It was already suggested that the classification of some sequences deposited in the Los

Alamos sequence database needs to be revised as a consequence of errors in the original
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subtype assignments [58]. The complex recombinants HIV-MAL and HIV-NOGIL
were among the sequences retrieved by BLAST, confirming the hypothesis that
CRF45_cpx is probably the common ancestor of these lineages [24]. Originally
restricted to Central African countries [59-61], the reclassification done in this study
expanded the geographic dissemination of the CRF45 _cpx clade to Europe (Belgium,
France, Italy, Norway, Poland, Spain and Switzerland) and South America (Argentina
and Brazil), indicating that at least fragments of this lineage could be circulating
worldwide, as previously proposed [24].

Nine samples isolated in Rio de Janeiro that branched inside the CRF45_cpx in the pol
ML tree had partial and near-full length genomes characterized. Five samples showed a
CRF45_cpx-like pattern throughout the whole sequenced genome. The remaining were
classified as SGRs, following the classification based in the pol gene alone, reinforcing
the power of this region to monitor changes in HIVV molecular epidemiology [62]. The
SGRs displayed at least one recombinant fragment composed by subtypes B and/or F1,
highly prevalent in the Brazilian HIV epidemic. The low prevalence of subtype B in the
Central Africa [4], and the phylogenetic relationship of the F1 genomic fragments of
SGRs with Brazilian subtype F1 clade, suggests that SGRs were generated locally after
the introduction of the CRF45_cpx lineage in Brazil. An issue with this hypothesis is
the presence of a subtype D fragment in one SGR. Although subtype D is rarely
detected in the Brazilian HIV-1 epidemic, it was repeatedly isolated in the Rio de
Janeiro state [63], which makes plausible the chance of local recombination between
CRF45_cpx and subtype D.

The HIV-1 epidemic seems to be evolving toward a more complex epidemiological
landscape. Even with limited circulation in Brazil, the CRF45_cpx lineage described

here seems to have already recombined with local HIV-1 strains, forming SGRs. In
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addition to constituting a further challenge to accurate virus genotyping and breakpoints
identification, the recombination may play an important role in the evolution of HIV-1,
providing biological advantage in replicative capacity [64] or favoring drug resistance
acquisition during antiretroviral therapy [65]. Brazilian recombinants bearing B and F1
subtypes seem to be associated with an accelerated CD4+ T-cell loss [66], however, the
clinical implications of the SGRs here described remain to be clarified.

The ML phylogenetic analyses of pol, gag and env genes revealed that nearly all
Brazilian CRF45_cpx-like sequences formed a highly supported monophyletic sub-
group, here denominated CRF45-BR, within the CRF45_cpx radiation. This strongly
support that most Brazilian CRF45_cpx-like sequences derived from a single
introduction event of this clade followed by local dissemination. Most HIV-1 sequences
composing the CRF45-BR clade were isolated in Rio de Janeiro, although a few
sequences from S&o Paulo and Minas Gerais were also detected, indicating that this
clade was probably introduced and is mostly circulating in the Southeast region of
Brazil. Previous studies also identified the circulation and local dissemination of other
HIV-1 clades of African origin (CRF02_AG and subtypes A and D) in Rio de Janeiro
[8,10,12,13,63,67]. The Brazilian Southeast region hosts the largest international
airports, ports, and sociocultural and economic events, which create a favorable
environment for the introduction and spread of new HIV-1 strains.

Of note, a few sequences from Italy and Belgium branched inside the CRF45-BR clade
in the pol and env ML analysis. The presence of sequences from Europe inside the
CRF45-BR clade may support a more global spread of this clade, however, the lack of
epidemiological information of these sequences [68,69] creates uncertainty about their
actual origin. Since a substantial portion of non-B clades found in Italy come from HIV-

1-infected Brazilian patients followed at Italian clinics [7], the lineage exportation
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scenario should be interpreted with caution. It is also interesting to note that an
Argentinian CRF45_cpx-like sequence branched with a high support at the base of the
CRF45-BR clade, supporting a single introduction event of the CRF45_cpx clade in
South America. Clearly, analyses using more samples are necessary to determine the
exact route of introduction and dissemination of the CRF45_cpx between Argentina and
Brazil.

Bayesian analyses of gag, pol and env genes traced the origin of the CRF45_cpx clade
back to the first half of 1970 decade (1971 — 1976). Interestingly, this time period
coincides with the upper and lower limits of the onset date of the CRF06_cpx [70] ,
another complex recombinant carrying subtypes A and K. Despite the recent detection
of the CRF45_cpx-like variants in Brazil, our estimations traced the origin of the
CRF45-BR clade to the first half of 1980 decade (1981 — 1986), suggesting that this
CRF has been circulating in Brazil for about 20-30 years before it has been detected by
the public surveillance system. It was proposed that the relatively late introduction and
differences of transmission network efficacies might have caused the limited spread of
CRF02_AG in Brazil [71] and this could be the same for the CRF45-BR clade. The
onset date of the CRF45-BR clade coincides to the time of introduction of the
CRF02_AG clade in Rio de Janeiro [71] and is later than that estimated for HIV-1
subtypes C and F1 in Brazil [56,72,73]. Furthermore, the majority of CRF45 cpx
samples were collected from or related to mother-to-child and heterosexual transmission
routes that are associated to a lower risk of HIV acquisition [74], thus resulting in a
more limited propagation.

One Brazilian CRF45_cpx sample branched outside the CRF45-BR clade, constituting
an independent introduction event of this clade in the country. This sequence showed a

U fragment in the PR region of the pol gene and although being isolated from a
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vertically-infected child that was born in Brazil, her mother was from Angola, where
she probably got HIV infected. Thus, this CRF45_cpx-like sequence probably
represents an independent introduction event of a CRF45_cpx-like strain in Brazil from
Angola, and not an autochthonous transmission event. This also demonstrates that more
CRF45_cpx lineages are being introduced in Brazil.

In summary, the results presented here unveil the existence of CRF45_cpx isolates in
Brazil, forming a monophyletic clade that originated around the middle of 1980s by the
introduction of a single founder strain in the Brazilian Southeast region, where it
probably recombined with local HIV-1 B and F1 lineages originating SGRs. The
Brazilian CRF45_cpx-like sequences are also closely related to HIV-1 sequences from
Argentina, Belgium and Italy, indicating the possible existence of an international
transmission network of this complex CRF. These results highlight the importance of
continuous molecular surveillance studies to identify the emergence and establishment

of new HIV variants in Brazil and its impact on local AIDS epidemic.
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Figure 1. Classification and distribution of the HIV-1 CRF45_cpx-related pol
sequences isolated in Brazil. A - Maximum likelihood (ML) phylogenetic tree of the
HIV-1 pol fragment from CRFs04/09/45/49 cpx, Brazilian sequences and the results of
the BLAST search. Branches are colored according to the legend at the bottom left.
Sequences from Brazil and those recovered by BLAST closely related to the Brazilian
clade are identified using a two letter code on the tip of the branch (RJ — Rio de Janeiro,
SP — S&o Paulo, MG — Minas Gerais, AR — Argentina and IT — Italy). For visual clarity,
some clades are collapsed into triangles. The branch support values are indicated as
black dots (aLRT > 0.80) or asterisks (aLRT > 0.90) at key nodes. Horizontal branch
lengths are drawn to scale with the bar at the bottom indicating nucleotide substitutions
per site and the tree is rooted using HIV-1 subtype B-K reference sequences.
Representative bootscanning plots of recombinant sequences are depicted on the right.
Query sequences were compared to reference sequences of HIV-as indicated in the
legend at top right. B — Map showing the locations where at least one HIV-1 Brazilian
CRF45_cpx-related sequence (described in this study or retrieved by BLAST) were
isolated. A close view in the distribution of the samples isolated in Rio de Janeiro at
county level are depicted in the right. States or counties with sample isolation are

colored red.

Figure 2. Schematic representation of the partial and near full-length genomic
structure and breakpoints profile of ten CRF45_cpx-related isolates identified in
this study. Each genomic fragment is colored in accordance with the legend at bottom
and the positions of breakpoints are numbered according to the HIV-1 HXB2 sequence

and indicated in the top.
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Figure 3. ML tree of the HIV-1 gag (A) and env (B) gene fragments from the HIV-
1 Brazilian, CRF45_cpx and related sequences. Branches are colored according to
the legend at the left. Sequences from Brazil, and those recovered by BLAST and/or
ML that are closely related to the Brazilian clade are identified using a two letter code
on the tip of the branch (RJ — Rio de Janeiro, SP — Sdo Paulo and BE — Belgium). For
visual clarity, some clades are collapsed into triangles. The branch support values are
indicated as an asterisk (aLRT > 0.90) at key nodes. Horizontal branch lengths are
drawn to scale with the bar at the bottom indicating nucleotide substitutions per site and

the tree was rooted using HIV-1 subtype B-K reference sequences.

Figure 4. Time-calibrated maximum clade credibility tree of HIV-1 CRF45_cpx
clades identified in the env, gag and pol ML analyses. Branches in the phylogeny are
colored according to HIV-1 clade as indicated at the legend at top-left. The posterior
probability is indicated at key nodes as an asterisk (>0.90). In each tree, the node
indicating the most recent common ancestor of the Brazilian CRF45_cpx sequences is
marked as a circle and the posterior probability density of the estimated age of theses

nodes are superimposed in blue.
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TABLES

Table 1 — Characteristics of the patient samples included in this study.

Year of Age Mode of . . Subtype
Sample collection (yegrs) transmission City of residence identifizgtion

05BRRJLTS223 2005 15-24 Heterosexual ~ Rio de Janeiro* CRF45 cpx
06BRRJRENK1 2006 35-49 N/A Rio de Janeiro CRF45_cpx
07BRRJPG144 2007 15-24 Heterosexual Rio de Janeiro CRF45 cpx/B/F1/U

07BRRJPC38 2007 <15 MTC Nova lguagu** CRF45_cpx/B/U
08BRRJIPG226 2008 15-24 Heterosexual Nova Iguagu CRF45_cpx/F1
09BRRJCRO018 2009 <15 MTC Rio de Janeiro CRF45_cpx
09BRRJCRO019 2009 <15 MTC Rio de Janeiro  CRF45_cpx/B/D/F1/U
09BRRJCRO040 2009 <15 MTC Angra dos Reis CRF45 cpx

09BRRJPC37 2009 <15 MTC Queimados CRF45 cpx
14BRRJRENK2 2014 25-34 Bisexual Belford Roxo CRF45_cpx

* City of sample collection. ** Parents from Angola. MTC — Mother-to-child, N/A - not available.



Table 2 - Bayesian estimates of evolutionary parameters of the global and Brazilian HIV-1

CRF45_cpx epidemic.

Gene U Coefficient of CRF45_cpx CRF458gr
(substitutions site’ year?) variation TMRcA TMRcA

a 2.15 x 103 0.33 1974 1986

9ad (2.0 x 10° — 3.14 x 10%) (0.15-052) (1967 -1981) (1980 — 1996)
ol 1.58 x 10° 0.49 1971 1981

P (150 x 10°-1.85x 10%)  (0.35-0.67) (1963 -1978) (1976 — 1987)
env 4.77 x 103 0.33 1976 1985

(4.0 x 103~ 5.85 x 10%) (0.13-0.58) (1967 —1984) (1977 — 1993)

The 95% HPD is displayed in parentheses.
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Figure S1. Recombination pattern of the circulant recombinant forms analyzed in this
study. Boxes representing gag (HXB2: 1194 — 2021), pol (HXB2: 2253 — 3272) and env
(HXB2: 6850 — 7350) gene fragments used in this study are superimposed on the graphical
illustrations of the CRFs04\09\45\49 _cpx genomes based on breakpoint data available in Los

Alamos HIV database and colored according to the legend at bottom.

Figure S2. Exploratory NJ trees of the HIV-1 subsubtype F1 fragments identified in the
second generation recombinants (SGR). The schematic representations of the NFLG are the
same presented in the Figure 2. The HIV-1 subsubtype F1 region analyzed of each SGR is
indicated by brackets. Bootstrap values > 70% are indicated by asterisks in key nodes. The
scale bar at the bottom of each tree represents nucleotide substitutions per site. The branches

are colored by the location of origin of the F1 sequences, as depicted by the legend.
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Table S1. HIV-1 pol, gag and env datasets used in this study.

Gene Classification N
CRF45_cpx-like 10
(This study)
CRF45_cpx-like o5
ol (BLAST)
P CRF04_cpx 13
CRFO09 cpx 42
CRF45_cpx 10
CRF49 cpx 8
CRF45_cpx-like 9
(This study)
CRF45_cpx-like 5
(BLAST/ML)
gag CRFO09 cpx 5
CRF45_cpx 5
CRF49 cpx 6
A/ALl 417
A2 12
CRF45_cpx-like 5
(This study)
CRF45_cpx-like 4
env (BLAST/ML)
CRF45_cpx 4
A/ALl 881
A2 16
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Table S2. HIV-1 pol, gag and env datasets used in the Bayesian analyses.

Gene HIV-1 clade Country N Sampling interval
Angola 2 2010
Argentina 1 2004
Belgium 1 2007
Brazil 10 2005-2014
Cameroon 1 1997
Chad 1 2007
Congo 3 2003
CRF45_cpx DRC 8 1985-2007
France 1 2002
Gabon 1 1997
pol Norway 1 1997
Poland 1 2004
Senegal 2 1998-2007
Spain 2 1999-2008
Switzerland 1 1999
Botswana 1 2001
Gambia 3 1997-2003
Germany 1 2007
CRF49_cpx Nigeria 1 2007
Senegal 1 2010
United Kingdom 1 2003
Cote d'lvoire 1 2000
Ghana 1 1996
CRF09_cpx Senegal 2 1995
USA 1 1999
Brazil 10 2005-2014
gag Cameroon 1 1997
Cyprus 3 2005-2007
CRF45_cpx DRC 2 19852004
Gabon 1 1997
Norway 1 1997
CRF49 cpx Gambia 5 1997-2003
Brazil 7 2005-2014
Belgium 2 2005-2008
env CRF45_cpx Cameroon 1 1997
DRC 2 1997
Gabon 2 1997

DRC — Democratic Republic of Congo; USA — United States of America
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4 DISCUSSAO

A epidemia global do HIV esta evoluindo em dire¢cdo a um aumento nas taxas
de mutacOes de resisténcia e diversidade molecular. O aumento da incidéncia de
mutacgOes de resisténcia as drogas antirretrovirais € influenciado grandemente pela
crescente ampliacdo da disponibilidade de drogas antirretrovirais, que vem
ocorrendo tanto em paises desenvolvidos quanto em desenvolvimento (UNAIDS
2015a). Em uma revisdo recente sobre as tendéncias geograficas e temporais das
mutacdes transmitidas de resisténcia as drogas (MTRD), foi estimado que na
América Latina houve um aumento anual de 1,1 vez na probabilidade global de
MTRDs e de 1,2 vez na probabilidade de MTRDs relacionadas a INNTRs (Rhee et
al. 2015). Com relacéo ao aumento da diversidade, mesmo que o subtipo C continue
predominando mundialmente e o subtipo B seja o dominante na Europa Ocidental e
Américas, mudancas dinamicas no perfil de subtipos do HIV circulantes em algumas
regides sdo impulsionadas por diversos fatores, que incluem crescimento
populacional, aumento da migracdo, recombinacdo entre diferentes linhagens e
efeitos fundadores (Hemelaar 2012; Hemelaar et al. 2011).

O Brasil, desde 1996 oferece gratuitamente medicamentos antirretrovirais e
acesso a assisténcia médica e laboratorial relacionada a infec¢éo pelo HIV. Desde
2013, o Governo Brasileiro recomenda o inicio imediato da TARV para todos os
individuos vivendo com HIV/aids, independentemente da contagem de células T
CD4*. Como reflexo deste aumento da oferta de antirretrovirais, entre 2004-2014
ocorreu um aumento de 2,5 vezes no niumero de pessoas vivendo com HIV/aids em
tratamento no Brasil, onde atualmente 398.000 pessoas recebem TARV (Brasil
2014). O que se espera com a adocado destas politicas é a reducdo da morbidade e
mortalidade dos individuos recebendo a terapia, além da reducdo das taxas de
transmissdo do HIV, especialmente a vertical, na qual a quimioprofilaxia exerce um
papel fundamental. Entretanto, o sucesso da TARV depende de diversos fatores,
tais como 0 acesso ao tratamento e servicos de saude, caracteristicas virais e do
sistema imune do hospedeiro, além de caracteristicas comportamentais do
individuo, como a aderéncia ao tratamento (Malta et al. 2005).

O resultado da convergéncia entre o aumento da disponibilidade de
medicamentos antirretrovirais e problemas na aderéncia de pacientes cria condigdes
favoraveis para que surja um conjunto amplo de virus resistentes disponiveis para

estabelecer novas infec¢cdes. Estas cepas do HIV-1 carreando mutacdes de
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resisténcia podem reduzir a eficiéncia de futuros regimes terapéuticos dos individuos
0os quais infectaram e/ou terapias profilaticas para a prevencdo da transmisséo
vertical do HIV, desfechos que caracterizam a falha virolégica ao tratamento.

Mesmo com uma politica bem estabelecida de tratamento da infeccdo pelo
HIV/aids no pais, perfis distintos de taxas de mutacdes transmitidas de resisténcia
sdo encontrados nas diferentes regides brasileiras. Estas diferencas podem estar
relacionadas com a acessibilidade dos individuos aos medicamentos, baixa barreira
genética de alguns dos medicamentos prescritos e a forma como os médicos
mantem um relacionamento/dialogo com pacientes, experiéncias que podem impor
barreiras ou facilitar a aderéncia dos individuos em tratamento (Malta et al. 2005).

Na avaliagdo da prevaléncia de MTRDs realizada em gestantes infectadas
pelo HIV-1 acompanhadas num centro de referéncia para prevencdo da transmissao
vertical do HIV localizado na Baixada Fluminense, Rio de Janeiro apresentado no
ARTIGO 1, encontramos uma prevaléncia global de MTRDs de 17,2%, o que coloca
esta regido no mais alto estrato de taxas de resisténcia transmitida de acordo com a
OMS (>15%). Ao atingir estes niveis, a OMS recomenda a realizacdo da testagem
de resisténcia genotipica em individuos recém diagnosticados com infec¢do pelo
HIV-1, antes do inicio do primeiro esquema antirretroviral (World Health Organization
2012), porém cabe ressaltar, que alguns dos critérios recomendados pela OMS para
vigilancia e monitoramento do nivel de resisténcia do HIV as drogas ndo foram
cumpridos, como a idade maxima de inclusdo de 25 anos e contagem de células T
CD4* acima de 500 células/mm3.

Outros estudos de avaliacdo da prevaléncia de MTRDs realizados em escala
local, regional e nacional apontaram taxas moderadas, situadas entre 5-15%,
mesmo quando o grupo de gestantes foi analisado (Alcantara et al. 2012; Alencar et
al. 2013b; Brindeiro et al. 2003; Cardoso et al. 2010; Inocencio et al. 2009; Sprinz et
al. 2009). Entretanto, quando se compara os resultados obtidos no ARTIGO 1 com
outro trabalho realizado com uma casuistica similar no mesmo centro de
atendimento cinco anos antes (2005-2008), se nota um aumento na prevaléncia de
MTR (10,7% para 17,2%) porém sem significancia estatistica. Isto indica que as
estimativas obtidas em nosso estudo podem ter sido influenciadas pelo pequeno
namero de amostras (n = 87) e que na realidade a prevaléncia de MTRDs se
manteve estavel entre os dois periodos analisados. Porém, é possivel que a
influéncia das novas praticas de tratamento antirretroviral adotadas no Brasil possa

ser observada somente no futuro.
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Entre as MTRDs encontradas neste trabalho, aquelas relacionadas a classe
dos IPs foram as mais prevalentes, atingindo 8,0% das gestantes analisadas. Esta
classe compde o regime terapéutico secundario de tratamento para adultos vivendo
com HIV e primario para a quimioprofilaxia da transmisséo vertical do HIV (2 ITRN +
1 IP) (Brasil 2012b; Brasil 2010). Considerando as MTRDs encontradas para os IPs,
INTRs e INNTRs, fica claro que a eficiencia dos esquemas terapéuticos para
controle da infeccdo do HIV amplamente adotados no Brasil pode ser prejudicada,
diminuindo o sucesso da profilaxia para prevencéo da transmissao vertical, além de
permitir que a replicacdo viral ocorra, 0 que consequentemente possibilita a
emergéncia de variantes carreando mutacoes de resisténcia adicionais que podem
ser transmitidas para outros individuos.

A alta prevaléncia de MTRDs encontrada em nossa casuistica permite
reforcar a necessidade que, ao se considerar as recomendacftes da OMS, seja
indicada a realizacdo de testes de resisténcia genotipica como rotina antes do inicio
da terapia para que os niveis iniciais de supresséo viroldégica obtidos durante o
tratamento sejam os otimizados, garantindo uma queda robusta nos niveis virais
plasmaticos. Esta pratica se torna ainda mais importante neste momento no qual se
busca o inicio cada vez mais precoce da terapia, principalmente durante a fase de
infeccdo aguda pelo HIV, com o objetivo de reduzir o tamanho dos reservatorios
virais precocemente e consequentemente diminuir o prejuizo do sistema imune, para
se aproximar da cura funcional da infeccao pelo HIV.

Uma das maiores limitacbes do nosso estudo foi o pequeno numero de
amostras analisadas, o que pode significar que as frequéncias de MTRD detectadas
neste estudo podem ter sido superestimadas, o que exige cautela na interpretacéo
dos resultados obtidos. Outro fator limitante foi a utilizacdo do sequenciamento pelo
método de Sanger para a caracterizacdo das mutacOes de resisténcia. Testes
convencionais de genotipagem que utilizam este método de sequenciamento
raramente detectam variantes que comp8em menos de 20% da populacdo de virus
circulantes no plasma. Testes mais sensiveis, capazes de detectar e quantificar
variantes minoritarios na populagcéo do HIV presente no individuo infectado surgiram
nos ultimos anos (Hedskog et al. 2010; Li 2011; Margulies et al. 2005; Mild et al.
2011). As informagBes obtidas por estas técnicas de sequenciamento de nova
geracdo podem contribuir para a caracterizagdo das popula¢gdes minoritarias do HIV-

1 carreando MTRDs, o que pode melhorar a definicdo das prevaléncias de MTR
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nesta populacdo que podem comprometer futuros regimes terapéuticos, auxiliando a
melhor escolha do esquema terapéutico (Li 2011).

Além do aumento na prevaléncia de MRTDs, também foi observado um
aumento estatisticamente significativo na prevaléncia de subtipos ndo-B do HIV-1
qguando os resultados da diversidade genética foram comparados com o estudo
anterior de Pilotto e colaboradores (2013) realizado no mesmo local. A maior parte
dos clados ndo-B encontrados corresponderam as formas recombinantes, tanto
circulantes quanto Unicas. Além dos recombinantes BF comumente encontrados
compondo a epidemia brasileira, convém salientar as presencas do CRF02_AG,
descrito inicialmente na Nigéria (Howard e Rasheed 1996) e que circula em altas
prevaléncias (~50%) na Africa Ocidental (Hemelaar et al. 2011), e do CRF12_BF,
descrito inicialmente no Uruguai e Argentina (Carr et al. 2001) e que circula
principalmente na porcdo meridional da América do Sul, sendo porém raramente
encontrado no Brasil (Bello et al. 2011).

