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RESUMO
TESE DE DOUTORADO EM BIOLOGIA PARASITARIA

Diogo Gama Caetano

A infeccdo pelo HIV-1 é caracterizada pela desregulagdo do sistema imune, resultando em
niveis aumentados de ativagdo imune e inflamagao persistente. Alguns individuos denominados
controladores do HIV-1 (HICs), no entanto, apresentam controle espontaneo da replicagdo viral e
indicios de preservacao da resposta imune. Entre HICs, dados discordantes existem acerca dos
niveis de ativagdo imune e da frequéncia de subpopulagdes de linfocitos T, incluindo Treg e Th17.
Além disso, alguns estudos indicaram inflamagéao persistente e maior incidéncia de aterosclerose e
hospitalizagdo em HICs comparados com a populagéo geral. Sabendo que fendbmenos associados
com ativagdo imune e inflamagao participam da génese de doencgas cardiovasculares (CVD), o
presente estudo avaliou a extensdo da imunopatogénese em HICs através de diversos marcadores
de ativacdo imune e inflamagéo e caracterizados como alterados na infecgdo pelo HIV-1 e em
individuos com CVD. Para tal, perfis de ativagao e diferenciagao de linfocitos T, niveis de ativagao
plaquetaria, frequéncia de agregados mondcitos plaquetas, o balango de subpopulagcdes de
mondcitos e a concentragdo de marcadores séricos foram avaliados em dois grupos de HICs com
diferentes niveis de controle da viremia — Controladores de Elite (EC) e Controladores Virémicos
(VC) — e comparados com os dados de dois grupos controle - individuos infectados pelo HIV-1 em
tratamento antirretroviral (CART) e individuos HIV-1 negativos (HIVneg). Ao avaliar pardmetros da
ativacado imune, ECs demonstraram niveis similares de linfécitos T ativados em comparagdo com
HIVneg, enquanto cART e VCs apresentaram niveis elevados dessas células. Nas analises de
subpopulagdes de células T CD4* em ECs, apenas células T de memoaria transicional apresentaram
frequéncias alteradas em relagdo a HIVneg. No entanto, VCs apresentaram frequéncias maiores
de linfécitos terminalmente efetores, naive e T de memodria tronco, além de frequéncias menores de
linfocitos de memodria transicional e memoria central comparado com HIVneg. Entre os linfécitos T
CD8*, ECs apresentaram frequéncias aumentadas de linfocitos T de meméaria tronco, enquanto VCs
apresentaram altas frequéncias de células terminalmente efetoras. ECs apresentaram frequéncias
altas de Tregs ativadas em comparagdo com os grupos controle, apesar dos HICs apresentarem
menores frequéncias de Tregs totais em comparagdo com HIVneg. Altas frequéncias de linfocitos
Th17 e razdes Th17/Treg ainda foram observadas em ECs, indicando preservagéo de células Th17
neste grupo. Ao avaliar parametros inflamatérios, os dois grupos de HICs apresentaram maior
expressao de CD62P em plaquetas comparados com HIVneg. Diferencas na frequéncia de
agregados monocitos plaquetas nao foram observadas. Menores frequéncias de mondcitos
classicos em VCs e maiores frequéncias de mondcitos ndo classicos em VCs e ECs em
comparagao com HIVneg foram observadas mesmo apos ajuste para variaveis confundidoras.
Entre os marcadores séricos, niveis elevados em comparagdo com HIVneg foram observadas para
D-dimero, ST2,VCAM-1 e ICAM-1 em VCs, VCAM-1 e ICAM-1 em cART e VCAM-1 em ECs,
mesmo apods ajuste para fatores confundidores. No conjunto, VCs apresentaram niveis elevados de
diversos marcadores de ativacdo imune e inflamagéo, enquanto ECs apresentam evidéncias de
equilibrio do sistema imune e controle da ativacao celular, apesar de inflamacdo persistente. Os
niveis de inflamagdo em ECs, no entanto, sdo comparaveis ao de cART indicando que esses
individuos podem se beneficiar de terapias alternativas a cART que visem diminuir a inflamacao.

Palavras-chave: HIV-1, Controladores, Inflamagéao, Ativagdo imune, doenga cardiovascular
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ABSTRACT
PhD Thesis in Parasitary Biology

Diogo Gama Caetano

The HIV-1 infection is characterized by immune system deregulation, resulting in increased
levels of immune activation and persistent inflammation. However, some individuals denominated
HIV-1 Controllers (HICs) present spontaneous control of viral replication and preservation of immune
response. Among HICs, discordant data exist about the levels of immune activation and the
frequency of T lymphocytes subsets, including Treg and Th17. Moreover, some studies indicated
persistent inflammation and a higher incidence of atherosclerosis and hospitalization in HICs
compared to the general population. Knowing that phenomena associated with immune activation
and inflammation participate in the genesis of cardiovascular diseases (CV), this study evaluated
the extension of immunopathogenesis in HICs through several markers associated with the immune
activation and inflammation and characterized as increased in the HIV-1 infection and individuals
with CVD. For this, activation and differentiation profiles of T lymphocytes, levels of platelet
activation, frequency of monocyte-platelet aggregates, the balance of monocyte subsets, and the
concentration of serum markers were evaluated in two groups of HICs with different levels of viremia
control — Elite controllers (ECs) and Viremic Controllers (VCs) — and compared with the data
obtained from two control groups - HIV-1 infected individuals under antiretroviral therapy (cART) and
non-infected individuals (HIVneg). For immune activation analyses, ECs showed similar levels of
activated T lymphocytes when compared to HIVneg, while cART and VCs showed elevated levels
of these cells. In T CD4+ subset analyses on ECs, only transitional memory T cells had altered
frequencies in comparison to HIVneg, while VCs displayed higher frequencies of terminally effector,
naive and stem memory T cells and lower frequencies of transitional memory and central memory
T cells when compared to HIVneg. Among T CD8+ T cells, ECs showed increased frequencies of
stem memory T cells, while VCs presented higher frequencies of terminally effector T cells. ECs also
presented higher frequencies of activated Tregs in comparison to control groups, although HICs had
lower frequencies of total Tregs compared to control groups. Higher frequencies of Th17 cells and
increased Th17/Tregs ratios were also observed for ECs, indicating preservation of Th17 cells in
this group. For inflammatory parameters, both HICs groups presented higher expression. Of CD62P
in platelets when compared to HIVneg. Differences in the frequencies of monocyte-platelet
aggregates were not observed among the groups. Lower frequencies of classical monocytes in VCs
and higher frequencies of nonclassical monocytes in VCs and ECs when compared to HIVneg were
observed even after statistical adjustment for confusing variables. Among serum markers
concentrations, increased levels when compared to HIVneg were observed for D-dimer, ST2,
VCAM-1, ICAM-1 in VCs, VCAM-1, and ICAM-1 in cART and VCAM-1 in ECs after statistical
adjustments. As a whole, VCs presented alterations at several markers of immune activation and
inflammation, while ECs presented evidence an equilibrated immune system and control of cellular
activation, despite persistent inflammation. The levels of inflammation in ECs, however, are
comparable to the observed in cART, indicating that those individuals can benefit themselves from
alternative therapies that intend to lower inflammation.