Existe uma tendéncia global no aumento da diversidade do HIV-1, que se
reflete no padrdo de distribuicdo dos diferentes subtipos. Embora a distribuicéo
tenha se mantido relativamente sem mudancas entre 2000 e 2007, ocorreram
mudancas importantes em algumas regides e paises, como 0 aumento da
prevaléncia dos clados G e CRF02_AG na Espanha (Lospitao et al. 2005), dos
clados D e CRFO1_AE na Franca (Brand et al. 2012) e do subsubtipo F1 na Italia
(Lai et al. 2010).

No Brasil, embora a epidemia do HIV-1 seja dominada pelos subtipos B, F1 e
na regido sul pelo subtipo C, além dos recombinantes entre eles, outros clados do
HIV-1 sdo esporadicamente encontrados, tais como o A, D, CRF02_AG, CRF45_cpx
e recombinantes carreando fragmentos do subtipo K (Alencar et al. 2013a; Brindeiro
et al. 2002; Caride et al. 2000; Delatorre et al. 2012; Eyer-Silva e Morgado 2007,
Ferreira et al. 2010; Ferreira et al. 2013; Inocencio et al. 2009; Machado et al. 2009;
Morgado et al. 1998; Pessda et al. 2015; Pilotto et al. 2013; Pimentel et al. 2013;
Velasco-de-Castro et al. 2014).

Englobando os dois trabalhos realizados em nosso laboratorio que analisaram
a casuistica de gestantes acompanhadas na regido metropolitana fluminense (Pilotto
et al., 2013 e ARTIGO 1), foram encontrados clados raros na epidemia do HIV-1 no
Rio de Janeiro (subtipo C) e no Brasil (CRF02_AG e URF_UK). No trabalho de
Pilotto (2013), foi observada uma prevaléncia do subtipo C na ordem de 1%,

enquanto no ARTIGO 1 uma prevaléncia de 4,6% foi encontrada. Embora esta
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diferenca na prevaléncia num intervalo de 5 anos nédo tenha sido estatisticamente
significativa, uma tendéncia de aumento na prevaléncia deste subtipo nesta
casuistica e de forma mais abrangente no Rio de Janeiro se torna aparente.

A epidemia do subtipo C do HIV-1 no Brasil esta concentrada principalmente
nos estados da Regido Sul, onde atinge altas prevaléncias (Graf e Pinto 2013).
Recentemente, o avan¢go da disseminagdo deste subtipo em direcdo ao norte,
alcancando diferentes estados das regides Sudeste, Centro-Oeste e Norte se tornou
evidente. Ao agrupar novas sequéncias do subtipo C obtidas no Rio de Janeiro com
sequéncias provenientes de outros estados brasileiros, o ARTIGO 2 propbs a
determinacao da dinamica de disseminagéo deste subtipo no interior do Brasil.

Os resultados obtidos no ARTIGO 2 confirmam a hipotese de que a maior
parte do subtipo C circulante no Brasil faz parte de um clado monofilético
provavelmente originado na Africa Oriental (Bello et al. 2008; Fontella et al. 2008) e
gue o evento de introdugéo desta linhagem no Brasil ocorreu mais provavelmente a
partir do Burundi em meados da década de 1970 (1974-1976). Trabalhos anteriores,
estimaram a data mais provavel do ancestral comum mais recente do clado do
subtipo C prevalente no Brasil na década de 1960 (Véras et al. 2011) e entre o fim
da década de 1970 e inicio da década de 1980 (Bello et al. 2008; De Oliveira et al.
2010), ou seja, periodos anteriores e posteriores ao estimado em nosso trabalho.

Entretanto a escala temporal tracada no ARTIGO 2 coincide com as datas de
origem de outros subclados do subtipo C circulante na Africa Oriental, encontrados
na Etiépia, Quénia, Tanzania e Uganda (Delatorre e Bello 2012). Neste periodo
ocorreu um grande conflito civil em Burundi, que gerou cerca de 300.000 refugiados.
Este pode ter sido um dos fatores que contribuiu para a dispersédo do subtipo C nos
diferentes paises da Africa Oriental e também para o Brasil. Entretanto, os passos
da migracdo desta linhagem do subtipo C para o Brasil, seja diretamente do Burundi
ou com a atuacao de outros paises como intermediarios dos eventos de transmissao
ainda necessitam ser melhor esclarecidos.

De acordo reconstrucdo filogeografica realizada neste trabalho, o clado do
subtipo C predominante no Brasil provavelmente entrou no pais pelo estado do
Parana, de onde rapidamente se disseminou para outros estados da regido Sul do
pais e em 10 anos apds sua entrada ja tinha se disseminado para as regides
Sudeste e Centro-Oeste. Embora tenha sofrido um rapido processo de expansao
geografica, 0 mesmo néo ocorreu com a prevaléncia deste clado. Outros fatores,

além das caracteristicas genéticas virais e do tempo de introducdo parecem ter

133



influenciado a taxa de expanséo deste clado nas diferentes regides brasileiras, como
por exemplo diferencas nas redes de transmissdo do HIV-1 ativas, além do trafego
rotineiro e acessibilidade espacial entre as diferentes regides.

Em adicdo a introducdo do subtipo C proveniente do Burundi que originou o
clado majoritario no Brasil, cinco outras introdu¢cdes deste subtipo foram encontradas
no estado do Rio de Janeiro, uma delas proveniente de uma gestante acompanhada
no HGNI. Estas introducfes se originaram provavelmente de paises das regides
Central, Sul e Oriental da Africa e fornecem indicios da existéncia de redes de
transmissdo desconhecidas ligando a epidemia do HIV de diferentes paises
africanos ao estado do Rio de Janeiro, principalmente sua regido metropolitana, com
casos detectados em Belford Roxo e Sdo Gongalo, além da capital.

A presenca de clados raros do HIV na regido metropolitana do Rio de Janeiro
tem sido documentada deste o fim da década de 1990, com a descricdo da
circulacdo do subtipo D (Couto-Fernandez et al. 2006; Morgado et al. 1998) e A
(Caride et al. 2000) e do primeiro caso CRF02_AG no Brasil (Couto-Fernandez et al.
2005; Pires et al. 2004). Além da circulacdo na regido metropolitana do Rio de
Janeiro, o CRF02_AG também ja foi encontrado nos municipios mais interioranos de
Saquarema (regido da Baixada Litoranea) situado ao norte do estado e Angra dos
Reis na regidao Sul fluminense (Delatorre et al. 2012; Eyer-Silva e Morgado 2007).

Em um trabalho anterior do nosso grupo, verificou-se a existéncia de trés
linhagens do CRF02_AG circulando no Rio de Janeiro, concentradas na regiao
metropolitana, porém também distribuidas em diferentes regibes do estado
(Delatorre et al. 2012). Naquele trabalho foi possivel estabelecer uma relacdo das
linhagens circulantes no Rio de Janeiro, como também em outros estados brasileiros
com a epidemia do CRF02_AG em paises da regido Ocidental da Africa, uma regi&o
onde a prevaléncia deste recombinante pode atingir patamares superiores a 50%.
No ARTIGO 3, através da utilizacdo de ferramentas para reconstrucéo filogenética e
filogeografica mais robustas do que as utilizadas anteriormente, e um conjunto de
dados maior, com adicdo de novas sequéncias descritas (incluindo um novo isolado
encontrado no ARTIGO 1), foi possivel confirmar a hipotese da circulacdo de
diferentes linhagens do CRF02_AG no Rio de Janeiro, provavelmente originadas do
Golfo do Benin (Gana, Nigéria e Benin), Senegal e Guiné-Bissau.

A provéavel data de introducdo de duas linhagens do CRF02_AG circulantes
no Rio de Janeiro foram estimadas em 1985, cerca de 10 anos apos a introducao

dos clados majoritarios dos subtipos C e F1 no Brasil (Bello et al. 2012; Bello et al.
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2008; Bello et al. 2007; Delatorre et al. 2013; Fontella et al. 2008). A introducdo mais
tardia do CR02_AG no Brasil, pode ter sido um fator preponderante no processo de
disseminacgédo deste clado do HIV-1 no Brasil, uma vez que ela ocorreu num periodo
no qual a epidemia estava iniciando sua estabilizacdo e muitas das redes de
transmissdo que promoveram a disseminacdo dos subtipos do HIV-1 introduzidos
mais precocemente poderiam estar proximas a saturacdo. Entretanto, mesmo com
uma circulacdo que parece limitada a poucas dezenas de individuos, as diferentes
linhagens do CRF02_AG presentes no Rio de Janeiro jA ganharam acesso as
populacdes interioranas do estado, sugerindo a existéncia de uma alta conectividade
entre as epidemias do HIV-1 que circulam entre as diferentes regifes fluminenses.

Além da circulacdo do subtipo C e do recombinante CRF02_AG ja descritas
no Rio de Janeiro, alguns estudos relatam a identificacdo de formas recombinantes
carreando fragmentos do subtipo K e por¢cdes nado classificadas (Brindeiro et al.
2002; Pilotto et al. 2013; Velasco-de-Castro et al. 2014). Além do Rio de Janeiro,
estas sequéncias também j& foram isoladas nos estados de Minas Gerais (Ferreira
et al. 2010) e Sdo Paulo (Alencar et al. 2013a; Pess6a et al. 2015), todos
pertencentes a regido Sudeste brasileira. Entre os anos de 2005 e 2014, 10
individuos infectados com HIV-1 que exibiam tais caracteristicas foram identificados
a partir de diferentes estudos conduzidos em nosso laboratério, incluindo duas
amostras provenientes de gestantes atendidas no HGNI recrutadas no contexto do
trabalho de Pilotto e colaboradores (2013), cinco criancas infectados pelo HIV-1 por
transmissdo vertical (Azevedo 2015; Marina 2008) e individuos procurando
diagndstico do HIV em centros de testagem (Velasco-de-Castro et al. 2014). Todos
estes trabalhos avaliaram individuos residentes na regido Metropolitana do Rio de
Janeiro.

Através de buscas pode similaridade em banco de dados publicos, sete novas
sequéncias brasileiras com perfis similares de recombinacdo foram recuperadas,
totalizando 17 sequéncias recombinantes com fragmentos K. ApdOs andlises
filogenéticas, foi possivel reclassificar todas as amostras recombinantes como
CRF45_cpx-like, que com excecdo de uma, formaram um clado monofilético
indicando um evento unico de introducéo desta linhagem no Brasil.

ApoOs expandir as regibes gendmicas analisadas destes isolados do
CRF45_cpx, ficou evidente que alguns correspondiam na verdade a recombinantes
de segunda geracéo, que apoés a introducao recombinaram com os subtipos B e F1,

0s mais prevalentes no Brasil. E notavel que a data mais provavel de origem do
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clado brasileiro do CRF45_cpx foi estimada por volta da primeira metade de década
de 1980 e que nesta escala temporal, mesmo com uma disseminagao
aparentemente restrita, o CRF45_cpx circulante no Brasil tenha sido capaz de
recombinar-se com outros subtipos locais, exemplificando a importancia da
recombinacdo como uma forca poderosa para a evolucédo do genoma do HIV-1.

Ao analisar as datas provaveis de origem das linhagens do CRF02_AG e
CRF45_cpx estimadas nos ARTIGOS 3 e 4, nota-se uma sobreposicdo entre as
estimativas durante o inicio da década de 1980. Embora nenhuma circunstancia
aparente possa ser relacionada com os eventos de migracdo destas linhagens para
o Brasil, este periodo de tempo coincide com um aumento do nimero de migracdes
internacionais na Africa, ocorrido entre os anos de 1960 e 1980, impulsionado pelos
processos de descolonizacdo que se iniciaram e pela piora das situacoes
econbmicas e politicas (Zlotnik 2004). Entretanto, a introducdo destas linhagens
parece ser o resultado de eventos esporadicos e ndo uma consequéncia direta da
mobilidade de pessoas entre a Africa e Brasil.

Em conjunto, os dados apresentados sobre clados raros do HIV-1 presentes
no Rio de Janeiro, ressaltam a importancia deste estado e da casuistica de
gestantes como sentinelas para o0 monitoramento da introducdo e estabelecimento
de novas variantes do HIV-1 de origem africana disseminando-se principalmente
pela via heterossexual. O Rio de Janeiro € um dos principais destinos turisticos
internacionais do Brasil, além de sediar uma série de eventos socioculturais e
econdmicos. Dentre os municipios fluminenses nos quais foi descrita a introducao de
linhagens Africanas do HIV-1, além daqueles que compdem a regido metropolitana,
estdo Saquarema e Angra dos Reis. Ambas séo cidades turisticas que atraem
milhares de visitantes domésticos e estrangeiros todos o0s anos.

Estas caracteristicas parecem contribuir para a atuacao do estado do Rio de
Janeiro como um hot-spot para importacdo de variantes do HIV-1, que podem
modificar a dinamica epidémica local, tendo como consequéncia um aumento na
diversidade. Esta caracteristica singular da epidemia do HIV-1 no Rio de Janeiro faz
com que o continuo monitoramento da diversidade molecular seja de grande
importéancia para a identificagdo da emergéncia e estabelecimento de novas
variantes no Brasil que podem impactar a epidemia local e sinalizar para a existéncia

de redes de transmissao internacionais desconhecidas.
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5 CONCLUSOES

A epidemia do HIV-1 na regido metropolitana Rio de Janeiro se modificou
entre os periodos de 2005-2008 e 2012-2015, com um aumento significativo
na circulagdo de subtipos ndo-B (de 19% para 31%) e uma tendéncia de
aumento na prevaléncia de mutacfes transmitidas de resisténcia as drogas
(de 10,7 vs 17,2%), principalmente para IPs.

A populacdo de gestantes da regido metropolitana do Rio de Janeiro se
mostrou um importante grupo sentinela para o monitoramento da entrada e
estabelecimento de linhagens importadas do HIV-1 a partir da Africa no Brasil,
com destaque para o subtipo C, CRF02_AG e CRF45 cpx, alvos deste
estudo.

Além da linhagem majoritaria do subtipo C que circula pelo Brasil, introduzida
a partir do Burundi no estado do Parana por volta de meados de década de
1970, mais cinco variantes deste subtipo originadas de diferentes regides
africanas foram encontradas no Rio de Janeiro.

Dentre as cinco linhagens do CRF02_AG originadas a partir da Africa
Ocidental encontradas no Brasil, duas sdo compostas exclusivamente por
sequéncias do Rio de Janeiro e parecem estar se disseminando no estado
por cerca de 30 anos.

A linhagem do CRF45 cpx existente no Brasil parece ser fruto de um dnico
evento de introducdo ocorrido em meados da década de 1980 na regido
Sudeste, formando um clado monofilético composto majoritariamente por
isolados do Rio de Janeiro.

A circulagéo de diferentes linhagens do HIV-1 no Rio de Janeiro oriundas do
continente africano indica a existéncia de redes de transmissdo com cerca de
30 anos, que estdo atuando ndo sé na regido metropolitana, mas também
adentrando o interior do estado, principalmente através da via heterossexual.
O continuo monitoramento da diversidade genética do HIV é justificada e
fundamental para a deteccdo precoce da introdugdo e disseminacao de

clados emergentes na epidemia brasileira.
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6 PERSPECTIVAS

e Realizar a andlise de prevaléncia de muta¢des transmitidas de resisténcia as
drogas utilizando sequenciamento de nova geragcdo, capaz de detectar
populacdes virais minoritarias carreando mutagcfes de resisténcia, permitindo
estimativas de prevaléncia mais acuradas.

e Reconstruir a filodindmica dos principais clados da linhagem Leste-Africana
do subtipo C do HIV-1 circulando globalmente.

e Verificar se houve algum passo intermediario na introducdo do CRF02_AG do
HIV-1 a partir da Africa para o Brasil.

e Identificar a origem geografica da linhagem do CRF45 cpx do HIV-1

introduzida no Brasil.
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Abstract

HIV-1 CRF02_AG is the most prevalent intersubtype recombinant form worldwide. Six HIV-1 samples from
patients living in Rio de Janeiro, Brazil, were subtyped as CRF02_AG at the pol gene between 2004 and 2011. To
trace the origin of these viruses, they were compared with 793 CRF02_AG pol sequences of African origin and
another four Brazilian CRF02_AG pol sequences previously described. Phylogenetic analysis reveals that there
have been at least four introductions of the CRF02_AG clade in Brazil, as signified by the presence of four
phylogenetically distinct lineages, probably originated from western African countries (Benin, Ghana, and
Guinea-Bissau). At least two CRF02_AG Brazilian lineages were successful in getting established and dissemi-
nated throughout the Rio de Janeiro state, with evidence of both horizontal and vertical transmission. Con-
tinuous epidemiological surveillance of HIV-1 strains circulating in Brazil is of paramount importance to the

early detection of newly emerging viral lineages.

HUMAN IMMUNODEFICIENCY VIRUS type 1 (HIV-1) exhibits
a high degree of genetic diversity due to the occurrence
of mutations and the possibility of recombination events
across its genome. The pandemic clade of HIV-1, group M,
has been classified into nine genetic subtypes designated A—
D, F-H, ], and K, and a large variety of intersubtype recom-
binant genomes designated unique recombinant forms
(URFs) and circulating recombinant forms (CRFs). The inter-
subtype recombinant viruses are responsible for over 20% of
HIV infections worldwide." The most prevalent HIV-1 re-
combinant clade is the CRF02_AG. This recombinant is the
fourth largest variant globally, accounting for nearly 8% of all
global infections, and is mainly concentrated in West/Cen-
tral/North Africa and the Middle East.!

The molecular epidemiologic scenario of the HIV-1 epi-
demic in Brazil is dominated by subtypes B, F1, C, and a large
collection of intersubtype recombinant forms among those
strains.>” Isolated cases of other HIV-1 group M subtypes
have been also described in the country, such as subtype Al
and subtype D.*7 A few cases of the CRF02_AG strain have
been also identified over the past years, including four indi-
viduals in the state of Rio de Janeiro,®° two in the state of Sdo
Paulo,'"'? and one in the state of Para (Amazon region)‘13 Of
note, two CRF02_AG sequences detected in Rio de Janeiro
were identified from a married heterosexual couple who
never traveled abroad, thus providing the first molecular

evidence of autochthonous horizontal transmission of this
lineage in Brazil."”

In this study, we report the identification of six new
CRF02_AG pol sequences in the state of Rio de Janeiro, Brazil.
These new Brazilian CRF02_AG strains were compared with
CRF02_AG sequences of African origin deposited on public
databases and with Brazilian CRF02_AG sequences previ-
ously described.

The Brazilian CRF02_AG strains identified in the present
study were recovered from six chronically HIV-1l-infected
patients followed at outpatient clinics from the Public Health
System distributed throughout the state of Rio de Janeiro,
Brazil. Whole-blood samples from patients were sent for
genotyping analysis at the Laboratory of AIDS and Molecular
Immunology of the Oswaldo Cruz Institute-Fiocruz between
2004 and 2011.

A fragment of around 1250 pb encompassing the whole
protease (PR) and part of the reverse transcriptase (RT) re-
gions of the pol gene (positions 2297-3539 of the HXB2 ge-
nome) was amplified by using two HIV-1 genotyping
systems: ViroSeq HIV-1 Genotyping System (Celera Diag-
nostic, Abbott Laboratories, USA) and TruGene (Siemens
Diagnostics, NY), under conditions recommended by the
manufacturers. The new Brazilian CRF02_AG pol sequences
and four Brazilian CRF02_AG sequences (three from Rio de
Janeiro and one from Sao Paulo) described previously”'%'>

Laboratorio de AIDS and Imunologia Molecular, Instituto Oswaldo Cruz-Fiocruz, Rio de Janeiro, Brazil.

2Hospital Universitario Gafreé Guinle, Rio de Janeiro, Brazil.
*These authors contributed equally to this work.
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were aligned against a set of 793 CRF02_AG reference se-
quences of African origin gathered from the Los Alamos HIV
Database (http://hiv-web.lanl.gov/). The reference data set
includes all available CRF02_AG pol sequences from those
African regions (west, central, and north) with an estimated
prevalence of this variant higher than 7%, according to He-
melaar et al." The final alignment is available from the authors
upon request.

The phylogenetic tree was inferred by the maximum like-
lihood (ML) method under the GTR+1+1I'4 nucleotide sub-
stitution model, selected using the jModeltest program.'* The
ML tree was reconstructed with program PhyML'" using an
online web server.'® Heuristic tree search was performed us-
ing the SPR branch-swapping algorithm and the reliability
of the obtained topology was estimated with the approxi-
mate likelihood-ratio test (aLRT)" based on a Shimodaira—
Hasegawa-like procedure.

FIG. 1.

DELATORRE ET AL.

Phylogenetic analysis of the data revealed that the 10 Bra-
zilian CRF02_AG sequences were distributed in four inde-
pendent lineages (I to IV) that were intermixed among
sequences of African origin (Fig. 1). The Brazilian lineages I
and II are composed by only one sequence. Lineage I contain
the sequence 06BRRJ34 that was collected in 2006 from a
35-year-old women from the city of Rio de Janeiro. This Bra-
zilian lineage branched (aLRT =0.88) with two sequences from
Guinea Bissau and one sequence from Senegal (West Africa)
(Fig. 1). Of note, Guinea Bissau is a former Portuguese colony
that maintains strong cultural and political relationship with
Brazil. Lineage II comprises the sequence HM534195 that
was collected in 2009 from an antiretroviral treatment (ART)-
naive adult patient newly diagnosed in the state of Sao
Paulo.’? This sequence clustered (aLTR=0.76) with strains
recovered from Burkina Faso, Cote D’Ivoire, and Mali (West
Africa) (Fig. 1).
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(A) Maximum likelihood (ML) tree of 803 HIV-1 CRF02_AG pol (~1250 pb) sequences from African countries and

from Brazil (nine from Rio de Janeiro state and one from Sao Paulo state). The colored boxes highlight the position of the
Brazilian CRF02_AG lineages. The tree was rooted using HIV-1 subtype B and C reference sequences. (B) A close view of the
four Brazilian CRF02_AG lineages (colored branches) and the most closely related sequences of African origin (black
branches). The names of the CRF02_AG isolates include reference to country of origin, year of isolation, and GenBank
accession number. Countries represented are Benin (BJ), Burkina Faso (BF), Céte D’Ivoire (CI), Ghana (GH), Guinea Bissau
(GW), Mali (ML), Nigeria (NG), and Senegal (SN). The approximate likelihood-ratio test (1LRT) support values are indicated
only at key nodes. Horizontal branch lengths are drawn to scale with the bar at the bottom indicating nucleotide substitutions
per site. Color images available online at www liebertonline.com/aid
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1371

FIG. 2. Political map of Rio de Ja-
neiro state, showing the localization of
the three HIV-1 CRF02_AG Brazilian
lineages circulating in this state. The
maximum intercounty distance found
in related sequences was about 200
km. Color images available online at
www liebertonline.com/aid

® Lineagel

The Brazilian lineage III is composed by three sequences
from Rio de Janeiro (04BRR]257, 06BRR]4211, and 10BRR]J615)
that clustered together with a high support (aLRT =0.96) (Fig.
1). The sequences 06BRRJ4211 and 04BRR]257 sampled at
2006 and 2004, respectively, segregate in a subcluster within
lineage III and correspond to a mother—child pair, providing
the first phylogenetic evidence of autochthonous vertical
transmission of the CRF02_AG lineage in Brazil. The third
sequence, 10BRR]615, was collected in 2010 from a 24-year-
old pregnant woman. This Brazilian lineage branched
(aLRT =0.88) with sequences from Benin and Nigeria (Fig. 1).

The other five sequences from Rio de Janeiro (BRSQ-88,
BRSQ-90, 03BRR]J184, 06BRR]070, and 11BRRJ034) branched
in a well-supported monophyletic clade (aLTR=0.92), here
called lineage IV (Fig. 1). The sequences BRSQ-88 and BRSQ-
90 were collected in 2006 from a married heterosexual
couple from Saquarema, a small city in the Rio de Janeiro
north coast.'” Patient BRSQ-88 was a 28-year-old male who
attributed the acquisition of HIV-1 infection to unprotected
sexual contacts in the city of Rio de Janeiro, while his
29-year-old wife (patient BRSQ-90) reported having always
lived in Saquarema. The other sequences were collected in
2003 (03BRRJ184) from a 37-year-old man, 2006 (06BRR]070)
from a 34-year-old women, and 2011 (11BRR]J034) from a
22-year-old woman. This Brazilian lineage branched
(@LRT=0.78) with sequences from Ghana and Senegal
(West Africa).

Although patients from Brazilian CRF02_AG clades III and
IV had no known direct epidemiologic relationship (with the
exception of patients 04BRR]J257/06BRRJ4211 and BRRQ-88/
BRSQ-90), the high support of both clusters (aLTR>0.9) in-
dicates that sequences from each clade were probably recov-
ered from patients who took part in the same chain of viral
spread.

Both transmission chains have spread outside the metro-
politan region of Rio de Janeiro, reaching small cities located
almost 200 km away (Fig. 2). The date of HIV diagnosis (1998

® Lineage III ¢ Lineage IV

2002) of some individuals from Brazilian clades III and IV
reveals that both lineages have been circulating in the state of
Rio de Janeiro for over 10 years.

This study demonstrates the existence of at least four in-
dependent introductions of the HIV-1 CRF02_AG clade into
Brazil, probably from western African countries (Benin,
Ghana, and Guinea-Bissau) where this recombinant form is
highly prevalent. None of individuals from Rio de Janeiro
included in the present study reported a history of travel to
African countries, thus indicating that those CRF02_AG in-
fections were acquired in Brazil.

Indeed, we find evidence of the occurrence of at least
two autochthonous transmission networks of CRF02_AG,
spreading by both horizontal and vertical forms. So far, the
dissemination of CRF02_AG seems to be limited to a few in-
dividuals in the state of Rio de Janeiro. However, the identi-
fication of autochthonous transmission networks involving
individuals from different counties with no known direct
epidemiologic link demonstrates the potential for larger-scale
dissemination of the CRF02_AG variant. These results em-
phasize the importance of continuous surveillance of HIV-1
genetic diversity to the early detection of newly emerging
viral clades in the Brazilian population.

Sequence Data

The GenBank accession numbers of the CRF02_AG HIV-1
Brazilian sequences generated in this study are JQ514094-
JQ514099.
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Abstract

The HIV-1 subtype C accounts for an important fraction of HIV infections in east Africa, but little is known about the genetic
characteristics and evolutionary history of this epidemic. Here we reconstruct the origin and spatiotemporal dynamics of the
major HIV-1 subtype C clades circulating in east Africa. A large number (n=1,981) of subtype C pol sequences were retrieved
from public databases to explore relationships between strains from the east, southern and central African regions.
Maximum-likelihood phylogenetic analysis of those sequences revealed that most (>70%) strains from east Africa
segregated in a single regional-specific monophyletic group, here called Cga. A second major Ethiopian subtype C lineage
and a large collection of minor Kenyan and Tanzanian subtype C clades of southern African origin were also detected. A
Bayesian coalescent-based method was then used to reconstruct evolutionary parameters and migration pathways of the
Cea African lineage. This analysis indicates that the Cga clade most probably originated in Burundi around the early 1960s,
and later spread to Ethiopia, Kenya, Tanzania and Uganda, giving rise to major country-specific monophyletic sub-clusters
between the early 1970s and early 1980s. The results presented here demonstrate that a substantial proportion of subtype
C infections in east Africa resulted from dissemination of a single HIV local variant, probably originated in Burundi during
the 1960s. Burundi was the most important hub of dissemination of that subtype C clade in east Africa, fueling the origin of
new local epidemics in Ethiopia, Kenya, Tanzania and Uganda. Subtype C lineages of southern African origin have also been
introduced in east Africa, but seem to have had a much more restricted spread.
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Introduction probably the result of the introduction and circulation of multiple
subtype C strains with a variable level of local and regional
dissemination.

In contrast to the southern African region, the prevalence of
HIV-1 subtype C clade displays a great variation among eastern
African countries. Subtype C reaches high prevalence in Burundi

HIV sequence database: http://hiv-web.lanl.gov/). Subtype C is (>80%) [9,10], Djibouti (>70%) [11] and Ethiopia (>95%)
the most prevalent variant, accounting for nearly half (48%) of all [12,13,14,15]

global infections [1]. This high prevalence is due to the

Human immunodeficiency virus type 1 (HIV-1) sequences
belonging to the pandemic group M are classified into nine
subtypes (A-D, F-H, J, and K), six sub-subtypes (A1-A4, and F1-
F2), and a variety of inter-subtype recombinant forms (Los Alamos

medium prevalence in Tanzania (20-40%)
. ‘ . . . [16,17,18,19,20], and relatively low prevalence in Rwanda
predominance of subtype C in southern Africa, east Africa and (14%) [21] and Uganda (<5%) [22,23,24,25,26,27,28]. Subtype

India, with further infections in central Africa and Brazil. C also accounts for a minor fraction (<15%) of HIV infections in

Subtype C accounts for >95% of HIV infections in all southern western  [29,30,31], coastal  [28,32,33,34] and  central

African countries [1]. Several studies showed that subtype C [28,35,36,37] regions of Kenya; but displays a much higher
sequences from neighboring southern African nations display a frequency (25756%) in some cities of the northern region “that
great degree of phylogenetic intermixing with no evidence of borders Ethiopia [38,39]

significant geographical clustering [2,3,4,5,6,7], indicating a
largely unrestricted viral movement across the entire subcontinent.
A more recent phylogenetic study revealed that after sequential
pruning of ambiguously positioned taxa 10 strongly supported
subtype C clusters becomes apparent in southern Africa, showing
that the geographic subdivision of subtype C viruses circulating in
this region is higher than expected by chance [8]. Most subtype C
clusters identified, however, circulate in more than one southern
African country and all four countries analyzed (Botswana,
Malawi, South Africa and Zambia) comprise strains from multiple
clusters. Thus, HIV epidemics in southern African countries are

Little is known about the genetic characteristics of HIV-1
subtype C strains circulating in east Africa. Previous studies
showed that two genetically different subtype C strains designated
C and C’, have been co-circulating in roughly similar prevalence
and among the same risk groups and geographical areas in
Ethiopia [13,15,40]. A recent study of Thomson and Fernandez-
Garcia [8] revealed that the Ethiopian-C clade corresponds to one
subtype C cluster also found in other east African countries
including Burundi, Djibouti, Kenya, and Uganda; while the
Ethiopian-C' clade was assigned to an independent cluster
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associated to southern Africa. Other studies performed in Kenya
showed that subtype C samples from this country are not
concentrated in a single cluster, but distributed in several
independent lineages associated to sequences from both east and
southern Africa [34,39]. Despite these previous studies, we still
have an incomplete understanding of the number, onset date, and
migration pattern of the distinct HIV-1 subtype C lineages
circulating in the eastern African region.

To obtain a more comprehensive picture of the spatiotemporal
dynamics of the HIV-1 subtype C epidemic in east Africa, we
analyzed a large number of subtype C pol sequences sampled from
the east (Burundi, Ethiopia, Kenya, Tanzania and Uganda),
southern (Botswana, Malawi, Mozambique, South Africa, Zambia
and Zimbabwe) and central (Angola and Democratic Republic of
Congo) African regions over a time period of 25 years (1986—
2010).

Materials and Methods

Sequence dataset

HIV-1 subtype C pol sequences from east, southern, and central
African countries, that matched the selected genomic region (nt
2253-3272 relative to HXB2 clone) were retrieved from the Los
Alamos HIV Database (http://hiv.]anl.gov). Countries were
grouped in geographical regions according to the classification
proposed by Hemelaar et a/ [1]. In order to improve the accuracy
of phylogenetic inference only sequences from antiretroviral
therapy naive individuals were selected. The subtype assignment
of all sequences was confirmed by the REGA HIV subtyping tool
v.2 [41] and by maximum likelihood (ML) phylogenetic analysis
(see below) with HIV-1 subtype reference sequences. Those
sequences with incorrect subtype C classification, sequences
containing frame-shift mutations or deletions, multiple sequences
from the same individual and those sequences from countries
poorly represented (<5 sequences) were removed. This resulted in
a final dataset of 1,981 HIV-1 subtype C pol sequences sampled
from 12 different African countries (Table 1). Sequences were
aligned using the CLUSTAL X program [42] and alignment is
available from the authors upon request.

Table 1. HIV-1 subtype C sequences.

African region Country N Sampling date

Central Angola 31 2001-2010
Democratic Republic of Congo 22 2002-2007

Southern Botswana 70 2001
Malawi 46 2002
Mozambique 101 2002-2004
South Africa 1,031 1999-2009
Zambia 150 1998-2008
Zimbabwe 178 2007

East Burundi 92 2002
Ethiopia 102 1986-2003
Kenya 39 1991-2007
Tanzania 81 1997-2009
Uganda 38 1990-2010

doi:10.1371/journal.pone.0041904.t001
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Substitution saturation and likelihood mapping analyses

Substitution saturation was evaluated by plotting the estimated
number of transitions and transversions against genetic distance
for each pairwise comparison in our alignment of 1,981 HIV-1
subtype C pol sequences using DAMBE program [43]. The
phylogenetic signal in the pol dataset was investigated with the
likelihood mapping method [44] by analyzing 10,000 random
quartets. Likelihood mapping was performed with TREE-PUZ-
ZLE program [45] using the online web platform Phylemon 2.0
[46].

Phylogenetic analysis

ML phylogenetic trees were inferred under the GTR+I+T
nucleotide substitution model, selected using the jModeltest
program [47]. ML tree was reconstructed with PhyML program
[48] using an online web server [49]. Heuristic tree search was
performed using the SPR branch-swapping algorithm and the
reliability of the obtained topology was estimated with the
approximate likelihood-ratio test («LRT) [50] based on the
Shimodaira-Hasegawa-like procedure. The ML trees were visual-
ized using the FigTree v1.3.1 program [51].

Characterization of intrasubtype C/C’ recombinant
sequences

Putative intrasubtype C/C’ recombinant sequences in Ethiopia
were identified by Bootscanning using Simplot version 3.5.1 [52],
following the same procedure described by Pollakis et al [40].
Bootstrap values supporting branching with reference sequences
were determined in Neighbor-Joining (NJ) trees constructed using
the K2-P nucleotide substitution model, based on 100 re-
samplings, with a 300 bp sliding window moving in steps of 10
bases.

Analysis of spatiotemporal dispersion pattern

The evolutionary rate (g, units are nucleotide substitutions per
site per year, subst./site/year), the age of the most recent common
ancestor (7 ,ca, years), and the spatial dynamics of major subtype
C clades from east Africa were jointly estimated using the Bayesian
Markov Chain Monte Carlo (MCMC) approach implemented in
the BEAST software package v1.6.2 [53,54]. Analyses were
performed using the GTR+I+I"4 nucleotide substitution model, an
uncorrelated Lognormal relaxed molecular clock model [55], a
Bayesian Skyline coalescent tree prior [56], and a discrete
phylogeographic model in which all possible reversible exchange
rates between locations were equally likely [57]. Two separate
MCMC chains were run for 4x10° generations and adequate
chain mixing was checked by calculating the effective sample size
(ESS) after excluding an initial 10% for each run using program
TRACER v1.4 [58]. MCMC runs converged to almost identical
values and combined estimates showed ESS values >200.
Maximum clade credibility (MCC) trees were summarized from
the posterior distribution of trees with TreeAnnotator and
visualized with Fig'Tree v1.3.1. Migratory events were summarized
using the cross-platform SPREAD application [59].

Results

Phylogenetic analysis

A large dataset of HIV-1 subtype C pol sequences (n=1,981)
downloaded from the Los Alamos HIV Database (http://hiv.lanl.
gov) was used to characterize the relationship between subtype C
sequences sampled from east, central and southern African
countries. The transition/transversion us divergence graphics
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showed that both type of nucleotide substitutions increase linearly
with the genetic distance, with transitions being higher than
transversions (Figure Sla), thus indicating no substitution
saturation in our alignment. While, the likelihood-mapping
analysis showed that most (90%) of the randomly chosen quartets
from the HIV-1 subtype C alignment were equally distributed in
the three corners of the likelihood map (Figure S1b), indicating a
strong tree-like phylogenetic signal in the data. Both analyses
indicate that the HIV-1 subtype C pol dataset used in this study
contains enough evolutionary information for reliable phylogenet-
ic and molecular clock inferences.

The ML phylogenetic analysis revealed that most (73%) subtype
C sequences from east Africa branched within a highly supported
(aLRT=0.93) monophyletic cluster, here called Cgy4, that contains
sequences from all five east African countries analyzed (Figure 1).
Notably, the Cpa clade comprises a minor proportion (9%) of the
54 sequences from central Africa, but none of the 1,576 sequences
from southern Africa here included. A minor fraction (11%) of
subtype C sequences from east Africa branched in a second well
supported (¢LR7T=0.94) monophyletic cluster that comprises
sequences from Ethiopia, and corresponds to the so called
Ethiopian-C’ (C'gy) clade (Figure 1). The remaining subtype C
east African sequences (16%) were distributed in several indepen-
dent lineages of small size (=5 sequences) that were intermixed
among strains from southern African countries (Figure 1).

The analysis of sequence distribution among clades by country
of origin revealed three different patterns within east Africa
represented by Burundi/Uganda, Ethiopia and Kenya/Tanzania
(Figure 2a). All or most subtype C strains circulating in Burundi
and Uganda belong to the major clade Cps. Subtype C strains
from Ethiopia, by contrast, were mainly distributed into clades
Cga (61%) and C'gr (37%). Finally, about 64% of subtype C
sequences from Kenya and 49% from Tanzania branched within
the major clade Cpga, while the remaining sequences were
distributed in the multiple minor clades of southern African
origin. Such geographical variation in the prevalence of different
subtype C clades could be also observed at a more local scale in
Tanzania (Fig. 2b). In the Kagera and Mwanza regions (north),
most (>70%) subtype C strains belong to the Cpy clade. In the
Kilimanjaro region (northeast), sequences from both the Cy and
“southern African” clades reach a roughly similar prevalence. In
the Mbeya region (southwest), only “southern African” clades
were detected.

Migration pattern of HIV-1 Cg, clade

A closer inspection of the HIV-1 Cg, clade showed that
sequences from Burundi occupies the most basal position in the
clade (Figure S2), thus suggesting that Burundi was the most
probable epicenter of dissemination of this subtype C lineage. The
migration pattern of the Cga lineage was reconstructed using a
Bayesian statistical framework that allows ancestral reconstruction
of the locations at the interior nodes of Bayesian tree while
accommodating phylogenetic uncertainty. Sequences with no
information about sampling date (2=2), sequences with unex-
pectedly long branches in the phylogenetic analysis (n = 10), and
Ethiopian sequences with evidence of intra-subtype recombination
(n=8, see below) were excluded from this analysis. This resulted in
a final dataset of 236 sequences (Burundi=92, Ethiopia=47,
Kenya =24, Tanzania =40, and Uganda = 33) sampled between
1990 and 2010.

The Bayesian MCC tree supports the hypothesis that the Cgp
clade originated in Burundi (PP= 1) and was later exported to the
other east African countries where it further spread, establishing
new local epidemics (Figures 3 and 4). Estimation of viral
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movement among countries, obtained by counting the state
changes along the tree nodes, points to the role of Burundi as the
most important hub of dissemination of this subtype C lineage in
east Africa, followed by Tanzania (Table 2). Several migration
events of the lineage Cga from Burundi to Ethiopia (= 4), Kenya
(n=15), Tanzania (n=8) and Uganda (n = 8) were detected, as well
as from Tanzania to both Kenya (n=3) and Uganda (n=7).
Importation of the Cpa lineage into Burundi from other east
African countries, and viral exchanges between Ethiopia, Kenya
and Uganda were seldom detected in our dataset.

The Bayesian analysis also supports an important phylogeo-
graphic subdivision within the Cg lineage. Consistent with the
ML topology (Figure S2), most subtype C sequences from
Ethiopia, Kenya, Tanzania and Uganda branched in country-
specific monophyletic sub-clusters that most probably (PP=0.93)
had a Burundian origin (Fig. 3). The Cgr; and Cgrg lineages, that
correspond to the so called Ethiopian-C clade, comprise 44% of all
Ethiopian sequences here included and were almost exclusively
composed by sequences from this country. The Ckg and Cyg
lineages comprise 33% and 37% of all sequences from Kenya and
Uganda, respectively, and their circulation seems to be mainly
restricted to those countries. Finally, the Cpy lineage comprises
39% of all Tanzanian sequences analyzed and has also been
disseminated to Kenya and Uganda. Both ML and Bayesian
analyses further suggest that the Cgx clade branched in two major
sub-clades: one composed by sequences from Burundi and lineages
Cgr1, Cgre and Cyg, the other one composed by sequences from
Burundi and lineages Cky, and Ci. The statistical support of such
major sub-clades in Bayesian analysis, however, was not significant
(PP<<0.50) and this observation should be interpreted with caution.

Time-scale of the HIV-1 Cgp clade

The median estimated evolutionary rate for the po/ region of the
Cpa clade was 1.8x1077 (95% highest posterior density [HPD]:
1.1x107°-2.4x107% subst/site/year, similar to that previously
estimated for HIV-1 subtype C lineages circulating in South
America [60] and southern Africa [6]. Importantly, the coefficient
of rate variation was higher than zero (0.26 [95% HPD: 0.21-
0.31]), thus demonstrating a significant variation of substitution
rate among branches in the Cp, clade and supporting the use of a
relaxed molecular clock model to reconstruct the time-scale of this
lineage. According to this analysis the Cga clade started to spread
in Burundi at 1962 (95% HPD: 1942-1975), while major sub-
clades Cgri/Crre, Ckp, Crz and Cyg began to expand in
Ethiopia, Kenya, Tanzania and Uganda, respectively, by the early
1970s (Figure 3).

Time-scale of the HIV-1 subtype C Ethiopian clades

The time-scale of the two major Ethiopian clades (Cgp and
C'gr) was also estimated by combining all sequences from this
country in a single dataset and incorporating the posterior
distribution of the substitution rate previously estimated for the
Cga lineage as an informative prior. This analysis resulted in a
Bayesian MCC tree in which clades Cgr and C'g;p were poorly
supported (PP<<0.5) and several strains branched outside those
major clades (Figure S3). A careful exploration of Ethiopian
sequences, revealed that some strains initially classified within
clades Cr (n=8) or C'r (n=10) and those strains that branched
outside major Ethiopian clades (n=2) are putative C/C’
intrasubtype recombinant viruses (Figure S3). When those viruses
were excluded, the clades Cr and C'iy segregate in two highly
supported (PP>0.9) reciprocally monophyletic groups (Figure 5).
According to this new Bayesian MCC tree, the median 7., was
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]

Figure 1. Maximum likelihood phylogenetic tree based on 1,981 HIV-1 subtype C po/(~1,000 pb) sequences. Sequences were sampled
at different countries from the east (n=352), central (n=53) and southern (n=1,576) African regions shown in Table 1. The color of branches
represents the geographic region from where the subtype C sequences originated, according to the map given in the figure. The boxes highlight the
position of the major east African subtype C lineages. The tree was rooted using HIV-1 subtype A1 and D reference sequences (black branches).
Horizontal branch lengths are drawn to scale with the bar at the bottom indicating nucleotide substitutions per site.

doi:10.1371/journal.pone.0041904.9001

estimated at 1978 for clade Cyr, 1981 for sub-clade Cypy, 1984
for sub-clade Cgro, and 1981 for clade C'gy (Figure 5).

Discussion

This study demonstrates a significant phylogeographic subdivi-
sion of HIV-1 subtype C strains circulating in the east respect to
those circulating in the central and southern African regions,
consistent with a recent study [8]. Most (73%) subtype C
sequences from east Africa analyzed in this study branched within
a highly supported monophyletic clade, here called Cga, that
comprise 100% of subtype C sequences from Burundi, 97% from
Uganda, 64% from Kenya, 61% from Ethiopia, and 49% from
Tanzania. This major east African clade also comprises a minor
proportion (<10%) of sequences from central Africa, but no
sequence from southern Africa, thus indicating that its circulation
is mainly restricted to the east African region. Of note, the
genealogies previously inferred for HIV-1 subtypes A and D also
support a model of limited introduction of each subtype into east
Africa, followed by a subsequent local expansion [61].

Our phylogeographic study suggests that the Cga clade most
probably originated in Burundi and after a period of local
expansion, this viral lineage was disseminated at multiple times to

@ PLoS ONE | www.plosone.org

Ethiopia, Kenya, Tanzania and Uganda, where it generated new
local epidemics. Several introductions of the Cga lineage from
Tanzania into both Kenya and Uganda were also detected, while
viral exchanges between Ethiopia, Kenya and Uganda were less
frequent. Five major country-specific monophyletic sub-clusters
were detected within the Cpa clade that comprise 44%, 33%,
37%, and 39% of all sequences from Ethiopia, Kenya, Uganda
and Tanzania here included, respectively. Thus, despite frequent
viral movement among east African countries, a significant
proportion of subtype C infections in Ethiopia, Kenya, Tanzania
and Uganda most likely resulted from the expansion of a few
ancestral Cpp strains.

It has been suggested that interconnectivity between population
centers was a critical factor in the spread of HIV-1 subtypes A and
D across Africa [61]. The restricted circulation of the Cga lineage
in southern African countries is consistent with this model,
considering the relative inaccessibility between the principal
population centers of eastern and southern African regions. This
model, however, is not consistent with the proposed role of
Burundi as the main hub of dissemination of the Cp clade in the
region, as this small country is poorly interconnected to other east
African countries. Previous studies have also shown a strongly
supported phylogenetic relationship between subtype C sequences
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Figure 2. Geographic distribution of HIV-1 subtype C clades in east Africa. a) Map of Africa showing the frequency of distinct HIV-1 subtype
C clades across the five countries from the east region here studied (Burundi, Ethiopia, Kenya, Uganda and Tanzania). b) Map of Tanzania showing the
frequency of distinct HIV-1 subtype C clades across different country regions where patients included in the present study resided (Kagera, Mwanza,
Kilimanjaro and Mbeya). The legend for the colors on graphics is shown on the right.

doi:10.1371/journal.pone.0041904.g002

from Brazil, the UK, Burundi and Kenya; thus indicating that the
Cpga clade has also been disseminated to South America and
Europe [60,62,63]. These evidences suggest that factors other than
accessibility may have shaped the dissemination of the Cy, clade
at both local and global scale.