Keywords: HIV-1, Controllers, Inflammation, Immune activation, cardiovascular disease
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1. INTRODUGAO

Desde sua identificagdo no inicio dos anos 80 (Barré-Sinoussi et al. 1983; Gallo et
al. 1984), o virus da imunodeficiéncia humana (HIV-1) ja infectou aproximadamente
75,7 milhdes de individuos em todo o mundo e foi associado a morte de cerca de 32,7
milhdes desses (UNAIDS 2020), se tornando um dos patdégenos de maior impacto
social, econémico e de saude publica dos ultimos 40 anos . Segundo o ultimo boletim
epidemiologico da UNAIDS (Figura 1), 1,7 milhdes de novas infec¢cdes foram
estimadas em todo o mundo em 2019, somando um total de 38 milhdes de pessoas
vivendo com HIV (PVHIV) em 2018, e as doencgas relacionadas com a aids foram
responsaveis pela morte de 690 mil de individuos no mesmo ano. Dessa totalidade de
casos, as regides leste e sul da Africa concentram a maior proporgao de casos (54%
do total de PVHIV e 42% do total de novas infec¢cdes em 2019) e a maior taxa de
mortalidade (43% do total global de mortes em 2019).

A gravidade histérica da epidemia demandou o desenvolvimento e
aperfeicoamento de diferentes estratégias de controle, principalmente em relagéo a
ampliacdo da oferta de tratamento com antirretrovirais. Os dados mais recentes
mostram que o0 acesso ao tratamento com a terapia antirretroviral combinada (cCART
ou TARV) mais que ftriplicou na ultima década, atingindo atualmente cerca de 26
milhdes de PVHIV (UNAIDS 2020). Esta ampliagao, por sua vez, € impulsionada pela
implantagdo de politicas de oferecimento de inicio do tratamento antirretroviral
concomitante com o diagndstico positivo e independente da contagem de células T
CD4* ou estagio da doenga do individuo. Estas estratégias vem sendo priorizadas e
estimuladas com base nos estudos que demonstram o aumento da expectativa de
vida em individuos tratados (Teeraananchai et al. 2017) e que o inicio precoce da
terapia é associado com melhores desfechos clinicos na fase crbnica da doenca
(Danel et al. 2015; Ding et al. 2015; Lundgren et al. 2015; Okulicz et al. 2015).

Os antirretrovirais vém demonstrando serem essenciais tanto para a prevengao
quanto para o manejo clinico da infecgao pelo HIV-1. Estudos nos ultimos anos
demonstraram que maiores coberturas de tratamento de individuos infectados podem
refletir diretamente nas taxas de transmissao, visto que a supressao viral suprime a
chance de transmissdo (Cohen et al. 2011; Rodger et al. 2019). Além disso, a
comprovagado da eficacia de diversos regimes de antirretrovirais para uso como
profilaxia pré-exposi¢cao (PreP) tém levado a implementacao de tais regimes como
forma de prevencao em diversos lugares do mundo, principalmente entre populacoes

1
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Figura 1. Estimativas de numero de pessoas vivendo com HIV-1, novas infecgcbées e mortes relacionadas a aids no mundo e de acordo com as diferentes
regiées.
Os numeros detalhados referem-se aos dados da UNAIDS para o ano de 2019, de acordo com o boletim epidemiolégico de 2020 (UNAIDS, 2020)



chaves, que apresentam maior risco de contrair o virus, como homens que fazem sexo
com homens, usuarios de drogas injetaveis, trabalhadores do sexo e transgéneros
(Grinsztejn et al. 2018; Grulich et al. 2018). Estes grupos concentram mais da metade
das novas infecgdes globais, chegando a mais de 90% dessas no norte da Africa e
Europa Oriental, demandando politicas especiais para prevenir a disseminacao do
HIV (UNAIDS 2019).

Em soma, a consolidagado de estratégias com prévio sucesso segue aliada ao
desenvolvimento de novos farmacos com maiores barreiras genéticas e menos efeitos
colaterais (Cihlar and Fordyce 2016), bem como agao prolongada (Gulick and Flexner
2019), os quais tem contribuido como estratégias para melhorar a aderéncia ao
tratamento.

A adocdo destas estratégias em combinagdo com campanhas de prevengao
focadas em populacbes chaves, por sua vez, reflete em melhores estatisticas
epidemiologicas. Em comparagdao com 2010, observa-se uma queda de 23% no
numero de novas infecgdes em 2019 (2.1 milhées/ano para 1.7 milhdes/ano) e de 39%
na mortalidade (1.2 milhées/ano para 690 mil/ano) em todo o mundo (UNAIDS 2020).

De modo a estabelecer uma meta para orientar as politicas de saude visando
controlar a infecgao pelo HIV, a UNAIDS estabeleceu em 2015 um programa de metas
denominado “90-90-90” (Figura 2) (UNAIDS 2015). Este programa consiste no

90% 90%

Cientes do Em tratamento Com supressdo
seu status antirretroviral viral

. Menos de 500 1.7 milhes
30 Milhdes 26 milhdes mil novas de novas
de pessoas em de pessoas em infecces infecdes
tratamento tratamento anualmente

anualmente

Figura 2. Metas estabelecidas pelo programa 90-90-90 da UNAIDS.
Em vermelho, estao indicados os patamares em 2020 para cada uma das metas. (2019? 20207?)



escalonamento e ampliagdo das politicas de testagem e tratamento para individuos
infectados com HIV de modo que, em 2020, 90% de todas as pessoas vivendo com
HIV estariam diagnosticadas, 90% das pessoas diagnosticadas estariam em cART e
90% das pessoas tratadas apresentam supressao viral. As estimativas, porém, sao
de que, atualmente, 81% dos individuos infectados tenham conhecimento do seu
status, com 67% desses tem acesso a cART e 59% dos individuos tratados
alcangaram supressao viral (UNAIDS 2020), indicando que novas medidas e a
ampliacdo das atuais politicas sdo necessarias para que as estimativas correspondam
aos numeros reais.

No Brasil, o numero de casos de HIV notificados ao Sistema de Informacgao de
Agravos de Notificagcado (SINAN) no periodo entre 2007-2020 foi de mais de 340 mil
casos, sendo a regido sudeste o local de maior concentragao de individuos infectados,
possuindo 44,4% desse total de casos. Considerando o mesmo periodo, observa-se
um aumento no numero de casos registrados principalmente no periodo 2012-2015
(de 13 mil casos para 38 mil casos no ano), refletindo o esforgco de ampliagcdo da
testagem e a melhora nas politicas de diagnéstico. Somente em 2019, cerca de 42 mil
novas infecgdes foram notificadas (Ministério da Saude 2019). Apesar de uma média
de 39 mil novos casos de aids por ano, a taxa de detecgéo de aids caiu 17,2% entre
2009 e 2019 em todo o pais. Estratificando por regides, observou-se uma queda no
mesmo periodo de 33,6% e 30,3% nas taxas de detecgédo da regido sudeste e sul,
respectivamente. No entanto, as taxas de detecgdo aumentaram 11,3% na regiao
nordeste e 24,4% na regiao norte (Ministério da Saude 2019).

Em relagdo a mortalidade por doencgas relacionadas a aids, mais de 349 mil mortes
foram notificadas no Brasil entre 1980 e 2019. Desses obitos, a regido sudeste
concentra também a maioria (57,7% do total). Em termos de coeficiente de
mortalidade no Brasil, a taxa segue a tendéncia observada para a taxa de deteccao
de aids: reducao geral de 29,3% no pais inteiro entre 2009-2019, refletindo quedas
observadas para a regido sudeste e sul, mas aumento nas regides norte e nordeste
(Ministério da Saude 2019).