Burundi has known many violent ethnic conflicts mainly since
the 1960s that resulted in large migration flows. Two major civil
conflicts that took place in Burundi in 1972 and 1993 generated

@ PLoS ONE | www.plosone.org

especially large human movements with the former producing
around 300,000 refugees and the latter producing about 687,000
[64]. Most refugees initially crossed the border of their country in
the east, fleeing to neighboring Tanzania, followed by movement
into other neighboring African countries and later to Europe and
North America. It has been estimated that there are about 200,000
Burundians currently living in Tanzania, 18,000 in the Demo-
cratic Republic of the Congo, 4,000 in Uganda, 10,000 in the
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Figure 3. Time-scaled Bayesian MCC tree of the HIV-1 Cgp lineage. Branches are colored according to the most probable location state of
their descendent nodes. The legend for the colors is shown on the left. The state posterior probability is indicated only at key nodes. The boxes
highlight the position of the major country-specific sub-clades detected in our study. The median age (with 95% HPD interval in parentheses) of
those country-specific sub-clades is shown. Horizontal branch lengths are drawn to scale with the bar at the bottom indicating years. The tree was
automatically rooted under the assumption of a relaxed molecular clock.

doi:10.1371/journal.pone.0041904.g003
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Figure 4. Spatiotemporal dynamic of HIV-1 Cgy clade dissem-
ination in east Africa. We provide snapshots of the dispersal pattern
for the years 1960, 1965, 1970, 1975, 1980, 1985, 1990 and 2000. Lines
between locations represent branches in the Bayesian MCC tree along
which location transition occurs. Location circle diameters are
proportional to square root of the number of Bayesian MCC branches
maintaining a particular location state at each time-point. The white-
green color gradient informs the relative age of the transitions (older-
recent). The maps are based on satellite pictures made available in
GoogleTM Earth (http://earth.google.com).
doi:10.1371/journal.pone.0041904.g004

European Union, and about 3,000 in the USA and Canada [64].
The molecular clock analysis clade traced the origin of the Cga
lineage in Burundi to the early 1960s, while the onset date of the
major sub-clades circulating in Ethiopia, Kenya, Tanzania and
Uganda was estimated at around the early 1970s, coinciding with
the first large Burundian migration flow. These analyses support
the notion that the Burundian migration flow occurring in 1972
may have played a fundamental role in the regional and
international dissemination of the Cga clade.

While subtype C epidemic in Burundi and Uganda is largely
dominated by the Cga clade, a second major subtype C lineage is
also circulating in Ethiopia. Our results showed that the two
Ethiopian lineages previously designated C and C’ [13], resulted
from independent founder strains originated in the eastern and
southern African regions, respectively, and further confirmed the
circulation of intra-subtype C/C’ recombinants in Ethiopia [40].
The prevalence of C/C’ recombinant viruses estimated in our

@ PLoS ONE | www.plosone.org
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Table 2. Estimated number of migration events of HIV-1 Cga
clade among east African countries.

From/To Burundi Ethiopia Kenya Tanzania Uganda
Burundi - 4 5 8 8
Ethiopia 0 - 0 0 1
Kenya 0 0 - 1 1
Tanzania 0 0 3 - 7
Uganda 0 0 0 0 -

doi:10.1371/journal.pone.0041904.t002

dataset (20%) was equal to the percentage found in the general
Ethiopian population [40]. The onset date of Ethiopian clades C
and C’ was dated to between the early 1970s and the early 1980s;
consistent with previous estimations [65,66,67].

A large collection of minor subtype C lineages of southern
African origin were detected in Kenya and Tanzania, which
together represent 36% and 51% of sequences from those
countries here analyzed, respectively. These lineages seem to have
a more restricted expansion than the Cga clade, although they
were particularly prevalent (100%) in southwest Tanzania (Mbeya
region), close to Zambia and Malawi. The co-circulation of
subtype C sequences from both east and southern African origin in
Tanzania is consistent with its intermediate geographical position
between eastern and southern countries. It is unclear whether
subtype G clades of southern African origin detected in Kenya
were introduced from Tanzania and/or directly from southern
Africa.

It is also unclear the relevance of these findings for HIV-1
vaccine design. Possible correlations of distinct HIV-1 subtype C
clades with differential susceptibility to neutralizing antibody and/
or cellular immune responses should be explored to justify the
selection of vaccines incorporating one or multiple immunogens
derived from major African subtype C clades [8]. It is also
uncertain whether distinct subtype C lineages may possess
different biological properties that affect disease progression and
viral transmission. A recent study conducted in Ethiopia showed
that infection with clade Cgr is associated with initially lower
HIV-1 RNA plasma loads but more rapid onset of disease than
infections with clade C'gr [68]. The authors proposed that the
clade Crr may be less efficiently transmitted than clade C'gr,
which is consistent with epidemiological evidence that show that
the strain C'pr has gained ground and surpassed the clade Cyp
over time [40,68]. New studies are necessary to determine if
subtype C lineages of east African origin are less transmissible than
those originated in southern Africa.

In conclusion, the results presented here point to the existence
of a HIV-1 subtype C lineage characteristic of east Africa, which
accounts for >70% of subtype C infections in this African region.
This lineage probably emerged in Burundi in the 1960s and about
10 years later spread to Ethiopia, Kenya, Uganda and Tanzania,
where it disseminated establishing new local epidemics. The
subtype C epidemics in Ethiopia, Kenya and Tanzania also
resulted from the introduction and dissemination of additional
lineages of southern African origin. The explanation for the
pattern of spread of the HIV-1 subtype C epidemic in east Africa is
probably multifactorial and includes founder effects, massive
migration between countries as a consequence of ethnic conflicts
and geographical proximity.
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Figure 5. Time-scaled Bayesian MCC tree of major Ethiopian HIV-1 subtype C lineages. MCC tree was obtained after exclusion of putative
C/C" intrasubtype recombinant sequences. Branches are colored according to the initial clade assignment of each sequence based on ML analysis: Cgr
(blue) and C'gr (red). The PP support and the median age (with 95% HPD interval in parentheses) are indicated only at key nodes. Horizontal branch
lengths are drawn to scale with the scale at the bottom indicating years. The tree was automatically rooted under the assumption of a relaxed

molecular clock.
doi:10.1371/journal.pone.0041904.9005

Supporting Information

Figure S1 Substitution saturation and likelihood map-
ping analyses. a) Transition (blue line) and transversion (green
line) versus divergence plot for the HIV-1 subtype C pol dataset. b)
Likelihood mapping of 10,000 random quarters selected from the
HIV-1 subtype C pol dataset. Distribution (left triangle) and
percentage (right triangle) of dots plotted in each region of the
map. Each dot represents the likelihoods of the three possible tree
topologies for a set of four sequences (quartets) selected randomly
from the dataset. The dots localized on the vertices, in the centre
and on the laterals represent the tree-like, the star-like and the
network-like phylogenetic signals, respectively.

(PPT)

Figure 82 Close view of the HIV-1 Cg, lineage despited
in Figure 1. The color of branches represents the country from
where the sequence originated, according to the legend shown on
the left. The boxes highlight the position of the major country-
specific sub-clades detected in our study. The aLRT support
values are indicated only at key nodes.

(PPTX)

Figure S3 Time-scaled Bayesian MCC tree of HIV-1
subtype C pol sequences from Ethiopia. Branches are
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Spatiotemporal dynamics of the HIV-1 CRF06_cpx
epidemic in western Africa

Edson Delatorre and Gonzalo Bello

Objective: To investigate the origin and spatiotemporal dynamics of dissemination of
the HIV-1 CRF06_cpx clade in western Africa.

Design: A total of 180 HIV-1 CRF06_cpx-like pol sequences isolated from 12 different
countries from west and west-central Africa over a period of 16 years (1995-2010) were
analyzed.

Methods: Evolutionary, phylogeographic and demographic parameters were jointly
estimated from sequence data using a Bayesian coalescent-based method and com-
bined with molecular epidemiology and spatial accessibility data.

Results: The CRFO6_cpx most probably emerged in Burkina Faso in 1979 (1970-
1985). From Burkina Faso, the virus was first disseminated to Mali and Nigeria during
the 1980s and later to other countries from west and west-central Africa. Demographic
reconstruction indicates that the CRFO6_cpx epidemic grew exponentially during the
1980s, with a median growth rate of 0.82 year ™' (0.60—1.09 year '), and after stabilize.
We found a negative correlation between CRF06_cpx prevalence and the geographical
distance to Burkina Faso’s capital. Regional accessibility information agrees with the
overall geographical range of the CRFO6_cpx, but not fully explains the highly
heterogeneous distribution pattern of this CRF at regional level.

Conclusion: The CRF06_cpx epidemic in western Africa probably emerged at the late
1970s and grew during the 1980s at a rate comparable to the HIV-1 epidemics in the
United States and Europe. Burkina Faso seems to be the most important epicenter of
dissemination of the HIV-1 CRF06_cpx strain at regional level. The explanation for the
current geographical distribution of CRFO6_cpx is probably multifactorial.

© 2013 Wolters Kluwer Health | Lippincott Williams & Wilkins

AIDS 2013, 27:1313-1320

Keywords: CRF06_cpx, HIV-1, phylodynamics, western Africa

Introduction

The dispersion of some human immunodeficiency virus
type 1 (HIV-1) group M strains out of the epicenter in
Central Africa has given rise to a diverse collection of viral
lineages with a complex global distribution, that we know
today as subtypes and inter-subtype recombinant forms.
The HIV-1 circulating recombinant forms (CRFs) and
unique recombinants forms have an epidemiologically
relevant contribution to the HIV-1 epidemic being
responsible for over 20% of all global infections [1].
Importantly, the global proportion of all CRFs
combined increased by 4.5% between 2000—2003 and
2004-2007 [1].

The CRF06_cpx is a complex recombinant that includes
genomic segments of subtypes A, G, J, and K [2]. This CRF
mainly circulates in western Africa, although its occurrence
greatly varies across countries. The CRF06_cpx is the
predominant clade in Burkina Faso where it accounts for
40-50% of HIV-1 infections [3—5], whereas its prevalence
is reduced to 10—15% in Mali [6,7] and Niger [8,9], 3—8%
in Benin [10], Ghana [11,12], Cote d’Ivoire [13,14],
Nigeria [15], Senegal [16,17], and Togo [18,19], and 1% or
less in Guinea Bissau [20] and Guinea Conakry [9]. This
CREF has also been occasionally detected in several west-
central African countries including: Cameroon, Central
African Republic (CAR), Chad, Equatorial Guinea and
Gabon [21].

Laboratério de AIDS e Imunologia Molecular, Instituto Oswaldo Cruz, FIOCRUZ, Rio de Janeiro, Brazil.
Correspondence to Gonzalo Bello, Laboratério de AIDS e Imunologia Molecular, Instituto Oswaldo Cruz, FIOCRUZ. Av. Brasil

4365, 21045-900 Rio de Janeiro, R, Brazil.

Tel: +55 21 3865 8154; fax: +55 21 3865 8173; e-mail: gbellobr@gmail.com/gbello@ioc.fiocruz.br
Received: 14 November 2012; revised: 20 December 2012; accepted: 17 January 2013.

DOI:10.1097/QAD.0b013e32835f1df4

ISSN 0269-9370 © 2013 Wolters Kluwer Health | Lippincott Williams & Wilkins

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.


mailto:gbellobr@gmail.com
mailto:gbello@ioc.fiocruz.br
http://dx.doi.org/10.1097/QAD.0b013e32835f1df4

1314

AIDS 2013, Vol 27 No 8

Bayesian phylogeographic models has been successfully
used to reconstruct the spatial and temporal dispersion
pattern of different HIV-1 clades at a regional level in the
African continent, including the subtypes A, C and D in
East Africa [22,23] and the CRF02_AG in the Congo
River basin [24]. Despite extensive data about molecular
epidemiology, the spatiotemporal dynamics of dissemina-
tion of most prevalent HIV-1 lineages circulating in
western Africa remains largely unexplored. Previous
studies have reconstructed the migration routes and
population dynamics of some HIV-1 clades in west Africa
at a country scale, such as the CRF02_AG clade in
Guinea Bissau [20] and the subtype C clade in Senegal
[25]; but none has explored the dissemination dynamics
of HIV-1 at a regional level.

In the present study, we used a comprehensive data set of
180 HIV-1 CRFO06_cpx-like pol sequences isolated from
12 different countries from west and west-central Africa
over a period of 16 years (1995-2010). Spatial and
temporal information of sequences was combined with
Bayesian analyses to reconstruct simultaneously the onset
date, the migration routes and the demographic history of
the HIV-1 CRF06_cpx epidemic at a regional scale.

Methods

Sequence dataset

A total of 207 HIV-1 CRF06_cpx pol sequences from
different patients of African origin covering the entire
protease and partial reverse transcriptase (PR/RT)
regions (nt 2253-3272 relative to HXB2 clone) were
downloaded from the Los Alamos HIV Sequence
Database (www.hiv.lanl.gov) by July 2012. Five sequences
with a mosaic profile different to the CRF06_cpx
reference sequences and 22 sequences with no infor-
mation about sampling date were removed. This resulted
in a final data set of 180 CRF06_cpx-like pol sequences
from west (n =174) and west-central (n=26) Africa
sampled over a period of 16 years (Table S1, http://
links.Iww.com/QAD/A311). Sequences were aligned
and all sites with major antiretroviral drug resistance
mutations in RT (41, 65, 67, 69, 70, 74, 101, 103, 106,
138, 151, 181, 184, 188, 190, 210, 215 and 219) detected
in at least two sequences were excluded. Alignment is
available from the authors upon request.

Genetic classification

The CRFO06_cpx-like classification of all pol sequences
here included was confirmed by: maximum likelihood
phylogenetic analysis, REGA HIV subtyping tool v.2 [26],
and bootscanning analysis using Simplot software v.3.5.1
[27]. The maximum likelihood phylogenetic tree was
constructed with the PhyML 3.0 program [28] using an
online web server (http://www.atgc-montpellier.fr/
phyml/). The maximum likelihood tree was inferred

under the GTR+I+G nucleotide substitution model
selected using the jModeltest program [29], and the
heuristic tree search was performed using the SPR branch-
swapping algorithm. The approximate likelihood-ratio test
based on a Shimodaira-Hasegawa-like procedure was used
as a statistical test to calculate branch support. In
bootscanning analyses, supporting branching of query
sequences with reference sequences from all HIV-1 group
M subtypes was determined in Neighbor-Joining trees
constructed using the Kimura two-parameter model,
within a 250 bp window moving in steps of 10 bases.

Analysis of the spatiotemporal dispersion pattern
The evolutionary rate (i, nucleotide substitutions per site
per year, subst./site per year), the age of the most recent
common ancestor (T, years), the demographic history,
and the spatial dynamics of CRF06_cpx circulating in
west and west-central Africa were jointly estimated using
the Bayesian Markov Chain Monte Carlo (MCMC)
approach as implemented in BEAST v1.6.2 [30]. Analyses
were performed using the GTRA4I+I'; nucleotide
substitution model and an uncorrelated Lognormal
relaxed molecular clock model [31] under different
coalescent models. Migration events throughout the
phylogenetic histories and the most relevant migration
pathways between locations were identified by applying a
standard discrete Bayesian phylogeographic model and
the Bayesian stochastic search variable selection (BSSVS)
approach [32], respectively. MCMC chains were run for
5% 10° generations and adequate chain mixing was
checked, after excluding an initial 10%, by calculating the
effective sample size using the TRACER v1.4 program
(http://beast.bio.ed.ac.uk/Tracer). Maximum clade
credibility (MCC) trees were summarized from the
posterior distribution of trees with TreeAnnotator and
visualized with FigTree v1.3.1 (http://tree.bio.ed.ac.uk/
software/figtree). Migratory events and significant non-
zero rates obtained by the BSSVS approach were
summarized using the cross-platform SPREAD appli-
cation [33] and viewed with Google Earth (http://
earth.google.com).

Statistical analysis

The correlation between CRF06_cpx prevalence in each
country and the corresponding geographical distance
from the country’s capital to the Burkina Faso’s capital was
examined using different regression models. The model
with the better fit to the data (higher R? value) was
selected. Statistical calculations were done using the
GraphPad Prism version 2.01 program (GraphPad
Software, San Diego, California, USA).

Results

Origin of the HIV-1 CRF06_cpx clade
In the present study we used a dataset of 180
CRFO06_cpx-like pol sequences isolated from 12 different
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countries from west and west-Central Africa between
1995 and 2010 (Table S1, http://linksIww.com/QAD/
A311). Most (76%) CRF06_cpx-like pol sequences were
retrieved from untreated patients (Table S1, http://
links.Iww.com/QAD/A311). All pol sequences here
included branched in a highly supported monophyletic
clade and displayed the same G/K mosaic structure that
the CRF06_cpx reference sequences (Fig. S1, http://
links.Iww.com/QAD/A311), thus, confirming their
original classification. Importantly, our dataset includes
sequences from all African countries with description of
CRFO06_cpx infections at a prevalence more than 1%,
with exception of Niger for which no sequence data for
the selected pol gene segment was available in public
databases.

The median evolutionary rate of the HIV-1 CRF06_cpx
lineage at pol gene directly calculated from the sampling
dates of the sequences was estimated at 2.4 x 107> (95%
HPD: 1.8 x 107> — 3.0 x 107°) subst./site per year,
consistent with the order of magnitude of 10~ expected
for HIV-1. The estimated coefficient of rate variation in
our dataset was 0.28 (95% HPD: 0.22—0.33). This
demonstrates a significant variation of substitution rate
among branches and validates the use of a relaxed
molecular clock model to reconstruct the time-scale of
the CRF06_cpx clade. According to the Bayesian
MCMC analysis, the most probable root location of
the CRF06_cpx clade was placed in Burkina Faso
(posterior state probability, PSP =0.94), and the onset
date of this clade was estimated to be 1979 (95% HPD:
1970-1985) (Fig. 1).

Spatiotemporal dispersal pattern of the HIV-1
CRF06_cpx clade

The spatiotemporal dynamics of CRF06_cpx was
reconstructed using a Bayesian phylogeographic diffusion
model that takes into account the uncertainty both at the
phylogenetic and the viral migration level. The Bayesian
MCC tree points to a great level of phylogenetic
intermixing of CRFO06_cpx sequences from different
geographic locations and supports that Burkina Faso,
where CRF06_cpx is dominant, has been the epicenter
from where this viral strain has spread to neighboring
countries (Fig. 1). This analysis identified some highly
supported (posterior probability, PP >0.90) country-
specific monophyletic clades of small size (n <5) in Benin,
Chad, Cote d’Ivoire, Mali, Nigeria and Senegal (Fig. 1).
A large (n=9) country-specific monophyletic clade
was also detected in Mali, but received low support

(PP <0.50).

Reconstruction of viral migrations across time revealed a
rapid dissemination of CRF06_cpx across West Africa
(Fig. 2). After its emergence in Burkina Faso around the
late 1970s, the virus was first disseminated to Mali
between 1980 and 1985 and later to Nigeria between
1985 and 1990. During the 1990s the virus migrated from

Burkina Faso to southern neighboring countries includ-
ing Benin, Ghana and Cote d’Ivoire, and also to more
distant countries like Chad and Senegal. In more recent
times, migrations of the CRF06_cpx clade were detected
from Burkina Faso to Togo and west-equatorial African
countries (Cameroon, Gabon and Equatorial Guinea).
The Bayes factor tests for significant nonzero rates, only
supports epidemiological linkage between Burkina Faso
and Mali (Bayes factor = 6426), Burkina Faso and Nigeria
(Bayes factor = 180), and Burkina Faso and Ghana (Bayes
factor=11) (Fig. 2).

Spatial accessibility and the spread of the HIV-1
CRF06_cpx clade

To better characterize the spatial spread of the HIV-1
CRFO06_cpx clade at a regional level, the geographical
distribution of CRF06_cpx was superimposed to
accessibility data reflecting the travel time to major cities
(>50000 people) (http://bioval.jrc.ec.europa.eu/pro-
ducts/gam/index.htm). Inspection of the African acces-
sibility map revealed that western region is well
connected and accessible, and that such a corridor of
connectivity also extends to some countries from the
central region (Cameroon, CAR, Chad, Equatorial
Guinea and Gabon) where the CRF06_cpx has been
detected (Fig. S2, http://links.lww.com/QAD/A311).
Despite this high interconnectivity of west and west-
central African populations, molecular epidemiology
data reveals a great variation of the CRFO06_cpx
prevalence at regional level, ranging from less than 1 to
more than 40% (Fig. 3). We found that such prevalence
was negatively correlated with the geographical distance
to the capital of Burkina Faso (Ouagadougou). As we
move away from Ouagadougou the prevalence of
CRFO06_cpx rapidly decreases following an exponential
decay curve (Fig. 3).

Demographic history of the HIV-1 CRF06_cpx
clade

To reconstruct the population dynamic pattern of the
HIV-1 CRF06_cpx clade, estimate of effective popu-
lation size (INe) over time was obtained using a Bayesian
skyline plot (BSP) coalescent model. The BSP analysis
suggests that the CRF06_cpx clade experienced an initial
phase of fast exponential growth during the 1980s,
followed by a more recent decline in growth rate since the
early 1990s (Fig. 4). This demographic trend was
consistent with a model of logistic growth that was then
used to estimate the initial growth rate of the CRF06_cpx
epidemic. The logistic growth coalescent model indicates
that the CRF06_cpx expanded during the 1980s with a
median growth rate of 0.82 year ™' (95% HPD: 0.60—1.09
year ). The demographic pattern of the CRF06_cpx
clade was then compared with changes in the estimated
number of people living with HIV in those west African
countries with a CRF06_cpx prevalence more than 2%.
The reconstructed demographic pattern fully agrees with
the epidemiological profile of Burkina Faso, where the
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Fig. 1. Time-scaled Bayesian MCC tree of the HIV-1 CRF06_cpx clade. Branches are colored according to the most probable
location state of their descendent nodes. Color code is indicated in the legend and in the map shown in the top. The median age
(with 95% HPD interval in parentheses) of the most recent common ancestor of CRF06_cpx is shown. Black dots point to key nodes
with a high (>0.85) PP support. Branch lengths are drawn to scale with the bar at the bottom indicating years. The tree was
automatically rooted under the assumption of a relaxed molecular clock. Countries represented are: BF (Burkina Faso), BJ (Benin),
ClI (Céte d’lvoire), GH (Ghana), ML (Mali), NG (Nigeria), SN (Senegal), TG (Togo), CM (Cameroon), GA (Gabon), GQ (Equatorial

Guinea) and TD (Chad).

number of people living with HIV remained relatively
stable between 1990 and 2010; but differs from the
epidemiological scenario in other west African countries
where the HIV epidemic only began to stabilize after the
middle 1990s (Fig. 4).

Discussion

The present study characterized the spatiotemporal
dynamics of dispersal of the HIV-1 CRFO06_cpx
throughout western Africa. The evolutionary and
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2001-2005

Fig. 2. Spatiotemporal dynamics of HIV-1 CRF06_cpx clade
dissemination in west and west-central African regions. (a)
Viral migration events between 1980 and 2005. Lines
between locations represent branches in the Bayesian MCC
tree along which location transitions occurs. The line’s color
informs the timing of location transitions according to the
legend at right corner. (b) Bayes factor test for significant
nonzero rates. Only rates supported by a Bayes factor greater
than 10 are indicated. BF, Burkina Faso; BJ, Benin; Cl, Cote
d’lvoire; CM, Cameroon; GA, Gabon; GH, Ghana; GQ,
Equatorial Guinea; ML, Mali; NG, Nigeria; SN, Senegal;
TD, Chad; TG, Togo. The maps are based on satellite pictures
made available in Google Earth (http://earth.google.com).

phylogeographic analysis performed here suggests that the
CRF06_cpx originated in Burkina Faso in the late 1970s.
Burkina Faso, a landlocked country that occupies a central
geographical position in western Africa, seems to have
been the most important epicenter of the CRF06_cpx
dissemination at regional level, continuously exporting
the virus to other countries from west and west-Central
Africa. Whether the recombination event that originates
the CRFO6_cpx ancestor took place in Burkina Faso or
another African country, however, is not clear. One
intriguing point is that the mosaic genome of
CRFO06_cpx comprises subtypes J and K, two HIV-1
variants detected at low prevalence in central-Africa, but
not in Burkina Faso [3-5].

Intense migratory flows were registered from Burkina
Faso to neighboring countries during the 1970s and
1980s, particularly to Cote d’Ivoire and Ghana
(http://www. oecd.org/migration/38409521.pdf). Our

phylogeographic analysis of CRFO06_cpx detected
significant epidemiological links between Burkina Faso
and Mali, Burkina Faso and Nigeria, and Burkina Faso
and Ghana; but not between Burkina Faso and Cote
d’Ivoire. This may be partially due to sampling bias since
the majority (73%) of the CRF06_cpx sequences in our
data set was from Burkina Faso, Mali and Nigeria;
whereas other countries were represented by a small
number of sequences. A more comprehensive sampling of
CREF06_cpx viruses may certainly result in the identi-
fication of new migration events and epidemiological
links not detected in this study. The root position of the
CRFO06_cpx clade in Burkina Faso may be also sensitive
to the sampling bias because most sequences (43%) were
from that country. Such root location, however, is fully
consistent with epidemiological data that show that
prevalence of CRFO06_cpx reaches a maximum in
Burkina Faso and decreases exponentially as we move
away from that country.

Tatem et al. [34] suggest that accessibility between
locations have played a major role in the spatial spread of
HIV-1 in sub-Saharan Africa. The concentration of most
CRFO06_cpx infections in western Africa is fully
consistent with the strong connectivity of this region
and its relative isolation from other African regions, with
exception of some west-central African countries where
CRFO06_cpx has been also detected. Human mobility
may have also played an important role in the spatial
spread of the CRF06_cpx clade as western Africa appears
as an area of intense intermixing of populations at regional
level. Quantitative estimates of intra-regional migration
indicate that west African countries currently host about
7.5 million migrants from other countries of the region,
representing 3% of the regional population, a rate that is
above the African average (2%) and that largely exceeds
that of the European Union (0.5%) (http://www.oecd.
org/migration/38409521.pdf).

Once an HIV variant entered in western Africa, the
strong accessibility and the high human mobility
between population centers may promote the rapid
and homogenous dissemination of the wviral strain
throughout the region. This may explain the quite
homogenous prevalence of the CRFO2_AG clade that
usually ranges between 40 and 70% across western
African countries [1]. The CRF06_cpx prevalence at
regional level, however, is much more heterogeneous,
ranging from less than 1 to more than 40% [3—20], and
seems to be negatively correlated with the geographical
distance to Burkina Faso’s capital. A small increase in the
distance to Ouagadougou is associated with a drastic
reduction in the prevalence of CRF06_cpx. This
suggests that accessibility and human mobility are not
enough to fully explain the complexity of spatial
distribution of distinct HIV-1 clades in western Africa,
and additional factors may also have influenced such
dissemination process.
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Fig. 3. African map showing the HIV-1 CRF06_cpx prevalence in west and west-central Africa. Countries were colored
according to the prevalence of CRFO6_cpx as shown in the legend. CRFO6_cpx prevalence was estimated from diverse sources
[3-20]. The graph on the bottom shows the correlation between the CRFO6_cpx prevalence at each country and the geographical
distance between the corresponding country’s capital and Burkina Faso’s capital. Correlation was adjusted to an exponential
decay curve and the model fit to the data (R? value) is indicated. BF, Burkina Faso; BJ, Benin; CF, Central African Republic; CI, Cote
d’lvoire; CM, Cameroon; GA, Gabon; GH, Ghana; GN, Guinea; GQ, Equatorial Guinea; GW, Guinea Bissau; ML, Mali; NE,

Niger; NG, Nigeria; SN, Senegal; TD, Chad; TG, Togo.

Our demographic reconstruction suggests that the
CRFO06_cpx epidemic in western Africa experienced
an initial phase of exponential growth during the 1980s
followed by a more recent stabilization since the early
1990s. This pattern resemble that previously described for
the CRF02_AG epidemic in the same region [20], with
one important difference. The CRF02_AG probably
emerged 10 years earlier than the CRF06_cpx and was
rapidly disseminated throughout the 1970s and 1980s. At
the same time, estimations of UNAIDS indicate that the
number of people living with HIV in most western
African countries started to stabilize during the 1990s
(Fig. 4). We suggest that the later emergence of the
CRFO06_cpx clade combined with temporal changes in
the epidemic growth pattern at regional level during
1990s may have resulted in a less efficient and more
heterogeneous dissemination of CRF06_cpx through
west-Africa when compared with CRFO2_AG.

Coalescent estimations of the HIV-1 epidemic growth
rate in southern and eastern African countries (~0.2—
0.4 yearfl) [35-37] have been lower than those
obtained in countries from western Europe, USA and
South America (~0.5-1.5 yearfl) [37—40]. This may
reflects the impact of different transmission routes
operating at each region. Although HIV transmission in
Africa mainly occurred through heterosexual contacts;
in Europe and the United States the virus is also
transmitted through networks with high rates of partner
exchanges like IDU and MSM. The median growth rate
here estimated for the CRF06_cpx epidemic in western
Africa (0.82 year '), however, was similar to that
projected for HIV-1 epidemics in Europe and the
United States. This may suggests that: HIV-1 trans-
mission by heterosexual contacts was more efficient in
western Africa than in other African regions; other
HIV-1 transmission routes, like the iatrogenic one, also
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Fig. 4. Demographic analysis of the HIV-1 CRF06_cpx epi-
demic. (a) Bayesian skyline plot representing nonparametric
estimates of effective number of infections through time for
the HIV-1 CRFO6_cpx epidemic in west Africa. Median
estimate of the effective number of infections (solid line)
and 95% confidence limits of the estimate (dashed lines)
are shown. (b) Plot representing the UNAIDS estimated num-
ber of people living with HIV (http://www.unaids.org/global-
report/documents/20101123_GlobalReport_full_en.pdf)
from 1990 to 2009 in those western African countries with a
CRF06_cpx prevalence more than 2%. Vertical axes were
represented on a logarithmic scale. BF, Burkina Faso; BJ,
Benin; Cl, Cote d'lvoire; GH, Ghana; ML, Mali; NE, Niger;
NG, Nigeria; SN, Senegal; TG, Togo.

operate in western Africa; or HIV-1 epidemic growth
rates in Africa were previously underestimated.

In summary, this study suggests that the CRF06_cpx
clade started to circulate in Burkina Faso around the late
1970s and was later spread to other countries from west
and west-central African regions. The explanation for the
current distribution of CRF06_cpx clade in Africa is
probably multifactorial and includes human mobility,
accessibility, distance from the epicenter, timing of viral
dissemination, and temporal changes in regional epidemic
growth pattern among others. Our data also highlight that
the initial growth rate of the CRF06_cpx epidemic in
western Africa was comparable to that estimated for HIV-
1 epidemics in Europe and the United States. These
findings offer important insights toward an understanding
of the current characteristics and dynamics of the HIV-1
epidemic in western Africa. It will be important to
incorporate in future studies new sequences from
countries not represented or poorly represented here
to test the major conclusions of our model.
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Abstract

Previous studies have shown that the HIV-1 epidemic in Cuba displayed a complex molecular epidemiologic profile with
circulation of several subtypes and circulating recombinant forms (CRF); but the evolutionary and population history of
those viral variants remains unknown. HIV-1 pol sequences of the most prevalent Cuban lineages (subtypes B, C and G,
CRF18_cpx, CRF19_cpx, and CRFs20/23/24_BG) isolated between 1999 and 2011 were analyzed. Maximum-likelihood
analyses revealed multiple introductions of subtype B (n=66), subtype C (n=10), subtype G (n=8) and CRF18_cpx (n=2)
viruses in Cuba. The bulk of HIV-1 infections in this country, however, was caused by dissemination of a few founder strains
probably introduced from North America/Europe (clades B¢y and Bcy.y), east Africa (clade Ccy.) and central Africa (clades
Gcu, CRF18¢y and CRF19¢y), or locally generated (clades CRFs20/23/24_BG). Bayesian-coalescent analyses show that the
major HIV-1 founder strains were introduced into Cuba during 1985-1995; whereas the CRFs_BG strains emerged in the
second half of the 1990s. Most HIV-1 Cuban clades appear to have experienced an initial period of fast exponential spread
during the 1990s and early 2000s, followed by a more recent decline in growth rate. The median initial growth rate of HIV-1
Cuban clades ranged from 0.4 year™' to 1.6 year . Thus, the HIV-1 epidemic in Cuba has been a result of the successful
introduction of a few viral strains that began to circulate at a rather late time of the AIDS pandemic, but then were rapidly

disseminated through local transmission networks.
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Introduction

The global dissemination of the Human immunodeficiency
virus type 1 (HIV-1) group M clade during the second half of the
twentieth century has resulted in the generation of a diverse
collection of genetic variants classified into subtypes, sub-subtypes,
circulating recombinant forms (CRFs) and unique recombinants
forms (URFs). The HIV-1 epidemic in the Americas is typically
dominated by subtype B clade, although substantial proportions
(=20%) of non-B subtype genetic forms are observed in Argentina,
Brazil, Cuba and Uruguay [1].

Cuba displayed a unique HIV-1 molecular epidemiologic
profile in the Americas characterized by the co-circulation of
several subtypes (Al, B, C, F1, G, H and J), CRFs and URFs.
Subtype B is the most prevalent variant (~33-40%), followed by
CRF19_cpx (~20-28%), CRFs20/23/24_BG (~12-20%)
CRF18_cpx (~7-10%), subtype C (~3-10%), and subtype G
(~2-7%) [2,3,4,5,6,7]. It has been proposed that the presence of
numerous Cuban military and civilian personnel in several sub-
Saharan African countries, and particularly those stationed in
Angola and neighboring countries between 1975 and 1991, have
contributed to the introduction of multiple non-B HIV-1 subtypes
into Cuba [2]. Some HIV-1 recombinants including CRF18_cpx
and CRF19_cpx were probably also imported into Cuba directly
from central Africa, since the parental viruses of these complex
genetic forms were only detected in that African region [8,9].
Indeed, a few cases of CRF18_cpx and CRF19_cpx like viruses
have been confirmed in Angola [10,11], Democratic Republic of
Congo (DRC) [12,13], Republic of Congo [14,15], Central
African Republic [16], and Cameroon [17,18,19]. Other HIV-1
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recombinants including all three CRFs_BG, however, were
probably generated locally by recombination between subtypes
B and G already circulating in Cuba [20].

According to this model, most non-B subtype HIV-1 variants
circulating in Cuba were probably introduced or locally generated
after 1975. Despite the extensive knowledge about the molecular
epidemiology of HIV-1 variants, the time-scale and epidemic
history of most prevalent HIV-1 clades circulating in Cuba
remains to be elucidated. In this study, we used a Bayesian
coalescent-based method and a comprehensive data set of HIV-1
subtype B (n=322), and non-B subtypes (n=420) pol sequences of
Cluban origin isolated between 1999 and 2011, to date the origin
and reconstruct the demographic history of major HIV-1 variants
circulating in Cuba.

Materials and Methods

HIV-1 Cuban sequence datasets

We downloaded all HIV-1 Cuban sequences covering the entire
protease and partial reverse transcriptase (PR/RT) regions of the
pol gene (nt 2253-3272 relative to HXB2 clone) classified as
subtypes B (n=322), C (n=49), G (n=35), CRF18_cpx (n=71),
CRF19_cpx (n=167), and CRFs20/23/24_BG (n=118) that were
available at the Los Alamos HIV Sequence Database (www.hiv.
lanl.gov) by March 2013. HIV-1 pol sequences were retrieved from
both antiretroviral therapy naive and HAART treated patients
from different Cuban regions between 1999 and 2011, as
described in previous studies [2,3,4,5,6]. Sequences were aligned
using the CLUSTAL X program [21]. To avoid any bias on the
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Figure 1. ML phylogenetic tree of HIV-1 subtype B po/ (~1000 pb) sequences circulating in Cuba (n=322), US (n=525), France
(n=348), and other Caribbean countries (n=418). The branches are colored according to the origin of each sequence, as indicated at the
legend (bottom left). The circular brackets highlight the position of the pandemic (Bpanpemic: green line) and non-pandemic (Bcagigeean: blue line)
HIV-1 subtype B clades. Shaded boxes highlight the position of the two major HIV-1 subtype B Cuban clades (Bcy. and Bcy.y). The number of Cuban
sequences distributed accordingly to the clade size is shown (top left). Key nodes with aLRT support values >0.80 (¥) and =0.90 (**) are indicated.
The tree was rooted using HIV-1 subtype D reference sequences (gray branches). The branch lengths are drawn to scale with the bar at the bottom

indicating nucleotide substitutions per site.
doi:10.1371/journal.pone.0072448.9001

phylogenetic reconstructions, all sites with major antiretroviral
drug resistance mutations in PR (30, 32, 46, 47, 48, 50, 54, 76, 82,
84, 88 and 90) or RT (41, 65, 67, 69, 70, 74, 100, 101, 103, 106,
115, 138, 151, 181, 184, 188, 190, 210, 215, 219 and 230)
detected in at least two sequences were excluded from each
alignment. All alignments are available from the authors upon
request.

HIV-1 reference datasets

HIV-1 Cuban sequences were combined with reference
sequences of diverse origin that matched the selected genomic
region and were available at the Los Alamos HIV Sequence

PLOS ONE | www.plosone.org

Database. Subtype B Cuban sequences were aligned with
reference sequences representative of the viral diversity in US
(n=1525), France (n=348) and the Caribbean (n=417) (Table S1).
Subtype C Cuban sequences were aligned with representative
sequences from central (n=153), eastern (n=330) and southern
(n=545) African regions (Table S2). The HIV-1 subtype G Cuban
sequences were combined with all available subtype G sequences
of African origin (n=437) (Table S3). The CRF19_cpx Cuban
sequences were aligned with all available CRF19_cpx sequences
from other countries (= 3) and subtype D sequences of African
origin (n=1,112) (Table S4). Finally, the HIV-1 CRF18_cpx and
CRFs_BG Cuban sequences were combined with all available
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Figure 2. ML phylogenetic tree of HIV-1 subtype C po/ (~1000 pb) sequences circulating in Cuba (n=49), and in central (n=53),
eastern (n=330) and southern (n=545) African countries. Branches are colored according to the origin of each sequence, as indicated at the
legend (bottom left). The circular bracket highlights the position of the subtype C east African clade (Cga). Shaded boxes highlight the position of the
two major HIV-1 subtype C Cuban clades (Ccy, and Ccy.y). Key nodes with aLRT support values >0.80 (*) and =0.90 (**) are indicated. The tree was
rooted using HIV-1 subtype A1 and D reference sequences (gray branches). The branch lengths are drawn to scale with the bar at the bottom

indicating nucleotide substitutions per site.
doi:10.1371/journal.pone.0072448.9g002

CRF18_cpx (n=15) and CRFs20/23/24 BG (n=7) sequences
from other countries (Tables S4 and S5).

Subtype assignment

The subtype assignment and recombinant structure of all
sequences here included was confirmed by: REGA HIV subtyping
tool v.2 [22]; Bootscanning with Simplot software v3.5.1 [23] and
Maximum Likelihood (ML) phylogenetic analysis. In bootscan
analyses, supporting branching with reference sequences from all
HIV-1 group M subtypes were determined in Neighbor-Joining
trees based on 100 re-samplings, within a 250 bp window moving
in steps of 10 bases. ML phylogenetic trees were inferred under the
best nucleotide substitution model selected using the jModeltest
program [24] (Table S6). The ML tree was reconstructed with the
PhyML program [25] using an online web server [26]. Heuristic
tree search was performed using the SPR branch-swapping
algorithm and the reliability of the obtained topology was
estimated with the approximate likelihood-ratio test (aLRT) [27]

PLOS ONE | www.plosone.org

based on the Shimodaira-Hasegawa-like procedure. The ML trees
were visualized using the FigTree v1.4.0 program [28]. All HIV-1
sequences displaying incorrect clade assignment and/or frameshift
mutations were excluded from the study, with the exception of
four CRF23_BG sequences that were reclassified as CRF20_BG
(GenBank accession numbers FJ481689 and FJ585687) and
CRF24_BG (GenBank accession numbers JQ585465 and
FJ481688).

Reconstruction of evolutionary and demographic history

The evolutionary rate (u, nucleotide substitutions per site per
year, subst./site/year), the age of the most recent common
ancestor (7., years), and the mode and rate (r, years ') of
population growth of different Cuban HIV-1 clades were jointly
estimated using the Bayesian Markov Chain Monte Carlo
(MCMC) approach as implemented in BEAST v1.7.5 [29,30].
Analyses were performed using the best nucleotide substitution
model (Table S6) and an uncorrelated Lognormal relaxed
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Figure 3. ML phylogenetic tree of HIV-1 subtype G po/ (~1000 pb) sequences circulating in Cuba (n=35), and in central (n=71),
western (n=366), eastern (n=10) and southern (n=3) African countries. Branches are colored according to the origin of each sequence, as
indicated at the legend (bottom left). Shaded boxes highlight the position of the major HIV-1 subtype G Cuban clade (G¢y). Key nodes with aLRT
support values >0.80 (*) and =0.90 (**) are indicated. The tree was rooted using HIV-1 subtype A1 and B reference sequences (gray branches). The
branch lengths are drawn to scale with the bar at the bottom indicating nucleotide substitutions per site.

doi:10.1371/journal.pone.0072448.9g003

molecular clock model [31]. A Bayesian Skyline coalescent tree
prior [32] was first used to estimate f, the 7., and the change in
effective population size through time. Estimates of the population
growth rate were subsequently obtained using a logistic growth
coalescent tree prior that was the model pointed out by the
Bayesian Skyline plot and that also provided the best fit to the
demographic signal contained in most datasets. Comparison
between demographic models was performed using the log
marginal likelihood (ML) estimation based on path sampling
(PS) and stepping-stone sampling (SS) methods [33]. MCMC
chains were run for 10-50x10° gencrations. Adequate chain
mixing and uncertainty in parameter estimates were assessed by
calculating the effective sample size (ESS) and the 95% Highest
Probability Density (HPD) values respectively, after excluding an
initial 10% using the TRACER v1.5 program [34].

PLOS ONE | www.plosone.org

Results

Identification of major HIV-1 Cuban clades

The ML analysis of HIV-1 subtypes B, C and G sequences from
Cuba and other countries from the Americas, Europe and Africa
revealed that most Cuban strains branched in well-supported
country-specific sub-clades. Of the 322 HIV-1 subtype B Cuban
sequences analyzed, 180 (56%) formed a large country-specific
monophyletic sub-clade (B, aLRT=0.81), 44 (14%) branched
in two clusters of medium size (15<z<<30), 52 (16%) formed
clusters of small size (»=10), and the remaining 46 (14%)
represented non-clustered sequences (Fig. 1). Of note, all subtype
B Cuban sequences branched in a large Bpanpranc monophyletic
cluster (aLRT = 0.80) together with most subtype B sequences from
US (92%) and all sequences from France (100%); whereas most
non-Cuban Caribbean sequences (60%) occupy the deepest
branches within B clade (Fig. 1).
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A)

CRF18,

B) oS

B cusa n
) EAST AFRICA
(" WEST AFRICA

|| CENTRAL AFRICA

8 sOUTHERN AFRICA
@ AMERICA/EUROPE 508

PLOS ONE | www.plosone.org 5

AN

Phylodynamics of HIV-1 in Cuba

September 2013 | Volume 8 | Issue 9 | e72448



Phylodynamics of HIV-1 in Cuba

Figure 4. ML phylogenetic trees of HIV-1 CRFs_cpx po/ (~1000 pb) sequences. A) HIV-1 CRF18_cpx from Cuba (n =62), were combined with
those isolated in African (n=12), American (n=1) and European (n=2) countries. The tree was rooted using HIV-1 subtype G reference sequences
(black branches). B) HIV-1 CRF19_cpx sequences from Cuba (n=160) and European countries (n=3) were combined with subtype D sequences of
African origin (n=1,112). Branches are colored according to the origin of each sequence, as indicated at the legend (bottom left). Shaded boxes
highlight the position of the major HIV-1 CRF18_cpx (CRF18¢y) and CRF19_cpx (CRF19¢y) Key nodes with aLRT support values >0.80 (*) and =0.90

(**) are indicated. The branch lengths are drawn to scale with the bar at the bottom indicating nucleotide substitutions per site.

doi:10.1371/journal.pone.0072448.g004

Of the 49 HIV-1 subtype C Cuban sequences analyzed, 34
(69%) branched in a single monophyletic sub-cluster (Cgu.r,
aLRT=0.94), six (12%) branched in a second well supported
minor clade (Ceu.p, aLRT=0.98), and the remaining nine (18%)
represented non-clustered sporadic lineages (Fig. 2). The major
clade Cy.y was nested within Ethiopian sequences that belongs to
the previously called Cga clade [35], a viral lineage characteristic
of the east African region (Fig. 2). The minor clade Gy, by
contrast, was nested within subtype C sequences from southern

Africa (Fig. 2). Non-clustered Cuban sequences were scattered
among strains from Ethiopia and southern African countries.

Of the 35 HIV-1 subtype G Cuba sequences analyzed, 26 (74%)
branched in a single monophyletic sub-cluster (Geu, aLRT = 0.87)
and the remaining nine (26%) represented sporadic lineages of one
or two sequences. Although most subtype G African strains
included in our analysis were from the western region (n= 366,
84%), the clade Gy and most sporadic subtype G Cuban lineages
were nested among basal sequences from the central African

region (Angola, DRC and Cameroon) (Fig. 3). There was only one

CRF20_BG
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Figure 5. Ml phylogenetic tree of HIV-1 CRFs20/23/24_BG po/ (~1000 pb) sequences circulating in Cuba (n=118) and Spain (n=7).
Branches are colored according to the origin of each sequence, as indicated at the legend (top left). The circular brackets highlight the distribution of
the three CRFs_BG clades. The tree was rooted using HIV-1 subtype G reference sequences (black branches). Key nodes with aLRT support values
>0.80 (*) and =0.90 (**) are indicated. The branch lengths are drawn to scale with the bar at the bottom indicating nucleotide substitutions per site.
doi:10.1371/journal.pone.0072448.g005
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Cuban sequence that branched within a major African subtype G
sub-clade mainly composed by sequences from Nigeria.

Test the monophyletic origin of the HIV-1 CRFs_cpx Cuban
sequences was very much complicated because the scarcity of
CRF18_cpx (n=12) and the absence of CRF19_cpx pol sequences
of African origin available in public databases. Because
CRF19_cpx is subtype D in the po/ fragment analyzed, we
decided to include all available subtype D pol sequences of African
origin in our analysis. ML analysis revealed that all (except one)
CRF18_cpx and all CRF19_cpx sequences from Cuba branched
in highly supported (¢LR7T=0.90) monophyletic sub-clusters
(CRF18¢y and CRF19¢y) that were nested within CRF18_cpx
and subtype D pol sequences of central African origin, respectively
(Fig. 4). The few CRF18_cpx isolated in Europe (n =2) and South
America (n=1) were intermixed among basal African strains;
whereas all CRF19_cpx detected in Europe (n=3) branched
within the clade CRF19¢y (Fig. 4).

As expected, the CRFs20/23/24_BG Cuban sequences formed
three well-supported (aLR7=0.90) monophyletic lineages (Fig. 5).
The few CRF20_BG (n=4) and CRF24_BG (n=3) sequences
1solated outside Cuba (Spain and Greece) were intermixed among
Cuban strains (Fig. 5); thus supporting a Cuban origin for all those
European sequences.