Apesar de 40 anos ja terem se passado desde a descricdo da aids e da
identificacdo de seu agente etiologico, até o momento ainda nao existem vacinas
capazes de controlar a pandemia. Varios fatores tém limitado o avango na area de

vacinas sendo o polimorfismo viral e a falta de correlatos de imunidade associados a



protecdo contra a infeccdo ou evolucdo para a aids os obstaculos mais

relevantes.

1.1. A Patogénese da infeccao pelo HIV-1

A infeccao pelo HIV-1 é caracterizada por uma série de eventos influenciados pelo
tropismo especifico desse virus para importantes células do sistema imune. Apds o
evento de transmissao, a infec¢ao se estabelece em linfocitos T CD4*, macréfagos e
células dendriticas e é disseminada para diferentes tecidos, incluindo érgéos linfoides,
através dos processos de migragao dessas células (Moir et al. 2011). A partir disso,
uma série de fenbmenos caracteristicos sdo observados a curto e a longo prazo
caracterizando trés fases na infeccdo: fase aguda, fase crénica e fase de aids (Figura
3). A fase aguda engloba os primeiros meses da infecgdo e, apesar de ser
caracterizada por cargas virais plasmaticas que vao de centenas de milhares a
milhdes de cépias por mililitro durante as primeiras semanas, esta fase se apresenta
clinicamente com auséncia de sintomas ou sintomas leves e inespecificos como febre,
fadiga, mialgias, cefaleias, nausea e diarreia (Kahn and Walker 1998; Lavreys et al.
2002; Selik and Linley 2018). Durante o periodo, no entanto, a alta taxa de replicagcéao
viral permite o estabelecimento da infeccdo em diferentes tipos celulares e a

disseminagao do virus para diversos tecidos. Dentre esses tecidos, se destacam os
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Figura 3. A historia Natural da infecgcao pelo HIV-1 e suas 3 fases (aguda, crénica e aids).
O esquema exemplifica as dindmicas de carga viral plasmatica e de contagem de células T CD4* ao
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tecidos linfoides associados ao intestino (GALTSs), o qual constituira um dos principais
sitios de replicagao viral durante a fase crénica.

Nos GALTSs, estudos demonstraram uma deplegao quase total de células T
CD4*, em nivel muito maior ao observado no sangue periférico, ainda durante as
primeiras semanas de infeccdo (Guadalupe et al. 2003; Brenchley et al. 2004b). Esta
deplecgéao parece ser particularmente importante para a patogénese da infecgao, visto
que a manutencdo da integridade da mucosa ou melhor recuperagdo da
subpopulacao de células T CD4* desse tecido é associada com uma melhor resposta
imune nas fases seguintes da infecgdo (Guadalupe et al. 2003; Macal et al. 2008;
Ciccone et al. 2011).

Associado ao pico de viremia das primeiras semanas da fase aguda, também é
observado o desenvolvimento da resposta imune inicial contra o virus. Inicialmente, o
surgimento de células T CD8* HIV-1-especificas é observado e correlacionado com a
diminuicao da viremia dias depois do inicio da resposta (Borrow et al. 1994; Wilson et
al. 2000; Goonetilleke et al. 2009; Streeck et al. 2014). Em seguida a resposta celular,
a resposta humoral e a produgao de anticorpos contra o HIV-1 também é observada
entre 3-12 semanas pos infecgédo (Busch and Satten 1997).

O fim da fase aguda é marcado pela soroconversao, incluindo a presenga de
anticorpos anti-p31 (referente a proteina viral Integrase), uma baixa recuperagao dos
niveis de células T CD4* no sangue periférico e o declinio da carga viral (Kassutto and
Rosenberg 2004). Cerca de quatro a seis meses pos infecgdo, a carga viral alcanga
um nivel relativamente estavel denominado set point viral (Huang et al. 2012). Estudos
demonstram associagdes entre a duragao do periodo até o alcance do set point, bem
como a sua magnitude, com a eficiéncia da resposta imune durante a fase aguda e a
velocidade de progressao para a aids durante a fase cronica (Mellors et al. 1997;
Lavreys et al. 2006). A partir do estabelecimento do set point viral, € iniciada a fase
cronica (Figura 3). Este periodo é caracterizado por um desequilibrio funcional
crescente e progressivo do sistema imune que se reflete em uma gradual deplegéo
de linfocitos T CD4* ao longo de anos de infecgédo. Paralelamente, ocorre aumento da
viremia causando, apos anos de infec¢ao, um colapso do sistema imune que se traduz
na imunodeficiéncia observada na fase de aids. Durante esse periodo, distintos perfis
de progressao para a aids podem ser observados e estes serdo detalhados na segao
1.3.



A fase de aids (Figura 3) & caracterizada por valores de células T CD4* abaixo de
200 células/mm?® refletindo numa maior vulnerabilidade ao desenvolvimento de
infeccbes oportunistas como tuberculose, toxoplasmose, pneumocistose, entre
outras, e pode levar o individuo a morte na auséncia de tratamento (Kaslow et al.
1996). A introducéo da cART a qualquer momento do curso do clinico da infecgdo leva
a supressao da carga viral plasmatica a niveis abaixo do limite de detecgdo das
metodologias de quantificagcdo mais comumente empregadas e a recuperagao gradual
das contagens de linfocitos T CD4", servindo como estratégia para impedir ou reverter

a progressao para a aids

1.2. desequilibrio imune na infecgao pelo HIV-1

De forma geral, a infecgdo pelo HIV-1 é caracterizada por um desequilibrio do
sistema imune cujo efeitos mais marcantes observados sdao uma ativacdo imune
persistente e a deplecdo de células T CD4*. Esses fendbmenos se encontram
associados a diversos eventos, tais como a alteracdo na representatividade e na
dindmica de maturagao de diferentes subpopulag¢des de células T, um favorecimento
de respostas pro-inflamatérias, alteragdes estruturais em orgaos linfoides, a
exacerbacdo de mecanismos de exaustao celular, entre outros (Pantaleo and Fauci
1996; McCune 2001; Brenchley et al. 2006a; Moir et al. 2011; Okoye and Picker 2013).
No conjunto, todos esses fendmenos atuam de forma complexa, retroalimentando uns

aos outros, e influenciando na imunopatogénese da doenga.

1.2.1. Mecanismos de deplecao de linfécitos T CD4*

Um dos exemplos que evidenciam as interacdes complexas na infeccao pelo HIV-
1 é a proporgao de participagao direta do virus na morte de linfécitos T CD4* induzindo
efeitos citopaticos e apoptose nas células hospedeiras (Sylwester et al. 1997; Lenardo
et al. 2002; Nie et al. 2002), embora esse nao seja o principal mecanismo que leva a
morte dessas células. Estudos ja demonstraram que a proporgéo de células infectadas
€ muito menor do que a proporgao de células mortas (Harper et al. 1986), com uma
elevada proporgao de células morrendo por mecanismos de morte celular induzida
por ativagao (Finkel et al. 1995; Garg and Joshi 2017). Além disso, células T CD8*
apresentam taxas de morte e proliferagao tao altas quanto as de células T CD4* na
infecgao pelo HIV-1 (Mohri et al. 1998; Hellerstein et al. 1999), apesar de ndao serem
infectadas pelo virus (Brenchley et al. 2004a).



Nao sendo o virus diretamente responsavel pela massiva e progressiva deplegéo
de células T CD4* observada na infecgao pelo HIV-1, estudos identificaram que a
infeccao viral é capaz de alterar toda a dinAmica de producgéo e diferenciagcdo de
células T atingindo principalmente uma subpopulacéo celular. Apesar da sua auséncia
em grande parte das subpopulag¢des de células T CD4*, o CCRS5 apresenta alto nivel
de expressao em linfocitos T CD4* de memdria efetora (TEM), fazendo com que essas
células sejam alvos preferenciais do HIV-1 (Brenchley et al. 2004a). Estes linfocitos T
CD4*CCR5* se distribuem de maneira heterogénea no corpo, sendo os principais
constituintes da populagdo de células T em mucosas, mas menos frequentes no
sangue periférico e nos 6rgaos linfoides secundarios (Poles et al. 2001; Grossman et
al. 2006). Por esse motivo, ocorre uma deplecdo massiva de linfocitos T CD4* na
mucosa intestinal na fase aguda (Poles et al. 2001; Mattapallil et al. 2005) (Guadalupe
et al. 2003; Brenchley et al. 2004b).

A deplecéao de linfécitos TEM acaba por impactar indiretamente na populacéo de
linfocitos TCD4* naive (TN) e de memodria central (TCM), os quais atuam como células
precursoras das populacdes efetoras. Como forma de repor a populagdo TEM, as
TCM e TN recebem estimulos de proliferacado e diferenciacéo, contribuindo para a
ativagao imune crbnica observada em decorréncia da infecgdo. Com a progressao da
infeccao, observa-se a exaustao de tais mecanismos linfoproliferativos e de reposig¢ao
das subpopulagdes de células T mais diferenciadas (McCune 2001; Douek et al. 2003;
Grossman et al. 2006; Okoye and Picker 2013).

Uma das razdes para o prejuizo nos mecanismos de renovacgao das células T esta
associado ao desarranjo e perda da funcionalidade em estruturas linfoides. Além da
supressao de hematopoiese, a fase cronica tardia da infecg¢ao pelo HIV-1 é associada
a deplecao de timdcitos, a perda de demarcacéao corticomedular e ao desenvolvimento
de foliculos de células B nas regides medulares do timo (McCune 2001; Dion et al.
2004). Os orgaos linfoides periféricos, por sua vez, sofrem de um desarranjo estrutural
levando a descompartimentalizacdo e degradacao da rede de células dendriticas
foliculares, da rede de células reticulares fibroblasticas e alteracdo do trafico de
células T (Rosenberg and Janossy 1999; McCune 2001; Schacker et al. 2002;
Grossman et al. 2006; Dimopoulos et al. 2017). No conjunto, estas alteragdes afetam
a capacidade de linfopoiese do organismo, prejudicando a geragao de linfocitos TN e

contribuindo para a imunodeficiéncia.



Uma vez que linfécitos TN s&o precursores naturais de todas as subpopulacbes
de linfécitos, as alteracbes nos mecanismos de geragcdo dessas células podem
influenciar na dindmica de linfécitos TCM. Apesar de linfocitos TCM constituirem um
dos principais reservatorios na infecgao pelo HIV-1 e a longevidade dessas células
ser associada com a persisténcia viral em humanos (Chomont et al. 2009; Buzon et
al. 2014; Song et al. 2020), estudos de infeccdo natural com o virus da
imunodeficiéncia simia (SIV) em macacos sooty mangabey demonstraram que a
estabilidade e a preservacdo do conjunto de células TCM é um fator importante para
0 manejo da infecg¢ao, visto que estes macacos se infectam, mas n&o desenvolvem
patogenia (Paiardini et al. 2011; McGary et al. 2014). Nesses animais, a perda de
células TCM é diretamente ligada a inabilidade de repor o conjunto de células TEM e
a progressao da doencga (Okoye et al. 2007). A mesma associagao é observada na
infeccdo em humanos, sendo menores frequéncias de TCM e TN associadas a
progressao para aids (Rabin et al. 1995; Roederer et al. 1995; Lederman et al. 2011;
Moir et al. 2011; Fromentin et al. 2013). Com isso, estima-se que parte da
imunodeficiéncia observada na infec¢ao pelo HIV-1 seja um resultado do desequilibrio
na homeostase de TCM, que torna estas células menos funcionais e diminui suas
proporgdes, prejudicando a reposi¢ao de perfis maduros como os de TEM (McCune
2001; Okoye and Picker 2013).

1.2.2. Ativacao imune na infecg¢ao pelo HIV-1

Um dos fatores mais importantes que levam a perda da homeostase de todos os
linfocitos T na infecgdo é a ativagao imune crénica. A ativagdo imune engloba um
conjunto de estados alterados caracterizados pelo aumento do processo de
renovagao celular, da proporgéo de linfécitos T e B com perfil fenotipico de célula
ativada, da concentracao de citocinas e quimiocinas pro-inflamatoérias e desregulacao
do ciclo celular (Douek et al. 2003; Moir et al. 2011). Embora a ativagao celular seja
um mecanismo importante na reposicado das células TEM depletadas pelo HIV-1,
como discutido anteriormente, a exacerbacdo desse mecanismo influencia na
persisténcia viral e na progressdao da doenca de diferentes formas. Uma dessas
formas é a intensificagdo da replicacao viral decorrente, da inducédo de transcrigao
viral em células infectadas ativadas e promovendo a produg¢ao de novas particulas
virais a partir dos reservatérios virais(Biancotto et al. 2008; Hatano et al. 2013a; Klatt
et al. 2013).



Os niveis de células ativadas, caracterizadas pela expressao simultanea de CD38
e HLA-DR, e marcadores séricos de ativagdo, como a neopterina e a p2-
microglobulina (B2M) s&o alguns dos maiores preditores da progressao para a aids
(Giorgi et al. 1993, 1999; Liu et al. 1997; Zangerle et al. 1998; Mildvan et al. 2005).
Além disso, a ativagdo imune € associada a uma queda mais acelerada na contagem
de células T CD4* durante a fase crénica (Deeks et al. 2004), uma recuperagado mais
lenta da populacéao de linfocitos T CD4* apds o inicio da terapia antirretroviral (Hunt et
al. 2003) e a uma maior taxa de mortalidade e morbidade (Hunt et al. 2011a; Erlandson
et al. 2013).