Time scale of major HIV-1 Cuban clades

Bayesian MCMC analyses under a relaxed molecular clock
model were used to estimate the substitution rate and Tyrca of all

PLOS ONE | www.plosone.org

Table 1. Evolutionary rate and time-scale of major HIV-1 Cuban clades.
HIV-1 clade N Sampling interval « (subst./site/year) Coefficient of variation Tygrca
Bcua 176 2003-2011 3.0x1073 0.30 1992
(24%x1073-3.6x1073) (0.21-0.39) (1988-1994)
Bau 27 1999-2011 24x1073 0.25 1991
(1.6x1073-3.2x103) (0.01-0.45) (1986-1994)
Cay 34 2003-2011 2.8x1073 0.41 1994
(2.0x1073-3.8x1073) (0.19-0.65) (1990-1998)
Geuy 26 1999-2011 2.0x1073 0.56 1988
(1.0x1073-33x1073) (0.36-0.81) (1976-1995)
CRF18¢y 61 1999-2011 26x1073 0.40 1992
(1.9%x1073-35%1073) (0.25-0.59) (1987-1996)
CRF19¢y 158 1999-2011 3.4x1073 0.38 1987
(29%1073-4.0x1073) (0.30-0.47) (1983-1991)
CRF20/23/24_BG 117 1999-2011 26x103 0.35 1991
(21x1073-3.1x103)* (0.25-0.45)* (1986-1994)*
CRF20_BG 56 1999-2011 26x1073 035 1996
(21x1073-3.1x103)* (0.25-0.45)* (1994-1998)*
24x1073 0.27 1996
(1.8x1073-3.0x1073) (0.10-0.44) (1994-1998)
CRF23_BG 1 2003-2011 26x1073 0.35 1998
(21x1073-3.1x1073)* (0.25-0.45)* (1996-2000)*
CRF24_BG 50 2003-2011 26x1073 0.35 1997
(21x1073-3.1x10 3)* (0.25-0.45)* (1996-1999)*
22x1073 0.36 1998
(1.6x1073-2.8x1073) (0.19-0.54) (1996-2000)
*Estimates obtained from the combined CRF20/23/24_BG data set.
doi:10.1371/journal.pone.0072448.t001

HIV-1 Cuban clades with a minimum size of 25 sequences. A few
subtype B (n=4) and CRF19_cpx (n=2) sequences with anom-
alously long branches in the phylogenetic tree, were excluded. The
final number of HIV-1 Cuban sequences included in the
evolutionary analyses is shown in Table 1. The median estimated
evolutionary rates for the pol region of the different HIV-1 clades
were roughly similar, ranging from 2.0x107% subst./site/ycar
(Geu clade) to 3.4 %102 subst. /site/year (CRF19¢y clade), with a
considerable overlap of the 95% HPD intervals (Table 1). The
coefficient of rate variation was higher than zero for all HIV-1
datasets analyzed (Table 1), thus supporting the use of a relaxed
molecular clock model to reconstruct the time-scale of major HIV-
1 Cuban lineages.

The median Tyrca of those HIV-1 clades imported into Cuba
range between 1987 (CRF19¢y) and 1994 (Cu.); whereas the
median Tygrca of those CRF_BG variants locally generated
varied between 1996 and 1998 (Table 1). The Tyrca of
CRF20_BG and CRF24_BG clades estimated from the single
CRF datasets were almost identical to those estimated from the
combined CRFs20/23/24_BG data set (Table 1), indicating that
all Cuban CRFs_BG evolved at quite similar rates. A previous
study [20], proposed that Cuban CRF_BG viruses derive from a
common recombinant ancestor generated by recombination
between clade G¢y and the second most prevalent subtype B
clade (B¢u.n) (Fig. 1). The analysis of the combined CRFs20/23/
24_BG data set allows us to estimate the median Tyrca of that
putative BG recombinant ancestor at 1991, roughly coinciding
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Figure 6. Demographic history of the major HIV-1 Cuban clades. Effective number of infections through time estimated using both Bayesian
skyline (A, C, E, G, |, K, M and O) and logistic growth (B, D, F, H, J, L, N and P) coalescent models are shown for each of the eight HIV-1 Cuban clades
analyzed. Median estimates of the effective number of infections (solid line) and 95% HPD intervals of the estimates (dashed lines) are shown in each
graphic. The vertical axes represent the estimated effective number of infections on a logarithmic scale. Time scale is in calendar years.

doi:10.1371/journal.pone.0072448.g006

with the estimated Tyrca of the parental clades Gy and Beu.n
(Table 1).

Demographic history of major HIV-1 Cuban clades

The Bayesian skyline plot (BSP) analyses suggest that all HIV-1
Cuban clades experienced an initial phase of fast exponential
growth followed by a more recent decline in growth rate (Fig. 6).
The growth rate of most HIV-1 Cuban clades seems to start to
decrease around the early 2000s; except for clades Boy.n and
CRF24_BG that seem to stabilize at earlier (before 2000) and later
(after 2005) time points, respectively. The BSP analyses also
suggests that the coalescent model of logistic population growth fits
the demographic information contained in all HIV-1 Cuban data
sets better than the exponential one.

To test this, log ML for the logistic and exponential growth
models were calculated using both PS and SS methods. The model
of logistic population growth was strongly supported over the
exponential one for most HIV-1 Cuban clades (log BF>3), with
exception of Gy and CRF24_BG for which only a weak support
was obtained (log BF =0.9-1.0) (Table 2). Such a low BF support
to the logistic growth model could be explained by the low number
of sequences in clade Gy (= 26) and the very recent stabilization
of clade CRF24_BG (after 2005). Moreover, the overall time-scale
and demographic pattern obtained from both BSP and logistic
growth coalescent tree priors were very similar for all HIV-1
Cluban clades (Fig. 6). According to the logistic model, the median
initial growth rates of HIV-1 Cuban clades range between 0.40
year' (CRF19¢y) to 1.57 year” ' (Bau.n) with some overlap of
the 95% HPD intervals for most lineages, except between
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CRFlg(;U and clades BCU-Ia BCU—II: CCU—I; CRFQO_BG and
CRF24_BG (Fig. 7).

Discussion

The Cuban HIV epidemic is unique in the Americas because of
the exceptionally low HIV prevalence, estimated at 0.20% in
adults in 2011 [36], and the unusually high HIV-1 genetic
diversity with circulation of subtype B and several non-B subtypes
[2,3,4,5,6,7]. Our study indicates that most HIV-1 infections in
Cluba derived from the dissemination of a few founder viruses that
were either introduced from the Americas/Europe (subtype B) and
Africa (subtype C, subtype G, CRF18_cpx and CRF19_cpx) or
were locally generated (CRFs20/23/24_BG).

The most accepted model of worldwide HIV-1 subtype B
dissemination suggests that the virus moved from Haiti to other
Caribbean islands and to the United States (US), and then from
the US to the rest of the world establishing a “Bpanprmic” clade
[37]. The phylogenetic analysis here performed revealed multiple
(n=66) introductions of HIV-1 Bpaxpraic strains in Cuba,
although the bulk of the subtype B epidemic in this country
resulted from the dissemination of only a few clades. The two most
prevalent clades B¢y and By comprises about 55% and 8% of
all subtype B sequences from Cuba here included, respectively. We
estimate that these clades most probably emerged in Cuba in the
early 1990s, much later than the estimated origin of subtype B
epidemics in Haiti and the US (1960-1970) [37,38,39]. The
estimated Tyrca of clades By and Beyy coincides with a crisis
in the Cuban economy caused by the collapse of the Soviet Union
in 1991 that precipitated important investments in the tourist
industry and a sharp increase in the number of tourist mostly from

1.21
(0.78-1.70)  1.03
(0.56 — 1.56)

0.40

(0.29 - 0.52)

Bcu-i Bcu-t Ccu- Gcecu-l CRF18 CRF19 CRF20 CRF24

Figure 7. Coalescent estimates of epidemic growth rate of the major HIV-1 Cuban clades. The box plots and the numbers above
represent the median growth rates (years ') and the 95% HPD intervals of the posterior distributions estimated under the logistic growth coalescent

model for each of the eight HIV-1 Cuban clades analyzed.
doi:10.1371/journal.pone.0072448.g007
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North America and Europe [40], regions with a widespread
circulation of the subtype Bpanpemic clade. This may explain the
massive influx of subtype Bpanprmic strains and the apparent
absence of “non-pandemic” subtype B Caribbean lineages in
Cuba.

Similarly to subtype B, there were multiple introductions of
subtype G (n=10), subtype G (n=8) and CRF18_cpx (n=2)
viruses in Cuba, but only a few of them were able to get
established and disseminate. The clades Cguy, Geu and
CRF18¢y comprise 69%, 74% and 98% of all subtype C,
subtype G and CRF18_cpx sequences from Cuba included in this
study, respectively. The monophyletic clustering of CRF19_cpx-
like pol Cuban sequences within subtype D radiation, the paucity
of this genetic variant in Africa, and the recent Tyrca of Cuban
sequences strongly suggests that the CRF19¢y clade also derives
from a single founder event. HIV-1 clades Ggu, CRF18¢y and
CRF19¢y probably originate in central Africa, whereas clade
Ccu. probably derives from east Africa. Our study suggests that
clades CRF19¢y and Gy began to circulate in Cuba around the
late 1980s, followed shortly thereafter by clades CRF18¢y and
Ccu.. Thus, although Cuban personnel were stationed in several
African countries since the 1970s, HIV-1 African strains were
successfully disseminated within Cuba only from the late 1980s
onwards.

Our data suggest that HIV-1 CRFs_BG (20_BG, 23_BG and
24_BG) started to spread in Cuba in the second half of the 1990s.
Such a recent expansion of BG recombinants in Cuba is fully
consistent with epidemiological data showing that in samples
collected in 2003, none of the individuals harboring BG
recombinants were diagnosed with HIV-1 infection earlier than
1996, and all but three were diagnosed since 2000 [20]. Similarly,
the proportion of BG infections among MSM in Havana City
increased from 0% in those diagnosed in 1998 to 31% in those
diagnosed in 2003 [3]. It was proposed that all Cuban CRFs_BG
evolved from a common BG recombinant ancestor locally
generated by recombination between parental clades Beygy and
Geu [20]. According to our estimations, that common BG
recombinant ancestor was generated in the ecarly 1990s, thus
around or immediately after the estimated onset date of parental
clades By and Gy and some years earlier than the emergence
of the CRFs_BG.

PLOS ONE | www.plosone.org
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Table 2. Best fit demographic model for major HIV-1 Cuban clades.
Dataset PS ss
Log BF Log BF (LG vs
Log ML LG Log ML EG (LG vs EG) Log ML LG Log ML EG EG)
Bcusa 1 —12891.71 —12935.39 43.68 —12894.56 —12939.47 43.91
ama —3563.92 —3568.51 459 —3563.99 —3568.71 472
Ccusa —4114.63 —4118.50 3.87 —4114.74 —4118.72 3.98
Gcusa —4196.64 —4197.66 1.02 —4196.87 —4197.73 0.86
CRF18 —6109.29 —6118.91 9.62 —6109.54 6119.01 9.47
CRF19 —14552.57 —14564.21 11.64 —14553.91 —14565.09 11.18
CRF20 —5083.74 —5100.80 17.06 —5083.91 —5101.05 17.14
CRF24 —4159.40 —4160.43 1.03 —4159.81 —4160.70 0.89
Log marginal likelihood (ML) estimates for logistic growth (LG) and exponential growth (EG) demographic models obtained using the path sampling (PS) and stepping
stone sampling (SS) methods. The Log Bayes factor (BF) is the difference of the Log ML between of alternative (H1 =LG) and null (H0=EG) models. Log BFs>1 indicates
that model H1 is more strongly supported by the data than model HO.
doi:10.1371/journal.pone.0072448.t002

The reconstruction of the demographic history indicates that
most HIV-1 Cuban clades followed a very similar growth pattern
characterized by rapid dissemination until the early 2000s after
which the epidemic growth rate of those epidemics started to slow-
down. The expansion of the By clade, by contrast, seems to
decrease during 1990s; whereas the growth rate of the CRF24_BG
clade probably only stabilized in the second half of the 2000s. The
initial expansion of the major HIV-1 Cuban clades coincides with
a sustained increase in the number of infected HIV-positive
individuals in Cuba from 1991 to 2000 [41]. UNAIDS estimations
indicate that the total number of people living with HIV in Cuba
continued to growth in the last decade, rising from 3,100 (2,600—
4,300) in 2000 to 14,000 (12,000-16,000) in 2011 [36]. Our
demographic analysis, however, suggests a trend toward stability in
the effective number of infections of all major HIV-1 Cuban clades
over time consistent with recent epidemiological data that shows a
decrease of HIV incidence in Cuba, mainly among men, in the
biennium 2010-2011 [42].

Our coalescent-based analyses suggest that CRIF20_BG,
CRF24_BG and By have displayed a more explosive initial
growth (1.0 year '~1.6 year-') than clades Goy, CRF18¢y and
CRF19¢y (~0.4-0.6 year_l); whereas clades By and Ceyg
displayed intermediate initial growth rates (~0.8 year ). Notably,
all those HIV-1 Cuban clades with the fastest initial expansion
rates (Becua, Beuar, Beua and CRFs_BG) were much more
prevalent among MSM than among heterosexual (HET) persons
[3]. Thus, some HIV-1 Cuban clades may have spread faster than
others because they encountered, by chance, local transmission
chains with higher rates of partner exchange. Dissemination
within a transmission network of small size and high rate of
partner exchange may also explain the fast, but self limited,
dissemination phase of clade Bgu.qr. Additional influence of
virological factors cannot be excluded. These results must also be
mterpreted with caution as most growth rate estimates here
obtained displayed quite large overlapping 95% HPD intervals.

It has been proposed that Cuba’s low rate of HIV infection is
due to several factors that served to prevent sexual transmission of
the virus, including: wide-scale HIV screening and subsequent
contact tracing of HIV-positive individuals, mandatory quarantine
of the first HIV-infected individuals at sanatoria, free access to a
well structured public health system, comprehensive HIV educa-
tion campaigns, coordinated work of Cuban government agencies
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and community, and restricted tourism between Cuba and
western countries up to the early 1990s [43,44,45,46]. The
estimated initial growth rates of the major HIV-1 Cuban clades
(~0.4-1.6 year™ "), however, were comparable to those obtained
for different HIV-1 epidemics in the Americas (~0.5-1.3 year ')
[38,47,48,49,50,51,52], Europe (~0.4-1.5 year ') [52,53,54,55],
Africa (~0.2-0.8 year ') [47,52,56,57,58] and Asia (~0.8 ycar™ ')
[59]. This suggests that several factors may have contributed to
delay the introduction and/or dissemination of HIV-1 in Cuba for
many years; but once some HIV-1 strains got established in
vulnerable HET and MSM transmission groups they spread
quickly.

In summary, this study indicates that only a few subtype B and
non-B subtype founder viral strains were successfully disseminated
imn Cuba. Some of those HIV-1 viral strains were probably
introduced from North America/Europe, central Africa and east
Africa between the middle 1980s and the middle 1990s; whereas
other were locally generated around the late 1990s. Changes in the
social and economic landscapes of Cuba occurring at the
beginning of the 1990s may have fueled the introduction and/or
initial dissemination of major HIV-1 Cuban clades. Although the
main HIV-1 Cuban lineages began to circulate at a rather late
time of the AIDS pandemic, further dissemination within
vulnerable groups was rapid. These results reinforce the impor-
tance of maintaining, reviewing and updating permanently the
public health measures aimed at controlling the spread of those
HIV-1 variants already established in the Cuban population.
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Abstract

The human immunodeficiency virus type 1 (HIV-1) subtype G is the second most prevalent HIV-1 clade in West Africa,
accounting for nearly 30% of infections in the region. There is no information about the spatiotemporal dynamics of
dissemination of this HIV-1 clade in Africa. To this end, we analyzed a total of 305 HIV-1 subtype G pol sequences isolated
from 11 different countries from West and Central Africa over a period of 20 years (1992 to 2011). Evolutionary,
phylogeographic and demographic parameters were jointly estimated from sequence data using a Bayesian coalescent-
based method. Our analyses indicate that subtype G most probably emerged in Central Africa in 1968 (1956-1976). From
Central Africa, the virus was disseminated to West and West Central Africa at multiple times from the middle 1970s onwards.
Two subtype G strains probably introduced into Nigeria and Togo between the middle and the late 1970s were
disseminated locally and to neighboring countries, leading to the origin of two major western African clades (Gya. and Gya.
- Subtype G clades circulating in western and central African regions displayed an initial phase of exponential growth
followed by a decline in growth rate since the early/middle 1990s; but the mean epidemic growth rate of Gy (0.75 year™ ')
and Gya. (0.95 year™") clades was about two times higher than that estimated for central African lineages (0.47 year™").
Notably, the overall evolutionary and demographic history of Gya, and Gwa. clades was very similar to that estimated for
the CRF06_cpx clade circulating in the same region. These results support the notion that the spatiotemporal dissemination
dynamics of major HIV-1 clades circulating in western Africa have probably been shaped by the same ecological factors.
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Introduction

The current distribution of human immunodeficiency virus type
1 (HIV-1) group M subtypes and circulating recombinant forms
(CRYFs) around the world resulted from the chance exportation of
different viral strains out of Central Africa into new geographic
regions were these initiated secondary epidemics [1]. A recent
study suggests that spatial accessibility (human migrations and
movements through transportation link availability and quality)
has played a significant role in HIV-1 spread across sub-Saharan
Africa and may explain the heterogeneous distribution of HIV-1
subtypes and CRFs in the different African regions [2].

West Africa is one of the most strongly connected regions in
the continent [2] and also appears as an area of intense intra-
regional migration [3]. This coincides with an overall dominance
of the CRFO2_AG variant, that accounts for about 50% of all
HIV-1 infections in West Africa [4]. A closer inspection of the
HIV-1 molecular epidemiological profile in this African region,
however, reveals an important intra-regional heterogeneity in the
distribution of other wviral clades, including subtype G and
CRF06_cpx. Subtype G is the second most prevalent HIV-1
clade in West Africa accounting for nearly 30% of infections in
the region [4]. Its prevalence greatly varies within and between
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countries, comprising 30-50% of HIV-1 infections across diffe-
rent regions from Nigeria [5,6,7,8,9,10,11,12], 5-15% in Benin,
Niger and Togo [13,14,15,16,17], and =4% in other western
African countries [14,18,19,20,21,22,23,24,25,26,27,28,29,30].
Similarly, the occurrence of the CRF06_cpx clade ranges from
40-50% of HIV-1 infections in Burkina Faso [18,19,20], to 5—
15% in Benin, Ghana, Mali, Niger, Nigeria, Senegal and Togo
(5,6,7,8,9,10,11,12,13,14,15,16,17,21,22,23,24,28,29], and <3%
in other western African countries [14,26,27,30].

The highly heterogeneous distribution of subtype G and
CRFO06_cpx across the well-connected western African countries,
suggests that spatial accessibility is not enough to fully explain the
spatial distribution of those HIV-1 clades in this African region. A
recent study conducted by our group suggests that Burkina Faso
was the most important epicenter of dissemination of the HIV-1
CRF06_cpx strain at regional level and that CRFO06_cpx
prevalence decreases exponentially as we move away from the
epicenter [31]. Our study also estimated that the CRF06_cpx
clade started to spread in West Africa around the late 1970s [31],
almost 10 years later than the estimated origin of the CRF02_AG
clade in West Central Africa [32]. We postulated that the relatively
late introduction of the CRF06_cpx clade into western Africa
combined with the stabilization of the HIV epidemic in several
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countries from the region since the early/middle 1990s may have
resulted in a more limited dissemination away from the epicenter
and a more heterogeneous regional distribution of CRF06_cpx
when compared with CRF02_AG.

It is unclear whether this hypothesis could also explain the
complex distribution of subtype G in West Africa. The objective of
this study was to reconstruct the onset date, dissemination routes
and demographic history of the HIV-1 subtype G clade in the
African continent. To this end, we used a Bayesian coalescent-
based framework to analyze 305 HIV-1 subtype G pol sequences
isolated from 11 different countries from West (Benin, Ghana,
Nigeria, Senegal and Togo), West Central (Cameroon, Equatorial
Guinea and Gabon), and Central Africa (Angola, Democratic
Republic of Congo and Republic of Congo) over a period of 20
years (1992 to 2011).

Materials and Methods

Sequence Dataset

All HIV-1 subtype G pol sequences from West and Central
African countries that covered the entire protease and partial
reverse transcriptase (PR/RT) regions (nt 2253-3272 relative to
HXB2 clone) and for which the sampling year was known, were
downloaded from the Los Alamos HIV Sequence Database (www.
hiv.lanl.gov) by August 2013. The subtype assignment of all
sequences was confirmed by: REGA HIV subtyping tool v.2 [33],
Maximum Likelihood (ML) phylogenetic analysis, and boot-
scanning analysis. A ML phylogeny with HIV-1 group M subtype
reference sequences was constructed with the PhyML 3.0 program
[34] using an online web server [35]. The ML tree was inferred
under the GTR+I+G nucleotide substitution model recommended
by the jModeltest program [36]. The heuristic tree search was
performed using the SPR branch-swapping algorithm and branch
support was calculated with the approximate likelihood-ratio
(aLRT) SH-like test [37]. In bootscanning analyses, supporting
branching of query sequences with HIV-1 group M subtypes
reference sequences was determined in Neighbor-Joining trees
constructed with the Kimura two-parameter model, within a
250 bp window moving in steps of 10 bases, using Simplot
software v.3.5.1 [38]. We detected that 4.7% of the subtype G pol
sequences available in database had incorrect subtype classifica-
tion, consistent with previous estimations [39]. Sequences with
incorrect classification, multiple sequences from the same individ-
ual and sequences from countries poorly represented (n<<4
sequences) were removed, resulting in a final data set of 305
HIV-1 subtype G pol African sequences (Table 1). All codon
positions known to be associated with major antiretroviral drug
resistance were maintained in the final alignment because ML
trees constructed on alignments with or without such positions
resulted in the same overall topology (data not shown). Final
sequence alignment is available from the authors upon request.

Analysis of Spatiotemporal Dispersion Pattern and
Demographic History

The evolutionary rate (4, nucleotide substitutions per site per
year, subst./site/year), the age of the most recent common
ancestor (Tyirca, years), the ancestral geographic movements, and
the mode and rate (r, years-1) of population growth of HIV-1
subtype G clades circulating in Africa were jointly estimated using
the Bayesian Markov Chain Monte Carlo (MCMC) approach as
implemented in BEAST v1.8 [40,41] with BEAGLE to improve
run-time [42]. Analyses were performed under a GTR+I+G
nucleotide substitution model. The temporal scale of evolutionary
process was estimated from the sampling dates of the sequences
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using a relaxed uncorrelated lognormal molecular clock model
and a uniform prior on clock rate (1.0-4.0x10~? subst/site/year)
[43]. Migration events throughout the phylogenetic history were
inferred using a reversible discrete Bayesian phylogeographic
model [44], in which all possible reversible exchange rates
between locations were equally likely, and a CTMC rate reference
prior [45]. To quantify the dissemination process, we estimated
the number of viral migrations among locations using ‘Markov
Jump’ counts [46] of location-state transitions along the posterior
tree distribution as previously described [47,48]. Changes in
effective population size through time were initially estimated
using a flexible Bayesian Skyline coalescent model [49] that does
not require strong prior assumptions of demographic history.
Estimates of the population growth rate were subsequently
obtained using the parametric model (logistic, exponential or
expansion) that provided the best fit to the demographic signal
contained in datasets. Comparison between demographic models
was performed using the log marginal likelihood (ML) estimation
based on path sampling (PS) and stepping-stone sampling (SS)
methods [50]. MCMC chains were run for 50-500x10°
generations. Adequate chain mixing and uncertainty in parameter
estimates were assessed by calculating the Effective Sample Size
(ESS) and the 95% Highest Probability Density (HPD) values,
respectively, using the TRACER v1.6 program [51]. Maximum
clade credibility (MCC) trees were summarized from the posterior
distribution of trees with TreeAnnotator and visualized with
FigTree v1.4.0 [52]. Migratory events across time were summa-
rized using the cross-platform SPREAD application [53].