Outra forma importante pela qual a ativagado imune influencia na progressao da
doencga esta na indugdo de mecanismos de exaustao celular e senescéncia os quais
levam linfocitos T a estados caracterizados por alteracdo na capacidade proliferativa
e produgdo de citocinas e perda de capacidade efetora (Saeidi et al. 2018). A
exaustao celular € causada por estimulagao antigénica excessiva e constante, tipica
de infecgbes crbnicas, e é capaz de induzir apoptose, levando a deplecao de linfocitos
(Hayashi et al. 2002; Brenchley et al. 2003; Saeidi et al. 2018). Na infecgao pelo HIV-
1, a exaustao de linfocitos é tdo importante para a patogénese que a expressao de
proteina de morte celular programada 1 (PD-1), um regulador negativo do sistema
imune, é diretamente associada a ineficiéncia de linfocitos T CD8* HIV-1-especificos
e com a progressdao da doenga (Day et al. 2006; Trautmann et al. 2006). A
senescéncia, por sua vez, € um fendbmeno associado ao envelhecimento que é
caracterizado pela perda da capacidade proliferativa de linfécitos T, apesar de
manutengado da capacidade de secrecao de citocinas (Desai and Landay 2010). Na
infeccdo pelo HIV-1, os mecanismos de senescéncia sdo acelerados e caracterizados
pelo aumento na proporgao de linfécitos T expressando CD57, cuja frequéncia
correlaciona com a progressao da doenga e que apresentam menor capacidade de
proliferagcdo em resposta a estimulos antigénicos e maior susceptibilidade a apoptose
(Brenchley et al. 2003; Le Priol et al. 2006; Cao et al. 2009)..

Além das subpopulacdes citadas anteriormente, outras duas populacdes de
linfocitos sao alteradas durante a infecgao pelo HIV-1 e possuem fungdes que podem
influenciar nos niveis de ativacdo imune no organismo. As células T reguladoras
(Treg), uma subpopulacao de linfécitos T caracterizada pela expressdo de FoxP3 e
CD25 que atua como moduladora da resposta imune, inibindo a proliferagcao de outras

células imunes e atuando na inducédo de tolerancia (Chevalier and Weiss 2013;
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Valverde-Villegas et al. 2015; Hasenkrug et al. 2018). Devido a sua capacidade
imunossupressora, a possivel participacao dos linfocitos Treg na modulagdo da
ativagao imune cronica na infeccado pelo HIV-1 vem sendo amplamente estudada.
Alguns estudos mostraram que altas frequéncias de células Treg poderiam ter um
efeito positivo associado a diminui¢do da ativagdo imune (Jiao et al. 2009; Schulze
Zur Wiesch et al. 2011; Angin et al. 2012). Por outro lado, em outros estudos a baixa
atividade de células Treg foi associada com o aumento da atividade antiviral de
células T CD8* (Aandahl et al. 2004; Eggena et al. 2005; Hryniewicz et al. 2006; Kinter
et al. 2007; Zelinskyy et al. 2009).

Embora na infecgdo pelo HIV-1 o papel das Treg ainda nao esteja bem definido,
diversos estudos indicam que esta populagdo pode contribuir para a progressao da
doencga, ja que observa-se aumento da sua frequéncia ao longo da fase crénica da
infeccdo na auséncia de tratamento (Andersson et al. 2005; Tsunemi et al. 2005;
Nilsson et al. 2006; Baker et al. 2007; Chase et al. 2008; Bi et al. 2009; Suchard et al.
2010; Hunt et al. 2011b; Nikolova et al. 2011; Schulze Zur Wiesch et al. 2011).
Corroborando essa hipotese, a administragdo da cART é associada a menores
frequéncias dessa populagdo em comparagao com individuos ndo tratados (Bi et al.
2009; Jiao et al. 2009; Suchard et al. 2010; Montes et al. 2011; Schulze Zur Wiesch et
al. 2011).

A outra subpopulacdo importante sdo as células Th17. Estas células sé&o
abundantes em regiées de mucosa, sendo caracterizadas pela expressao de IL-17 e
pela producao de diversas citocinas pro-inflamatérias (Raffatellu et al. 2008; Conti et
al. 2009; Dandekar et al. 2010). De maneira geral, estas células apresentam
importante fungdo na defesa do organismo contra patégenos, na manutengédo da
integridade das mucosas ao estimular a expressdo de peptideos antimicrobianos
(Liang et al. 2006), no recrutameto de neutrdfilos (Griffin et al. 2012; Flannigan et al.
2017) e na indugao da regeneracao epitelial (Pickert et al. 2009). Considerando que a
translocacao de produtos microbianos nas regides de mucosa € um dos mecanismos
que contribuem para a ativagao imune na infecgao pelo HIV-1 (Brenchley et al. 2006b),
linfécitos Th17 vem sendo associados ao controle da ativacao sistémica. Um desafio
para isso, no entanto, é o fato de que estas células fazem parte do conjunto de células
T CD4* que sao depletadas ainda no inicio da infecgdo. Estudos com primatas nao
humanos infectados por SIV mostraram que células Th17 sao preferencialmente

depletadas em modelos patogénicos da infecgao (Cecchinato et al. 2008; Raffatellu et
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al. 2008; Favre et al. 2009), mas preservadas em modelos ndo patogénicos (Brenchley
et al. 2008; Favre et al. 2009). Seguindo essas observagdes, menores frequéncias de
Th17 foram observadas com a progressao da infecgao pelo HIV-1 (Brenchley et al.
2008; Macal et al. 2008; Prendergast et al. 2010; Salgado et al. 2011), com algum
nivel de restauragdo em individuos tratados com cART (Macal et al. 2008).

Apesar de fungdes e efeitos opostos na patogénese do HIV-1, as alteragdes
nessas duas subpopulagdes apresentam um aspecto antagdnico, de modo que a
baixa raz&do Th17/Treg € um parametro associado a progressao da doenga (Favre et
al. 2009; Brandt et al. 2011; Jenabian et al. 2013; Falivene et al. 2015) e a alta razéo
ao perfil de controle espontaneo da infecgéo (Brandt et al. 2011; Jenabian et al. 2013;
Falivene et al. 2015). Parte dessa associagao pode ser decorrente da origem dessas
células, visto que ambas sao derivadas de células TN e sua diferenciacdo estimulada
por diferentes niveis de expresséo de Interleucina 6 (IL-6) e do fator de crescimento
transformador B (TGF-B). Mais especificamente, a diferenciacdo de Th17 e Treg
dependem da sinalizagdo por TGF-B, porém a expressao concomitante de IL-6
favorece o desenvolvimento de células Th17 em detrimento de Treg (Bettelli et al.
2006).

1.2.3. Inflamacgéao Persistente na Infecgao pelo HIV-1

Uma das consequéncias da ativacdo imune persistente e do desbalango
homeostatico de células do sistema imune € a manutencdo de um estado de
inflamacao crénica. Processos inflamatérios atuam como resposta a patdgenos em
diferentes frentes, englobando a¢des que visam o recrutamento de fagécitos e outras
células do sistema imune para sitios de infeccdo, 0 aumento da expressao de citocinas
e quimiocinas, a contengéo do patégeno no tecido afetado e o reparo tecidual em caso
de dano fisico (Murphy and Weaver 2017). Tais processos, no entanto, quando
prolongados irdo influenciar no agravamento e progressao da infeccao pelo HIV-1,

assim como em outras doengas, como as cardiovasculares.

1.2.3.1. Influéncia das Citocinas

A alteracao no padrao de secrec¢ao de citocinas e quimiocinas causados pelo HIV-
1 é observada desde o inicio da infeccdo e € um dos principais combustiveis para a
inflamacao sistémica. Um dos eventos mais caracteristicos da fase aguda da infecgao
pelo HIV-1 é o aumento rapido de expressao de diversas citocinas inflamatérias ou
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reguladoras, como os interferons a e y (IFN-a e IFN-y), o fator de necrose tumoral a
(TNF-a), a proteina induzida por IFN-y 10 (IP-10), a proteina quimioatraente de
mondcitos 1 (MCP-1), as interleucinas IL-6, IL-8, IL-18 e IL-10, entre outras (Stacey et
al. 2009; Freeman et al. 2016; Muema et al. 2020).

Essa “tempestade de citocinas” caracteristica se intensifica em paralelo ao
aumento da carga viral (Stacey et al. 2009) e apresenta tanto efeitos positivos, como
negativos. Algumas dessas citocinas, como os Interferons e o TNF-qa, claramente
atuam na tentativa de resolug&o da viremia, induzindo a ativagéo de células do sistema
imune através de seu efeito antiviral. Outras, como MCP-1, IL-6, IP-10 e IL-18,
apresentam importante fungéo reguladora, agindo como fatores de recrutamento de
células imunes e estimulando a sobrevivéncia das mesmas, aumentando a expressao
de genes que atuam na homeostase celular e inibindo vias apoptéticas (Kedzierska
and Crowe 2001; Freeman et al. 2016; Luis Muioz-Carrillo et al. 2019).

Apesar de suas fungdes importantes para eliminagcdo do patdégeno, o aumento
exacerbado e prolongado destas citocinas € associada a imunopatogénese do HIV-1.
A intensidade da tempestade de citocinas foi associada a progressao para a doenga
no modelo de primatas ndo humanos (Keating et al. 2016) e a piores prognosticos em
humanos (Roberts et al. 2010). Uma vez encerrada a fase aguda, os niveis das
diferentes citocinas decaem, mas nao sdo normalizados (Stacey et al. 2009; Freeman
et al. 2016; Muema et al. 2020), uma vez que a ativagdo imune persistente ativa
mecanismos de retroalimentagao positiva para muitas dessas citocinas (Luis Mufoz-
Carrillo et al. 2019). Além disso, citocinas como TNF-a, IL-1, IL-6 e IL-18 atuam
potencializando a replicacao viral (Kedzierska and Crowe 2001). No conjunto, todos
estes fatores atuam sinergicamente e reciprocamente intensificando a patogénese da
doenca de forma crénica. Nao obstante, niveis elevados de algumas citocinas, como
IP-10 e IL-6, foram associados com menores contagens de células T CD4* e com a
progressao para a doencga (Lafeuillade et al. 1991; Mildvan et al. 2005; Liovat et al.
2012; Valverde-Villegas et al. 2018). Em soma, niveis aumentados de algumas

citocinas persistem mesmo apos inicio da cART (Osuiji et al. 2018).

1.2.3.2. Influéncia dos perfis celulares

O desbalango entre as citocinas favorecendo um perfil pré-inflamatério, influencia
diretamente nos fendtipos celulares e na funcionalidade das células do sistema imune.

De maneira geral, a migragao de diversas células do sistema imune para os tecidos é
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estimulada nas condi¢cbes de inflamacdo causadas pelo HIV-1. Um dos fatores
essenciais para essa migragao € a ativacao de células endoteliais, a qual € mediada
por citocinas pré-inflamatérias, em especial IL-18 e TNF-a, e produtos do processo
inflamatorio, como a proteina C-reativa (PCR) (Szmitko et al. 2003). Esta ativagao
induz vasodilatacao, permeabilidade vascular e a expressao de moléculas de adesao
celular como a E-selectina, a molécula de adesao celular vascular 1 (VCAM-1) e a
molécula de adesao intercelular 1 (ICAM-1), as quais medeiam os processos de
transmigracédo das ceélulas do sistema imune através da ladmina interna dos vasos
sanguineos (Szmitko et al. 2003). Assim como as moléculas que estimulam esse
processo, a expressao de marcadores de ativagao endotelial também é aumentada
na infecgdo pelo HIV-1, favorecendo a transmigracao celular (Graham et al. 2013;
Kamtchum-Tatuene et al. 2019)

Este fendbmeno influencia de maneira marcante na dindmica de mondcitos e
macrofagos. Em condi¢cbes de inflamagado, mondcitos sédo recrutados da corrente
sanguinea para diferentes tecidos do organismo em resposta a um gradiente de MCP-
1 (Deshmane et al. 2009), o qual também tem sua expressao elevada na infecgéo pelo
HIV-1 (Weiss et al. 1997; Coll et al. 2006; Westhorpe et al. 2014).

Em humanos, trés subpopula¢gdes de mondcitos sdo observadas com base no
padrdao de expressdo do correceptor de LPS CD14 e do receptor Fcy-lll CD16,
apresentando funcionalidade distinta. A maioria dos mondcitos presentes no
organismo apresentam o fendtipo classico, com alta expressdo de CD14 e nenhuma
expressao de CD16 (CD14**CD16°). No outro lado do espectro, mondcitos nao
classicos sao definidos pela alta expressao de CD16 e menor expressao de CD14
(CD14*CD16"*). Mondcitos intermediarios, por sua vez, sdo caracterizados como um
perfil de transicdo de mondcitos classicos para nao classicos, apresentando maiores
niveis de expressao de CD14 e menor de CD16 (CD14**CD16*) (Ziegler-Heitbrock et
al. 2010). Enquanto mondcitos classicos sdo caracterizados por um maior potencial
fagocitico e pela diferenciagdo mais frequente em células dendriticas, mondcitos nao
classicos sao caracterizados por um perfil voltado para resposta contra infecgdes
virais e mais inflamatério, com maior capacidade de expressao de TNF-a e IL-13
(Belge et al. 2002; Cros et al. 2010; Mukherjee et al. 2015; Boyette et al. 2017).

Na infecgao pelo HIV-1, um aumento na frequéncia de populagdes de mondcitos
expressando CD16 é observado e relacionado com a magnitude da carga viral (Abel
et al. 1992; Thieblemont et al. 1995; Pulliam et al. 1997; Amirayan-Chevillard et al.
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2000; Han et al. 2009; Funderburg et al. 2012; Liang et al. 2015; Chen et al. 2017; Luo
et al. 2018), com niveis anormais persistindo algumas vezes mesmo apdés o inicio da
cART (Amirayan-Chevillard et al. 2000; Han et al. 2009; Chen et al. 2017). Maiores
frequéncias de marcadores de ativacdo dessa populacdo, como CD14 e CD163
soluveis (sCD14 e sCD163), também s&o observados e correlacionam com outros
marcadores inflamatérios, indicando a contribuicao desta populagao para o estado de
inflamacao crénica (Kuller et al. 2008; Burdo et al. 2011; Pereyra et al. 2012; Kelesidis
et al. 2012; Fitch et al. 2013; Masia et al. 2013; Castley et al. 2014; Westhorpe et al.
2014; Li et al. 2015; Liang et al. 2015; Chen et al. 2017; de Paula et al. 2018).

Além de influenciarem na patogénese da infecgdo através de seu perfil mais
inflamatorio, monécitos também sao suscetiveis a infecgdo (Crowe and Sonza 2000).
Apesar da estimativa de que apenas 0,1% dos mondécitos estejam infectados, as
subpopulacdes que expressam CD16 sao mais suscetiveis e preferencialmente
infectadas devido a seus maiores niveis de CCR5 (Ellery et al. 2007; Jaworowski et
al. 2007).