Results

Origin of the HIV-1 Subtype G and Identification of Major
African Clades

We analyzed 305 HIV-1 subtype G pol sequences isolated from
11 African countries between 1992 and 2011 that were sampled
across seven different location states (Table 1). Neighboring
countries from West (Togo/Ghana), West Central (Gabon/
Equatorial Guinea) and Central (Angola/Democratic Republic
of Congo/Republic of Congo) Africa comprising few samples (#<
15) were grouped into the same location (Table 1). According to
the Bayesian MCMC analysis, the median evolutionary rate of the
HIV-1 subtype G lineage at pol gene was estimated at 2.3%107%
(95% HPD: 1.8x10*—2.8x10™ % subst./site/ycar. The estimat-
ed coeflicient of rate variation in our dataset was 0.28 (95% HPD:
0.24-0.32), thus supporting a significant variation of substitution
rate among branches and the use of a relaxed molecular clock
model. The most probable root location of the subtype G clade
was placed in Central Africa (posterior state probability,
PSP=0.88), and the onset date of this clade was estimated to be
1968 (95% HPD: 1956-1976) (Fig. 1).

The Bayesian MCC (Fig. 1) and ML (Fig. S1) trees point to a
clear phylogeographic subdivision of subtype G strains from West
and Central Africa. Sequences from western Africa branched
mostly in two large monophyletic clades (Gya.1 and Gywa.n) that
were nested among the most basal clades from Central and West
Central Africa (Gga). Distribution of HIV-1 subtype G clades
greatly varies across countries within each region (Fig. 2). The
Gwa.1 clade was the predominant subtype G lineage detected in
Nigeria (80%) and the Gya.rr clade predominates in Togo/Ghana
(86%). The subtype G epidemic in Benin is dominated by both
Gwag (47%) and Gwa.p (40%) clades, whereas Gywa.y (50%) and
Gea (42%) clades prevail among subtype G infections in Senegal.
Basal Gga clades predominate in countries from both central
(100%) and west central (50-71%) regions.
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Table 1. HIV-1 subtype G pol dataset.

Phylodynamics of the HIV-1 Subtype G

Region Country Location® N Sampling interval
West Africa Benin BJ 15 2004-2009
Ghana TG/GH 8 2002-2009
Nigeria NG 183 1992-2010
Senegal SN 12 1998-2010
Togo TG/GH 13 2006-2008
West Central Africa Cameroon (@] 31 1997-2011
Gabon GA/GQ 6 2000-2008
Equatorial Guinea GA/GQ 4 2005-2009
Central Africa Angola AO/CD/CG 13 1997-2010
DRC AO/CD/CG 12 1993-2007
Republic of Congo AO/CD/CG 8 2003

doi:10.1371/journal.pone.0098908.t001

Spatiotemporal Dispersal Pattern of the HIV-1 Subtype G
African’s Epidemic

Reconstruction of viral migrations across time revealed the
occurrence of multiple introductions of HIV-1 subtype G strains
from Central into West Africa since the middle 1970s (Fig. 3). The
carliest viral migrations led to the origin of the Gwa.; and Gwa.n
lineages. The Gwag clade most probably emerged in Nigeria
(PSP=1) around 1974 (95% HPD: 1966-1981) and from this
country was later disseminated to Benin, Cameroon, Equatorial
Guinea, Ghana, and Senegal. The Gwa.qr clade most probably
emerged in Togo/Ghana (PSP=0.68) around 1979 (95% HPD:
1973-1984) and was disseminated to Nigeria in 1981 (95% HPD:
1976-1986), where it further spread locally. In the following years,
the Gwa.yr clade was disseminated from both Togo/Ghana and
Nigeria to Benin, Cameroon, Gabon, and Senegal. Our
phylogeographic analysis also detected several independent
introductions of subtype G variants from Central Africa into
Cameroon (Figs 1 and 3). The earliest introductions occurred
between the late 1970s and the middle 1980s and gave rise to at
least three local Cameroonian clades; one of which was further
disseminated to Gabon, Equatorial Guinea, Senegal and Angola.

We next quantified the viral flux between locations using
Markov jump counts (Fig. 4 and Table S1). Nigeria (16.4), central
African countries (14.8), and Togo/Ghana (8.3) displayed positive
net viral migration rates (efflux minus influx), whereas Benin (—
14.2), Cameroon (—10.1), Gabon/Equatorial Guinea (—8.4), and
Senegal (—6.8) displayed negative net viral migration fluxes. The
highest numbers of viral transitions were from Nigeria to Benin
(8.1), Togo/Ghana (5.5) and Cameroon (4.4), from Central Africa
to Cameroon (6.1) and Senegal (4.2), and from Togo/Ghana to
Benin (5.7), Nigeria (4.1) and Cameroon (3.9). The estimated viral
flux to Gabon/Equatorial Guinea from Cameroon (2.6), Central
Africa (2.3), Nigeria (2.3) and Togo/Ghana (2.3) was very similar.

Demographic History of HIV-1 Subtype G African’s
Epidemic

Estimations of effective population size (Ve) changes over time
were initially obtained using a Bayesian skyline plot (BSP)
coalescent model. The BSP analysis of the complete dataset
suggests that the subtype G African epidemic experienced a fast
exponential growth during the 1970s and 1980s, followed by a
more recent stabilization since the early 1990s (Fig. 5A). This
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Location assigned in the Bayesian phylogeographic analysis. DRC: Democratic Republic of Congo.

overall growth pattern, however, represents the combined
population dynamics of the different African subtype G clades
that are being disseminated within different countries and regions.
In order to better understand the regional differences in the
demographic histories of HIV-1 subtype G African epidemics, the
Gea, Gwaa and Gwaar clades were analyzed separately (Table
S2).

The BSP analyses suggest that all African subtype G clades
displayed a similar population growth pattern characterized by an
initial phase of exponential growth followed by a decline in growth
rate since the early/middle 1990s (Figs. 5B, D and F). To estimate
the mean epidemic growth rate of the major subtype G African
clades, log ML for the logistic, exponential and expansion growth
models were calculated using both PS and SS methods. The best-
fit demographic model for all subtype G clades was the logistic one
(log BF>35) (Table S3) that was then used to estimate the initial
epidemic growth rate. The overall time-scale and demographic
pattern obtained from both BSP (Figs. 5B, D and F) and logistic
growth coalescent tree priors (Figs. 5C, E and G) were very similar
and important differences in the epidemic growth rate were
detected across subtype G clades from West and Central Africa.
According to the logistic growth coalescent model, the mean
growth rate of clades Gywa1 (0.75 year 1) and Gwa 1 (0.95 ycarfl)
was about two times higher than that estimated for the clade G
(0.47 year ') (Fig. 5).

Discussion

This study indicates that the HIV-1 subtype G likely originated
in Central Africa around the late 1960s. The root position of the
subtype G clade is fully consistent with the most accepted model
that traces the origin of all HIV-1 group M subtypes to the DRC
[54,55,56,57] and is also resistant to the problem of sampling bias
because sequences from Central Africa represent a minor fraction
(9.2%) of the total subtype G sequences included in our study. The
Tarca of subtype G clade here estimated (1968: 1956-1976) is
also fully consistent to that previously estimated for this subtype
(1970: 1960-1978) [58]. This onset date is comparable to that
estimated for subtype F (1967: 1956-1976) [59]; but more recent
than that of subtypes Al (1954: 1940-1968), C (1955: 1934-1972),
and D (1947: 1938-1955) [58].

After emerging in Central Africa around the late 1960s, the
HIV-1 subtype G was disseminated to West and West Central
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Figure 1. Time-scaled Bayesian MCC tree of the HIV-1 subtype G po/ PR/RT sequences (~1,000 nt) circulating in West and Central
Africa. Branches are colored according to the most probable location state of their descendent nodes as indicated at the legend (bottom left). Arcs
indicate the positions of major subtype G clades characteristic of western (Gwa, and Gwa.) and central (Gca) African regions. Asterisks point to key
nodes with high posterior state probability support (PSP>0.85). Branch lengths are drawn to scale of years. The tree was automatically rooted under

the assumption of a relaxed molecular clock.
doi:10.1371/journal.pone.0098908.9001

Africa a few years later (1975-1980). Our phylogeographic
analysis supports the occurrence of multiple introductions of
HIV-1 subtype G strains from central into the western and west
central African regions. Some of the viral strains disseminated
during the 1970s fueled secondary outbreaks that led to the origin
of specific subtype G clades. The major subtype G clades detected
in our study were the Gywa that most probably emerged in
Nigeria around the middle 1970s, and the Gywaqr that most
probably emerged in Togo or Ghana around the late 1970s.
Although we grouped sequences from Togo and Ghana into one
single location, the much higher prevalence of subtype G in Togo
(9%) [16,17] compared with Ghana (<1%) [23,24] suggests that
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the Gwa-nr clade probably arose in Togo. We also detected three
minor subtype G clades that resulted of independent introductions
of viral strains from central Africa into Cameroon between the late
1970s and the middle 1980s.

Nigeria and Togo/Nigeria were inferred as the most important
epicenters of dissemination of the Gywag and Gwa.r clades at
regional level, respectively. The Gwa.j clade, which corresponds to
the clade previously designated G’ [5,8], was the predominant
subtype G lineage in Nigeria (80%), Senegal (50%), and Benin
(47%), and also comprises a significant fraction of subtype G
infections in Gabon/Equatorial Guinea (20%), Cameroon (13%)
and Togo/Ghana (9%). The Gwa.ni clade predominates in Togo/
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Ghana (86%) and is responsible for a significant fraction of subtype
G infections in Benin (40%), Gabon/Equatorial Guinea (30%),
Nigeria (20%), Cameroon (16%) and Senegal (8%). The subtype G
clades introduced into Cameroon were mainly disseminated to the
neighboring countries in the central west region (Gabon and
Equatorial Guinea), although a few disseminations to Senegal were
also detected. These results indicate that founder subtype G strains
introduced into Nigeria and Togo have been much more
efficiently disseminated at regional level than those introduced
into Cameroon.

Our demographic reconstructions also revealed another impor-
tant difference between African subtype G clades mainly
disseminated in the western region (Gwa.1 and Gywa.q) and those
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mainly disseminated in the west central and central regions (G¢a).
Although all African subtype G clades displayed a similar
population growth pattern characterized by an initial phase of
exponential growth followed by a decline in growth rate since the
early/middle 1990s; the mean epidemic growth rate of Gywa.
(0.75 year ") and Gyya.rr (0.95 year ') clades was about two times
higher than that estimated for Gea (0.47 year ') clades. This
suggests that subtype G clades introduced into Nigeria and Togo
during the 1970s probably encountered more favorable conditions
for local and regional expansion than those disseminated within
central and west-central African countries around the same time.
The median growth rates of the Gwa.r and Gwa.n clades were
comparable to that estimated for the CRFO06_cpx in western
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doi:10.1371/journal.pone.0098908.g003

Africa (0.82 year™ ') [31]; whereas the median growth rate of the
Gca clades was roughly similar to that estimated for subtype G in
Cuba (0.54 year™ ") [60] and higher than that estimated for HIV-1
group M in Democratic Republic of Congo (0.17 year™ ') [61].
The faster epidemic growth and the broader geographic
dissemination of subtype G strains introduced into West Africa
compared with those circulating in the central west and central
African regions could be associated to clade-specific or regional-
specific differences in viral transmissibility. It has been suggested
that accessibility between locations have played a major role in the
spatial spread of HIV-1 in sub-Saharan Africa [2]. Notably, West
Africa is one of the most strongly connected regions in the
continent [2] and also displays an intra-regional migration rate
(3%) above the African average (2%) [3]. Others factors including
urbanization [56,62], iatrogenic interventions [63,64], and forced
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migration [62,65] might have also played a role in the emergence
and spread of HIV in Africa. Such alternative scenarios can now
be tested in a Bayesian framework [66] to find the hypothesis that
best explain the variability in the rate of HIV spread across
African regions.

Despite the strong regional accessibility, the prevalence of
subtype G and CRF06_cpx clades greatly vary across western
African countries. The clades CRF06_cpx, Gwa., and Gwa-n
seem to have experienced very similar dissemination dynamics;
although their origin was traced to different western African
countries (Burkina IFaso, Nigeria and Togo, respectively) [31]. The
three HIV-1 clades probably started to spread in West Africa
around the same time (1975-1980), expanded during the 1980s
with similar epidemic growth rates (0.75-0.95 year ), started to
stabilize around the early/middle 1990s, and their prevalence is
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exchanges from and to Angola/DRC/Republic of Congo (A), Cameroon (B), Gabon/Equatorial Guinea (C), Benin (D), Togo/Ghana (E), Nigeria (F), and
Senegal (G). The width of the arrows is proportional to the corresponding mean estimated number of viral transitions between locations according to
the following scale: thin arrows = 1.0-2.9 transitions, medium arrows = 3.0-5.9 transitions, thick arrows = 6.0-8.9 transitions. No arrows were displayed
when the mean estimated number of transitions was below one.

doi:10.1371/journal.pone.0098908.9004
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greatly reduced as we moved away from the corresponding
epicenters [31]. The relatively late spread of subtype G and
CRFO06_cpx clades in West Africa combined with: 1) stabilization
of the HIV epidemic in several western African countries since the
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early/middle 1990s, and/or 2) depletion of the susceptible
populations most at risk by the firstly introduced CRF02_AG
lineage, may have limited the dissemination of these viral clades
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far from the epicenter, thus generating a heterogenecous spatial
distribution.

The most important limitation of our study was the small
sampling size of many African countries. Only Nigeria (n=183)
and Cameroon (n=31) were represented by a high or relatively
high number of sequences. Other western (Benin, Niger, and
Togo) and central (Central African Republic, Chad, Equatorial
Guinea, and Gabon) African countries with circulation of subtype
G at significant levels (=5% of all HIV-1 infections)
[13,14,15,16,17,67,68,69,70,71,72] were represented by a small
number of sequences (n=15) that may not fully reflect the
country’s subtype G diversity, or were not represented at all in our
study (Iig. S2). Thus, a more comprehensive and balanced
sampling from countries poorly or not represented here would
certainly provide more precise estimates of the relative prevalence
and migration routes of clades Gwa.g, Gwar and Gga across
different African regions, and may also result in the identification
of new regional viral clades not detected in this study.

It will be also interesting to trace the origins and global dispersal
pathways of those subtype G lineages found in countries outside
sub-Saharan Africa, particularly in Cuba [73,74,75], Portugal
[76,77,78], and Russia [79] where this subtype has been
disseminated among local populations. It has been showed that
the spread of HIV-2 outwards Africa mirrors socio historical ties
[80] and a previous study conducted by our group showed that
most subtype G Cuban lineages are nested among basal sequences
from Central Africa [60]. Thus, circulation of subtype G outside
sub-Saharan Africa may be linked to the presence of Portuguese,
Cuban, and Russian personnel in Angola and neighboring
countries during 1960-1990.

In summary, this study suggests that the HIV-1 subtype G clade
started to circulate in Central Africa around the late 1960s and
was disseminated to West and West Central Africa from the
middle 1970s onwards. Nigeria and Togo were pointed out as the
major secondary hubs of dissemination of subtype G within
western and west central African regions. Our data also highlight
that the spatiotemporal dissemination dynamics of western African
subtype G clades were very similar to that estimated for the
CRFO06_cpx epidemic; supporting the notion that current distri-
bution of major HIV-1 clades in West Africa may have been
shaped by the same ecological factors. Despite some study
limitations, these findings offer important insights toward an
understanding of the current characteristics and dynamics of the
HIV-1 epidemic in West and West Central Africa.
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Abstract

The human immunodeficiency virus type 1 (HIV-1) subtype G is the most prevalent and
second most prevalent HIV-1 clade in Cape Verde and Portugal, respectively; but there is
no information about the origin and spatiotemporal dispersal pattern of this HIV-1 clade
circulating in those countries. To this end, we used Maximum Likelihood and Bayesian coa-
lescent-based methods to analyze a collection of 578 HIV-1 subtype G pol sequences sam-
pled throughout Portugal, Cape Verde and 11 other countries from West and Central Africa
over a period of 22 years (1992 to 2013). Our analyses indicate that most subtype G se-
quences from Cape Verde (80%) and Portugal (95%) branched together in a distinct mono-
phyletic cluster (here called Gcy.p7). The Gey.pr clade probably emerged after a single
migration of the virus out of Central Africa into Cape Verde between the late 1970s and the
middle 1980s, followed by a rapid dissemination to Portugal a couple of years later. Recon-
struction of the demographic history of the Gcy.pt clade circulating in Cape Verde and Por-
tugal indicates that this viral clade displayed an initial phase of exponential growth during
the 1980s and 1990s, followed by a decline in growth rate since the early 2000s. Our data
also indicate that during the exponential growth phase the Gcy.pt clade recombined with a
preexisting subtype B viral strain circulating in Portugal, originating the CRF14_BG clade
that was later disseminated to Spain and Cape Verde. Historical and recent human popula-
tion movements between Angola, Cape Verde and Portugal probably played a key role in
the origin and dispersal of the Ggy.pr and CRF14_BG clades.

Introduction

The global dissemination of human immunodeficiency virus type 1 (HIV-1) group M, the pan-
demic clade of HIV, resulted from the random exportation out of Central Africa of a few viral
strains designated as subtypes (A-D, F-H, ] and K) and inter-subtype circulating recombinant
forms (CRFs) [1].
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Subtype G is the sixth most prevalent HIV-1 clade in the world accounting for nearly 5% of
all global infections [2]. This subtype reaches the highest prevalence in some African countries,
comprising 30-50% of HIV-1 infections in Cape Verde [3,4] and Nigeria [5-12], and 5-15% of
HIV-1 infections in Angola [13-15], Benin [16], Niger [17,18] and Togo [19,20]. A recent
study conducted by our group suggests that subtype G most probably emerged in Central Af-
rica around the late 1960s and was rapidly disseminated into the West and West Central Afri-
can regions [21]. This study showed that basal subtype G lineages (G¢a) were mostly restricted
to Central and West Central African countries. Two subtype G strains, however, gained access
to West Africa between the middle and the late 1970s and fueled secondary local outbreaks,
leading to the origin of two major subtype G West African clades (Gya 1 and Gya ).

Some subtype G strains where also disseminated out of the African continent and the most
remarkable example is Portugal where subtype G is the second most prevalent HIV-1 clade
(>10%), after subtype B (> 40%) [22-25]. The high prevalence of subtypes B and G in Portugal
has also promoted the appearance of different types of B/G recombinant strains, including one
circulating recombinant form (CRF14_BG) that was initially identified in Galicia, Northern
Spain [26]. According to a previous study, the CRF14_BG probably emerged in Portugal in the
early 1990s and later spread to Galicia in the late 1990s as a consequence of the mobility of
HIV-infected injecting drug users (IDUs) [27].

Notably, about two-thirds of the subtype G viruses previously described in Portugal were
found in individuals from Angola and Cape Verde [23]. These countries are two former Portu-
guese African colonies that have strong historic links and maintain ongoing relationships with
Portugal and displayed a relatively high prevalence of subtype G [3,4,13-15]. The high num-
bers of immigrants from Angola and Cape Verde who enter Portugal and also those Portuguese
returning after living in the former Portuguese African colonies from the 1970s onwards [28],
supposes a potential risk for introduction of HIV-1 subtype G strains in Portugal. However,
the precise evolutionary relationship between subtype G viruses circulating in Angola, Cape
Verde and Portugal remains unknown.

The objective of this study was to reconstruct the phylogenetic relationship, onset date and
dissemination routes of the HIV-1 subtype G clades circulating in Angola, Cape Verde and
Portugal. To this end, we used Maximum Likelihood and Bayesian coalescent-based ap-
proaches to analyze 578 HIV-1 subtype G pol sequences isolated from Portugal, West Africa
and Central Africa over a period of 22 years (1992 to 2013).

Materials and Methods
Sequence dataset

All HIV-1 subtype G pol sequences from Portugal and West/Central African countries that
covered the entire protease and partial reverse transcriptase (PR/RT) regions (nt 2253-3272
relative to HXB2 clone) and for which the sampling year was known, were downloaded from
the Los Alamos HIV Sequence Database (www.hiv.lanl.gov) by December 2014. The same pro-
cedure was adopted to obtain the subtype G pol fragment of all CRF14_BG sequences from
Portugal and Spain (the main countries were this CRF circulates) with full-length genome
characterization up to date. The subtype assignment of all sequences was confirmed by REGA
HIV subtyping tool v.2 [29] and bootscanning analysis. In bootscanning analyses, supporting
branching of query sequences with HIV-1 group M subtype reference sequences was deter-
mined in Neighbor-Joining trees constructed with the Kimura two-parameter model, within a
250bp window moving in steps of 10 bases, using Simplot software v.3.5.1 [30]. Sequences with
incorrect classification, multiple sequences from the same individual and sequences from
countries poorly represented (n < 4 sequences) were removed, resulting in a final data set of

PLOS ONE | DOI:10.1371/journal.pone.0127384 May 20, 2015 2/16


http://www.hiv.lanl.gov/

@'PLOS ‘ ONE

Novel HIV-1 Subtype G Clade in Cape Verde and Portugal

Table 1. HIV-1 subtype G pol dataset.

Los Alamos classification
Subtype G

CRF14_BG

Region Country N Sampling interval
West Africa Benin 15 2004-2009
Ghana 9 2002-2010
Cape Verde 60 2005-2011
Nigeria 223 1992-2013
Senegal 12 1998-2010
Togo 28 2006—2011
West Central Africa Cameroon 62 1997-2012
Gabon 6 20002008
Equatorial Guinea 4 2005-2009
Central Africa Angola 20 1997-2010
DRC 12 1993-2007
Republic of Congo 8 2003
Europe Portugal 107 1998-2008
Europe Portugal 22 1998-2008
Spain 102 1999-2005

& Subtype G pol fragments recovered from full-length CRF14_BG reference sequences.

doi:10.1371/journal.pone.0127384.t001

578 HIV-1 subtype G pol sequences (Table 1). Sequence’s GenBank accession numbers are
available in S1 Table. All codon positions known to be associated with major antiretroviral
drug resistance were maintained in the final alignment because phylogenetic trees constructed
on alignments with or without such positions resulted in the same overall topology (data not
shown). The presence of phylogenetic signal and substitution saturation in our datasets was in-
vestigated by: 1) using the likelihood mapping analysis [31] performed with TREE-PUZZLE
v5.2 program [32] implemented in the online web platform Mobyle@Pasteur v1.5 [33], and 2)
plotting the observed number of transitions and transversions against genetic distance for each
pairwise comparison, calculated under the GTR+I+G nucleotide substitution model using
DAMBE v5.3 program [34].

Identification of major HIV-1 subtype G clades

Major HIV-1 subtype G clades were identified by Maximum Likelihood (ML) phylogenetic
analysis. A ML phylogeny was constructed with the PhyML 3.0 program [35] using an online
web server [36]. The ML tree was inferred under the GTR+I+G nucleotide substitution model
as recommended by the jModeltest program [37], the heuristic tree search was performed
using the SPR branch-swapping algorithm and branch support was calculated with the approx-
imate likelihood-ratio (aLRT) SH-like test [38].