O cenario de inflamacéo crénica do HIV-1 também pode influenciar a diferenciagao
de macrofagos. Em relagao a sua origem, estudos dos ultimos anos em camundongos
demonstraram que, em condi¢ées normais, a renovagao de macrofagos residentes
em tecido é fruto de auto-proliferagcao na grande maioria dos tecidos, exceto na derme,
coragao e intestino (Ginhoux et al. 2016), sendo esse ultimo um dos principais sitios
de replicagdo viral como discutido anteriormente. Em situacbes de inflamacéao
patogénica um aumento no influxo de mondcitos e sua posterior diferenciacdo em
macrofagos é observada (Ginhoux and Jung 2014). Estes dois fatos apontam para
uma importancia nesse processo de diferenciagdo de mondécitos em macréfagos nas
condicdes de inflamacgao causadas pelo HIV-1.

Na patogénese da infecgao, macrofagos atuam em duas linhas diferentes. A
primeira delas ocorre devido a sua susceptibilidade ao virus. Em soma aos linfécitos
TEM, macrdéfagos séo as principais células infectadas pelo HIV-1 nos tecidos e atuam
como importantes reservatérios virais sendo capazes de sustentar a replicagéo viral
na auséncia de linfocitos (Honeycutt et al. 2016). Estas células também s&o mais
resistentes aos efeitos citopaticos do HIV-1 (Swingler et al. 2007; Reynoso et al. 2012;
Yuan et al. 2017) e a morte mediada por linfécitos T CD8* quando infectadas (Vojnov

et al. 2012; Clayton et al. 2018), contribuindo para a persisténcia viral.
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A ativagao de macrofagos na infecgao pelo HIV-1 também é outro mecanismo que
contribui diretamente para a manutencao da inflamagao no tecido. Funcionalmente,
estas células apresentam uma diversidade de fenétipos que se distribuem no em um
espectro entre dois polos extremos de ativacdo. De um lado, em condi¢cbes de
homeostase ou a influéncia de citocinas classicas de resposta Th2, como IL-4 e IL-13,
levam ao desenvolvimento de macrofagos M2, os quais possuem um perfil anti-
inflamatorio e atuam em processos de reparo tecidual, intensificagdo de fagocitose e
supressao da inflamacdo. Do outro lado, citocinas associadas a resposta Th1, como
IFN-y, levam ao desenvolvimento de macrofagos M1, os quais s&o associados a um
perfil pré-inflamatério e a um aumento na expresséo de citocinas como IL-1p3, IL-12,
IL-23 e TNF-a (Cassol et al. 2010). Este ultimo perfil € induzido pela replicagao viral
(Porcheray et al. 2006; Brown et al. 2008; Cassol et al. 2009; Chihara et al. 2012),
contribuindo para o aumento da inflamagdo. Apesar de macrofagos M1 serem
fendtipos associados a resisténcia contra a replicacdo viral e a infeccdo de novo
(Cassol et al. 2009; Schlaepfer et al. 2014; Graziano et al. 2018), estas células também
permitem a propagacao viral através do recrutamento de outras células suscetiveis a
infecgao e do estimulo da replicagao viral em linfocitos infectados devido ao contexto
inflamatdrio associado (Saidi et al. 2007).

Por fim, a inflamacao mediada pelo HIV-1 também pode se constituir em um dos
mecanismos principais de deplecdo de células T CD4*. Além das citocinas pro-
inflamatdrias contribuirem para a ativacao imune através de mecanismos de ativacao
“bystander” de linfocitos (Finkel et al. 1995; Garg and Joshi 2017) e promoverem o
recrutamento de novas células que podem ser infectadas pelo virus (Biancotto et al.
2008), o HIV-1 pode levar a ativagao do inflamassoma (Feria et al. 2018) e se torna
gatilho para a indugao de piroptose em células T CD4*. Esta modalidade de morte
celular é caracterizada pela ativagdo de caspase-1 e pelo aumento da expressao
celular de pré-IL-183, a qual é ativada e liberada apds a morte celular e contribui para
a inflamacao (Doitsh et al. 2014).

1.2.3.3. Inflamac&o e comorbidades cardiovasculares

Além de favorecer os efeitos negativos da propria infeccao pelo HIV-1 e influenciar
na progressao para a aids, a inflamacgéao persistente atua também na patogénese de
uma série de comorbidades. O aumento da expectativa de vida entre PVHIV

decorrente da eficiéncia da cART permitiu observar que uma série de morbidades nao
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relacionadas a aids, como sindrome metabdlica, dislipidemia, hipertenséo, diabetes e
doenca cardiovascular, sdo mais frequentes nesses individuos em comparagao com
a populagado nao infectada pelo HIV-1 (Naidu et al. 2017; Nansseu et al. 2018;
Dominick et al. 2020). Parte dessa maior frequéncia de comorbidades ndo esta
relacionada diretamente a patogénese da infecgdo, visto que fatores de risco
tradicionais para doengas cardiovasculares relacionados ao estilo de vida, como o
fumo e obesidade, sdo mais frequentes em PVHIV em comparagdo com a populagéo
geral (Triant et al. 2007; Freiberg et al. 2013; Diaz et al. 2016; Frazier et al. 2018;
Moreira et al. 2018). Além disso, diversos estudos observaram a relagao entre alguns
antirretrovirais, principalmente inibidores de protease, e um risco aumentado para o
desenvolvimento de doencgas cardiovasculares (Kaplan et al. 2007; Diaz et al. 2016;
Hatleberg et al. 2018). Mesmo assim, a infecgdo pelo HIV-1 se apresenta como
componente de risco independente de tais fatores, visto que pacientes infectados pelo
HIV-1 apresentam risco duas vezes maior de infarto do miocardio (Triant et al. 2007;
Lang et al. 2010; Paisible et al. 2015) e aproximadamente quatro vezes maior de morte
por doenga cardiaca repentina quando comparados com a populagéo geral (Tseng et
al. 2012).

A relagao entre ativacao imune e inflamacgao e o desenvolvimento de complicagées
cardiovasculares vem sendo amplamente estudada nos ultimos anos, indicando que
esses podem ser os componentes principais influenciando no risco aumentado para
essas morbidades em PVHIV. Linfocitos T ativados, por exemplo, foram identificados
como importantes mediadores de infarto isquémico em camundongos (Bansal et al.
2017). De forma semelhante, marcadores celulares e séricos de ativagdo imune ja
foram associados a processos relacionados a doencas cardiovasculares tanto na
populacao geral (Weiss et al. 1994; Fernandez et al. 2019), como em PVHIV (Kaplan
et al. 2011; Fitch et al. 2013; Longenecker et al. 2013; Siedner et al. 2016).
Associagbes semelhantes foram observadas entre hipertensao e aterosclerose e a
ativagao de linfécitos T especificos para citomegalovirus (CMV), o qual € o causador
da coinfecgdo mais prevalente entre PVHIV (Hsue et al. 2006; Masia et al. 2013; Hui
et al. 2016; Ballegaard et al. 2020).