Analysis of spatiotemporal dispersion pattern and demographic history

The evolutionary rate (y, nucleotide substitutions per site per year, subst./site/year), the age of
the most recent common ancestor (Tyrca, years), the ancestral geographic movements, and
the mode and rate (r, years-1) of population growth of HIV-1 subtype G clades were jointly es-
timated using the Bayesian Markov Chain Monte Carlo (MCMC) approach as implemented in
BEAST v1.8 [39,40] with BEAGLE to improve run-time [41]. Analyses were performed under
a GTR+I+G nucleotide substitution model. The temporal scale of the evolutionary process was
estimated from the sampling dates of the sequences using a relaxed uncorrelated lognormal
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molecular clock model and a uniform prior on clock rate (1.5-3.0 x 1072 subst/ site/year) [42].
Migration events throughout the phylogenetic history were inferred using a reversible discrete
Bayesian phylogeographic model [43], in which all possible reversible exchange rates between
locations were equally likely, and a CTMC rate reference prior [44]. Changes in effective popu-
lation size through time were initially estimated using a flexible Bayesian Skyline coalescent
model [45] and estimates of the population growth rate were subsequently obtained using the
parametric model (logistic, exponential or expansion) that provided the best fit to the demo-
graphic signal contained in datasets. Comparison between demographic models was performed
using the log marginal likelihood (ML) estimation based on path sampling (PS) and stepping-
stone sampling (SS) methods [46]. MCMC chains were run for 10-100 x 10° generations. Ade-
quate chain mixing and uncertainty in parameter estimates were assessed by calculating the Ef-
fective Sample Size (ESS) and the 95% Highest Probability Density (HPD) values, respectively,
using the TRACER v1.6 program [47]. Maximum clade credibility (MCC) trees were summa-
rized from the posterior distribution of trees with TreeAnnotator and visualized with FigTree
v1.4.0 [48].

Results
Identification of major HIV-1 subtype G clades

The likelihood mapping analysis and the transitions/transversions versus divergence plots indi-
cates that all datasets used in our study retained enough phylogenetic signal for consistent phy-
logenetic inferences and no evidence of substitution saturation (S1 Fig). The ML phylogenetic
tree of 578 HIV-1 subtype G pol sequences (566 classified as subtype G and 12 classified as
CRF14_BG in the Los Alamos HIV Sequence Database) isolated in Portugal, Spain and 12
countries from West and Central Africa between 1992 and 2013 (Table 1) points to a clear phy-
logeographic subdivision of viral strains (Fig 1). Subtype G sequences from continental western
African countries branched mostly in two large monophyletic clades (G 1 and Gwa 1) that
were nested among the most basal clades from Central and West Central Africa (Gc,), consis-
tent with our previous findings [21]. Although some subtype G sequences from Cape Verde

(n = 10) also branched within the Gy 1 clade; most sequences from this insular West African
country (n = 48) branched together with most subtype G sequences from Portugal (n = 102) in
a distinct monophyletic clade (Gcy_pr) nested among basal G4 lineages. All CRF14_BG se-
quences and several subtype G pol sequences from Portugal (n = 78) and Cape Verde (n =7)
formed a highly supported sub-cluster (CRF14_BG-like) within the Gcy_pr clade. According
to the relative prevalence of the distinct subtype G clades, we can describe four basic molecular
epidemiologic scenarios (Fig 2 and S2 Table): 1) basal G¢a clades are the predominant subtype
G lineages circulating in countries from Central (90%) and West-Central (50%) African re-
gions; 2) the Gy 1 clade was the predominant lineage detected in Nigeria (78%), Senegal
(50%) and Benin (47%); 3) the Gyya_11 clade predominates in Togo/Ghana (84%); and 4) the
Gcy.pr clade was the dominant lineage in Cape Verde (80%) and Portugal (95%).

Spatiotemporal dispersal pattern of the HIV-1 G¢y.pt clade

To reconstruct the subtype G migrations between Africa and Portugal, all subtype G sequences
belonging to the Gy _pr clade (excluding the CRF14_BG-like sub-clade) (n = 69) were com-
bined with basal G, strains of Central African origin (n = 73). Sequences were divided in six
geographical locations, as those neighboring countries from Central and West-Central Africa
comprising few samples (1 < 20) were grouped into the same location state (S3 Table), and
subjected to Bayesian phylogeographic analysis According to the Bayesian MCMC analysis, the
most probable root location of the subtype G clade was placed in Central Africa (posterior state
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Fig 1. ML tree of the HIV-1 subtype G pol/ PR/RT sequences (~1,000 nt) from Central Africa, West Africa, Portugal and Spain. Branches are colored
according to the geographic origin of each sequence as indicated in the legend (bottom left). Arcs indicate the positions of major subtype G clades circulating
in Central Africa (Gga), West Africa (Gwa-1 and Gwa-ii) and Cape Verde/Portugal (Gey-pt) and the position of the subclade that comprises all CRF14_BG
reference sequences (CRF14_BG-like). Black dots indicate the positions of the reference sequences classified as CRF14_BG based on full-length genome
analysis. Asterisks point to key nodes with relatively high (*, aLRT > 0.80) and high (**, aLRT > 0.90) support. The tree was rooted using HIV-1 subtype A-D
reference sequences. The branch lengths are drawn to scale with the bar at the center indicating nucleotide substitutions per site. AO/CD/CG: Angola/
Democratic Republic of Congo/Republic of Congo; CM/GA/GQ: Cameroon/Gabon/Equatorial Guinea; NG/TG/GH/BJ/SN: Nigeria/Togo/Ghana/Benin/
Senegal; CV: Cape Verde; PT: Portugal; ES: Spain.

doi:10.1371/journal.pone.0127384.g001
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Fig 2. Prevalence of Gcy.pt; Gwa-1; Gwa-1 and Gca clades among HIV-1 subtype G infected individuals from different countries, estimated from
phylogenetic analyses presented in Fig 1. The total number of subtype G sequences analyzed in each locality is indicated. Each clade is represented by a
color as indicated at the legend. AO/CD/CG: Angola/Democratic Republic of Congo/Republic of Congo; BJ: Benin; CM: Cameroon; CV: Cape Verde; GA/
GQ: Gabon/Equatorial Guinea; NG: Nigeria; PT: Portugal; TG/GH: Togo/Ghana; SN: Senegal.

doi:10.1371/journal.pone.0127384.9002

probability, PSP = 1), and the onset date of this clade was estimated to be 1964 (95% HPD:
1937-1978) (Fig 3). Sequences from Cape Verde branched at the base of the G¢y_pr clade,
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Fig 3. Time-scaled Bayesian MCC tree of HIV-1 subtype G pol PR/RT sequences (~1,000 nt) from the Gca and Gey.pt clades. Branches are colored
according to the most probable location state of their descendent nodes as indicated in the legend (upper left). The arc indicates the position of the Ggy.prt
clade. Key nodes corresponding to the MRCA of the Cape Verdean and Portuguese Ggy.pt lineages are indicated with circles and the median Tyrca (With
the corresponding 95% HPD interval) of each lineage is indicated at the bottom left. Asterisks point to key nodes with relatively high (*, PP > 0.80) and high
(**, PP > 0.90) posterior probability support. Branch lengths are drawn to a scale of years. The tree was automatically rooted under the assumption of a

Gevepr
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relaxed molecular clock. AO/CD/CG: Angola/ Democratic Republic of Congo /Republic of Congo; CM: Cameroon; CV: Cape Verde; GA/GQ: Gabon/

Equatorial Guinea; PT: Portugal.
doi:10.1371/journal.pone.0127384.9003

whereas most sequences from Portugal branched in a monophyletic cluster nested within the
Cape Verdean sequences (Fig 3). This analysis suggests that the Gcy_pr clade most probably
migrates from Central Africa to Cape Verde (PSP = 0.68) at 1977 (95% HPD: 1972-1982) and
rapidly moved from Cape Verde to Portugal in 1979 (95% HPD: 1974-1984). A few additional
exchanges of the Gey_pr clade between Cape Verde and Portugal were detected at later times

(Fig 3).

Demographic history of the HIV-1 Ggy.pt clade

To reconstruct the demographic history of the Gey_pr clade, all subtype G sequences from
Cape Verde (n = 41) and Portugal (n = 24) that branched within this clade (excluding the
CRF14_BG-like sub-clade) were selected. In agreement with our previous analysis, most sub-
type G sequences from Portugal branched in a sub-cluster nested among basal Cape Verdean
sequences (Fig 4A). This new analysis, however, supports a relatively more recent time-scale
than previous estimations. According to this new analysis, the Gcy_pr clade probably arose in
Cape Verde (PSP = 0.76) in 1984 (95% HPD: 1979-1989) and was rapidly disseminated to Por-
tugal in 1987 (95% HPD: 1983-1990). Two additional migrations of the G¢y_pr clade from
Cape Verde to Portugal and one migration event from Portugal to Cape Verde were also de-
tected, in agreement with our previous analysis (Fig 4A). The Bayesian skyline plot (BSP) anal-
ysis suggests that the Gy _pr clade experienced a fast exponential growth during the 1980s and
1990s, followed by a more recent stabilization since the early 2000s (Fig 4B). According to the
logistic growth coalescent model, selected as the best-fit demographic model for the Gy _pr
clade (log BF > 10) (4 Table), the mean growth rate of this subtype G clade was 0.52 year ™"
(95% HPD: 0.32-0.77 year') (Fig 4C).

Origin of the CRF14_BG clade

To investigate the origin of the parental subtype lineage that gave rise to the CRF14_BG, all pol
sequences that branched within the CRF14_BG-like subclade (n = 97) were combined with se-
quences from clades Gca and Gey_pr. The overall topology and temporal structure of the
Bayesian MCC trees remains conserved after inclusion of the CRF14_BG-like subclade, but
placed most of the posterior root state probability mass of the Gey_pr clade in Portugal

(PSP = 0.55-0.81) (Fig 5 and S5 Table). Both Bayesian MCMC analyses showed that all
CRF14_BG-like sequences formed a well-supported sub-cluster (PP > 0.90) nested among
basal subtype G Portuguese sequences within the Gcy_pr radiation (Fig 5). Those analyses sup-
port that the CRF14_BG-like clade most probably arose in Portugal (PSP = 1) and was later
disseminated at multiple times from Portugal to both Spain and Cape Verde (Fig 5). The
Tmrca of the CRF14_BG-like clade was traced to 1986 (95% HPD: 1982-1991) when basal

Gca strains were included in the analysis (Fig 5A), and to 1991 (95% HPD: 1988-1994) when
basal G¢y strains were not included (Fig 5B).

Discussion

This and our previous study [21] indicate that the HIV-1 subtype G likely originated in Central
Africa around the middle-late 1960s and began to be disseminated to Western and West-Cen-
tral Africa from the middle 1970s onwards. Some of the subtype G strains disseminated out of
Central Africa fueled secondary outbreaks that led to the origin of regional-specific subtype G
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corresponding to the MRCA of the Cape Verde and Portuguese Gey.pt lineages are indicated with circles and the median Tyrca (with the corresponding
95% HPD interval) of each lineage is indicated at right. Branch lengths are drawn to a scale of years. The tree was automatically rooted under the assumption
of a relaxed molecular clock. B and C) Effective number of infections (y-axis; log10 scale) through time (x-axis; calendar years) estimated using Bayesian
skyline (B) and logistic growth (C) coalescent models. Median (solid line) and 95% HPD intervals (dashed lines) of the effective number of infections
estimated through time are shown in each graphic. The median growth rate (with the corresponding 95% HPD interval) of Ggy.pt clade estimated under the
logistic growth model is indicated in the upper left corner.

doi:10.1371/journal.pone.0127384.g004

clades. The major subtype G clades detected in our previous study in West Africa were the
Gwa.1 (that most probably emerged in Nigeria around the middle 1970s) and the Gyy a1 (that
most probably emerged in Togo or Ghana around the late 1970s) [21]. In the present study we
identified a novel major clade (Gcy._pr) that probably emerged between the late 1970s and the
middle 1980s and circulates in Cape Verde and Portugal.

The Gevy pr clade comprises 95% and 80% of HIV-1 subtype G pol sequences from Portugal
and Cape Verde included in our study, respectively. Within the G¢y_pr radiation, most se-
quences from Portugal (73%) branched in a monophyletic subclade together with the
CRF14_BG reference sequences, whereas the remaining Portuguese sequences branched at the
base of the CRF14_BG-like subclade. This clearly indicates that the Gcy_pt clade is the parental
subtype G lineage of the CRF14_BG variant and that the CRF14_BG clade is probably more
prevalent in Portugal than the parental Gy _pr clade, consistent with previous findings [25]. It
is also important to note that a small fraction of Gy _pr pol sequences from Cape Verde (15%)
also branched within the CRF14_BG-like clade, indicating that this recombinant lineage not
only circulates in Portugal and Spain, but also in Cape Verde. Full-length genome analyses of
Cape Verdean HIV-1 subtype G pol sequences that branched within the CRF14_BG-like sub-
clade should be performed to confirm this hypothesis.

The phylogeographic analyses that combined subtype G sequences of the Gcy _pr clade
(with exception of the CRF14_BG-like lineage) and basal G¢4 clades consistently pointed to
Cape Verde as the most probable root location of the G¢cy._pr clade (PSP = 0.68-0.76). When
CRF14_BG-like sequences are included, the root location of the Gcy_pr clade was most proba-
bly placed in Portugal (PSP = 0.55-0.81). It has been shown that convenience sampling (partic-
ularly sampling heterogeneity) can obfuscate the accurate estimation of ancestral spatial
locations based on standard phylogeographic continuous-time Markov chain implementation
[49]. When CRF14_BG-like sequences are included, the number of Portuguese sequences
(n = 104) far exceeds the number of Cape Verdean sequences (n = 48) within the G¢y._pr clade
and such a larger sample from Portugal may results in the higher support for this location as
the origin of that clade. Thus, according to the more balanced data sets the founder Gy pr an-
cestor probably moved from Central Africa to Cape Verde and later passed from Cape Verde
to Portugal.

Whereas the inclusion of the CRF14_BG-like sequences has a great impact on estimation of
the Gy pr ancestral root location, ancestral root ages were mainly influenced by the inclusion
of basal G, clades. The median Tyrca of the Goy_pr clade was traced to the late 1970s when
basal G¢a clades were included, and to the middle 1980s when those basal sequences were not
included (S5 Table). Similarly, the Tyjrca of the CRF14_BG clade moved from the middle
1980s to the early 1990s when G, clades were removed from the analysis (S5 Table). This sug-
gests that inclusion of basal lineages from Central Africa tend to produce slightly older internal
node ages, although no significant changes are observed in the mean estimated substitution
rates (S5 Table). This observation, however, should be interpreted with caution because those
Thrca estimates displayed a considerable overlap of the confidence interval and thus should
not be regarded as statistically different.
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Fig 5. Time-scaled Bayesian MCC tree of HIV-1 subtype G pol PR/RT sequences (~1,000 nt) from the G¢ca, Gey.pr and CRF14_BG-like clades.
Sequences that branched within the CRF14_BG-like subclade were combined with sequences from Gea and Gey.-pr clades (A) or only Gey.pr clade (B).
Branches are colored according to the most probable location state of their descendent nodes as indicated in the legend (upper left). Arcs indicate the
positions of Gcy.pr and CRF14_BG-like clades. Nodes corresponding to the MRCA of those clades are indicated with circles and the median Tyrca (with the
corresponding 95% HPD interval) of each clade is indicated at the bottom left. Black dots indicate the position of the CRF14_BG reference sequences.
Asterisks point to key nodes with high relatively high (*, PP > 0.80) and high (**, PP > 0.90) posterior probability support. Branch lengths are drawn to a scale
of years. The tree was automatically rooted under the assumption of a relaxed molecular clock. AO/CD/CG: Angola/ Democratic Republic of Congo /Republic
of Congo; CM: Cameroon; CV: Cape Verde; GA/GQ: Gabon/Equatorial Guinea; PT: Portugal; ES: Spain.

doi:10.1371/journal.pone.0127384.9005

Regardless the precise root age, our phylogeographic analyses support a nearly simultaneous
introduction and concurrent dissemination of the Gcy_pr clade in Cape Verde and Portugal.
Our phylogeographic analyses based on balanced datasets suggest that the G¢y_pr clade started
to be disseminated in Portugal only a couple of years later than the estimated introduction of
the virus into Cape Verde. Of note, the estimated time-frame (1977-1984) for introduction
and dissemination of the Gcy _pr clade in Cape Verde and Portugal was preceded by a phase of
negative migratory outflow in Angola [50], associated to the exodus of thousands of Portuguese
citizens of European and African ethnicity from Angola after the country independence in
1974. This may have fueled the chance exportation of the G¢cy_pr ancestor strain from Angola
into Cape Verde and its rapid dissemination to Portugal, thus suggesting that the global route
of spread of the Gy _pr clade was probably laid out along the colonial history ties, as has been
previously demonstrated for the HIV-2 group A [49].

Despite the continuous and extensive migration of people between Angola, Cape Verde,
and Portugal [28,51], subtype G strains sampled in those Portuguese-speaking countries retain
a high phylogeographic structure with relative few viral exchanges among them. We have de-
tected a total of: 1) four independent introductions of G¢, strains from Central Africa into
Portugal, 2) three introductions of G¢, strains from Central Africa into Cape Verde, 3) three
introductions of Ggy_pr strains from Cape Verde into Portugal, and 4) one G¢y_pr migration
and five CRF14_BG introductions from Portugal into Cape Verde. Although the continuous
viral exchanges among these countries may suppose a risk to the emergence of new country-
specific subtype G lineages, most viral introductions seem to have failed to sustain new local
subtype G epidemics with exception of the G¢y_pr founder strain.

According to our analysis, the Gcy.pr clade displayed a logistic population growth pattern
characterized by an initial phase of exponential growth with a median rate of 0.52 year™ (95%
HPD: 0.32-0.77 year "), followed by a decline in growth rate since the early 2000s. The median
estimated logistic growth rate of the Gcy._pr clade was similar to that estimated for basal Gca
clades in Central Africa (0.47 year'l) [21] and the Gy clade circulating in Cuba (0.55 year'l)
[52]; but lower than those previously estimated for the Gy a1 (0. 75 year™) and Gy .11 (0.95
year') clades circulating in continental West African countries [21] (S6 Table). The differential
growth rates detected among different subtype G clades could be associated to clade-specific or
ecological-specific differences in viral transmissibility. Further studies should be performed to
understand whether the Gy 4_r and Gy a_p; clades introduced into continental West Africa dis-
played a higher intrinsic transmissibility or encountered more favorable epidemiological con-
ditions for local and regional expansion than those disseminated within Central Africa, Cape
Verde, Cuba and Portugal.

A previous study concluded that the CRF14_BG emerged in Portugal in the early 1990s and
then spread to the North of Spain in late 1990s following the mobility of HIV-infected IDUs
[27]. Our phylogeographic analyses indicate that the CRF14_BG clade probably arose in Portu-
gal between the middle 1980s and the early 1990s, which is fully consistent with the previous
estimation and with epidemiological data showing that CRF14_BG was already circulating in
Lisbon in 1993 [27]. According to this estimate, the recombinant ancestor of the CRF14_BG

PLOS ONE | DOI:10.1371/journal.pone.0127384 May 20, 2015 12/16



@’PLOS ‘ ONE

Novel HIV-1 Subtype G Clade in Cape Verde and Portugal

clade was generated about five years after the estimated arrival of the parental Gcy_py clade
into Portugal, thus indicating a very rapid generation of BG recombinants in this country.
After a period of local dissemination within Portugal, the CRF14_BG clade was dispersed not
only from Portugal to Spain, but also probably to Cape Verde at multiple times.

In summary, this study reveals that most HIV-1 subtype G infections in Cape Verde and
Portugal have resulted from the local dissemination of a single clade (here called Gcy._pr) that
probably emerged after a single migration of the virus out of Central Africa into Cape Verde
between the late 1970s and the middle 1980s. Dispersion of the G¢y_pr clade seems to have
been shaped by the historical and ongoing human population movements between Angola,
Cape Verde and Portugal,. Our data also highlight that once introduced in Portugal, the
Gcy_pr was disseminated in the local population and probably recombined with local preexist-
ing subtype B variants, originating the CRF14_BG clade. These findings offer important in-
sights to understanding the origin and current characteristics of the HIV-1 subtype G and
CFR14_BG epidemics in Cape Verde and Portugal.

Supporting Information

S1 Fig. Analyses of phylogenetic signal and substitution saturation. (A—E) Likelihood
maps of 10,000 random quartets made from every HIV-1 subtype G dataset used in this study
as indicated in the figure. The triangles display the distribution (left) and percentage (right) of
dots representing the likelihoods of the three possible tree topologies for a group of four se-
quences (quartets) randomly selected from the dataset. The tree-like, star-like and network-
like phylogenetic signals are represented by the dots localized on the vertices, center and on the
laterals, respectively. Fully resolved (tree-like) tree topologies ranged from 0.77 (CRF14-like-
CV-PT) t0 0.93 (G-CA + G-WA + G-CV-PT), thus indicating enough phylogenetic signal for
consistent phylogenetic inferences in all datasets. (F—J) Substitution saturation plots of the
datasets used in this study as depicted in the figure. The ordinate corresponds to the observed
proportion of transitions (s, green) and transversions (v, blue) while the abscissa refers to the
distance calculated using the GTR substitution model. The central lines of each plot correspond
to the quadratic nonlinear regressions of the data. CA—Central Africa, WA—West Africa, CV
—Cape Verde, PT—Portugal. All analyses indicated an absence of substitution saturation in
the data set explored since the plots did not reach an evident plateau nor the transversions
outnumbered transitions.

(PDF)

S1 Table. GenBank accession numbers of HIV-1 subtype G pol sequences described in
Table 1.
(PDF)

S2 Table. Distribution of HIV-1 subtype G pol sequences across major regional clades cir-
culating in Central/West-Central Africa (Gca), West Africa (Gwa.1 and Gwa.11) and Cape
Verde/Portugal (Gcy_pr). AO/CD/CG: Angola/Democratic Republic of Congo/Republic of
Congo. GA/GQ: Gabon/Equatorial Guinea. GH/TG: Ghana/Togo. PT/ES: Portugal/Spain.
(PDF)

S3 Table. HIV-1 subtype G pol dataset used for Bayesian phylogeographic analysis. “The
number of subtype G pol fragments recovered from full-length HIV-1 CRF14_BG reference se-
quences is indicated in parenthesis. DRC: Democratic Republic of Congo.

(PDF)
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S4 Table. Best fit demographic model for HIV-1 G¢y_pr clade. Log marginal likelihood (ML)
estimates for the logistic (Log), exponential (Expo) and expansion (Expa) growth demographic
models obtained using the path sampling (PS) and stepping-stone sampling (SS) methods. The
Log Bayes factor (BF) is the difference of the Log ML between of alternative (H1) and null (HO)
models (H1/HO). Log BFs > 3 indicates that model H1 is more strongly supported by the data
than model HO.

(PDF)

S5 Table. Bayesian estimates of the age and root location of the most recent common ances-
tor (MRCA) of major HIV-1 subtype G (G¢cy_pr) and BG (CRF14_BG) clades circulating in
Cape Verde and Portugal. * substitutions/site/year. CV: Cape Verde. PT: Portugal. TMRCA:
time of the most recent common ancestor. PSP: posterior state probability.

(PDF)

S6 Table. Evolutionary and demographic parameters estimated for major HIV-1 subtype G
clades circulating in Central/West-Central Africa (Gca), West Africa (Gwa 1 and Gwa 1),
Cuba (G¢y) and Cape Verde/Portugal (Gcy.pr)- * Data from Delatorre et al [21]. ® Data from
Delatorre et al [52]. © Estimated at this study.

(PDF)
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