A inflamacado, por sua vez, também é um componente importante para o
desenvolvimento de doencgas cardiovasculares. As concentragdes de IL-6, proteina C-
reativa e D-dimero sdao aumentadas em decorréncia da infecgao pelo HIV-1 e

amplamente associadas ao desenvolvimento e a gravidade de doencgas
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cardiovasculares (Kuller et al. 2008; Boulware et al. 2011; Sandler et al. 2011; Duprez
etal. 2012; Hunt et al. 2014; Tenorio et al. 2014; Grund et al. 2016; Baker et al. 2017b;
Carvalho et al. 2018; Peterson et al. 2018). TNF-a também foi identificado como um
participante em processos de geragao de aterosclerose em camundongos (Gao et al.
2016) e altos niveis dessa citocina foram observados como um fator preditor de
maiores pontuag¢des na escala de risco Framingham, a qual utiliza dados de idade,
género, habitos de fumo, niveis de colesterol e valores de pressao sistdlica para
estimar o risco de um individuo desenvolver doencgas cardiovasculares dentro de 10
anos (Mooney et al. 2015).

A relacao entre D-dimero, inflamacdo e doencas cardiovasculares ressalta a
influéncia da infeccéo viral nos processos de homeostase vascular e endotelial. O
endotélio de PVHIV apresenta sinais de dano tecidual associado com os processos
de regeneracgao e ativagao (Zietz et al. 1996) e sinais de disfungao endotelial (Nolan
et al. 2003; Solages et al. 2006). Este efeito parece estar associado diretamente ao
virus, ao passo que proteinas como a Gp120, Tat e Nef ja foram associadas com
disfungdo e apoptose de células endoteliais (Anand et al. 2018). Um estudo com
camundongos transgénicos que expressavam proteinas virais observou danos
funcionais no endotélio dos animais e o aumento de diversos marcadores de
aterosclerose, como um aumento da rigidez arterial e diminuicdo da espessura da
camada intima-média da carétida (cIMT) (Hansen et al. 2013).

A aterosclerose é um processo patogénico causado pela deposigéo de lipidios nas
camadas internas da parede arterial, levando a formacao de placas que obstruem o
fluxo sanguineo. Este processo apresenta uma grande influéncia da resposta
inflamatdria do organismo, visto que é fruto de uma resposta do sistema imune inato
a formacédo e acumulo de lipoproteinas de baixa densidade oxidadas. O acumulo
dessas proteinas na parede arterial induz uma inflamagdo que estimula o
recrutamento de monaocitos da corrente sanguinea para o tecido e a sua posterior
diferenciacdo em macréofagos. Os macrofagos recrutados para a placa, por sua vez,
fagocitam as lipoproteinas de baixa densidade oxidadas acumuladas e se convertem
em células espumosas. Estas ultimas, apresentam perda da mobilidade e ficam
presas no tecido, morrendo eventualmente e levando a um acumulo de cristais de
colesterol e células apoptoticas/necroéticas no tecido (Gistera and Hansson 2017).

Em PVHIV, menores valores de cIMT s&o observados (Bonnet et al. 2004; Hsue et
al. 2004, 2009; McComsey et al. 2007; Oliviero et al. 2009; van Vonderen et al. 2009;
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Bergmann et al. 2018; Low et al. 2019; Msoka et al. 2019), mesmo em individuos
tratados (Hsue et al. 2004, 2009; van Vonderen et al. 2009) ou criangas (Bonnet et al.
2004; McComsey et al. 2007; Idris et al. 2016), indicando que o desenvolvimento da
aterosclerose nesses individuos independe do tratamento antirretroviral ou de fatores
de risco associados. Devido a participacédo da inflamagédo no processo de formagao
da placa aterosclerética, diversos pontos de ligagao entre a infecgao pelo HIV-1 e a
aterosclerose vem sendo identificados.

Um dos pontos em comum na patogénese do HIV-1 e da aterosclerose € a
expressao de moléculas indicadores de ativacdo das células endoteliais. Moléculas
de adesdo, como VCAM-1 e ICAM-1, sdo essenciais para os processos de
recrutamento de mondcitos e sao superexpressas durante a formagao da placa
aterosclerotica (Nakashima et al. 1998), assim como na infec¢ao pelo HIV-1 (Graham
et al. 2013; O’Halloran et al. 2015; Baker et al. 2017a; Mosepele et al. 2018;
Kamtchum-Tatuene et al. 2019; Sereti et al. 2019; Angelovich et al. 2020). Além
dessas, a interacdo entre o receptor CD40 (expresso em células endoteliais,
macrofagos, monocitos, células dendriticas e linfocitos B) e CD40L (expresso
principalmente em linfocitos T ativados e plaquetas) € considerada uma importante
via de ativagcao do endotélio, levando a expressao de moléculas de adeséo e de
citocinas pro-inflamatérias (Szmitko et al. 2003; Hassan et al. 2012). Esta capacidade
de mediacao da interagao entre mondcitos, plaquetas e linfocitos ativados provocado
pela ligagdo CD40/CD40L mostra que esta associagdo pode influenciar na
aterogénese, com as duas moléculas sendo mais expressas na placa aterosclerética
e em individuos com complicagdes cardiovasculares (Bruemmer et al. 2001; Lievens
et al. 2010; Bosmans et al. 2020). Em um estudo com individuos infectados pelo HIV-
1, os niveis de sCD40L ainda correlacionaram com a concentragao de ST2 (Mehraj et
al. 2016; Younas et al. 2017), um importante biomarcador de estiramento do miocardio
que funciona como um preditivo de mortalidade independente de outros fatores de
risco (Ky et al. 2011; Kohli et al. 2012; Braunwald 2013).

IL-6 e IL-1B também sao citocinas importantes na aterosclerose e na infecgao pelo
HIV. Além de atuarem como combustiveis do processo inflamatério relacionado ao
HIV-1, a expressao dessas citocinas também & aumentada durante a aterogénese.
No processo, os cristais de colesterol acumulados em células espumosas atuam como
ativadores de moléculas do inflamassoma, ligado diretamente a produgéo de IL-13

(Duewell et al. 2010). A IL-1B produzida nesse processo, por sua vez, estimula a
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producdo de IL-6 por células do musculo liso (Loppnow and Libby 1990). Nesse
sentido, os processos inflamatérios gerados por HIV-1 e aterosclerose
independentemente podem atuar sinergicamente, inflamando mais o organismo.

Outro ponto em comum € a participagdo de mondcitos nas duas patogenias.
Apesar de mondcitos classicos serem a principal populagdo que migra para a placa
aterosclerdtica (Swirski et al. 2007), mondcitos nao classicos apresentam
caracteristicas de patrulhamento do tecido endotelial e manutencdo da homeostase
vascular (Narasimhan et al. 2019). Estes mondcitos ndo classicos sdo ainda
observados em maiores quantidades no lumen de artérias durante os processos
iniciais de formacéao de placa em camundongos (McArdle et al. 2015; Marcovecchio et
al. 2017), indicando uma participacdo importante na aterogénese recente. Em
humanos, populagdes CD16* foram correlacionadas com aterosclerose em diversos
estudos (Wildgruber et al. 2009; Poitou et al. 2011; Rogacev et al. 2012; Hopfner et al.
2019; SahBandar et al. 2019), inclusive em individuos infectados pelo HIV-1 (Fitch et
al. 2013; Chow et al. 2016; Luo et al. 2018). Além disso, os marcadores de ativacao
de mondcitos sCD14 e sCD163 também estdo correlacionados com o
desenvolvimento e progressdo da aterosclerose na populagéo geral e em PVHIV
(Aristoteli et al. 2006; Sandler et al. 2011; Pereyra et al. 2012; Fitch et al. 2013;
McKibben et al. 2015; Hanna et al. 2017; Subramanya et al. 2019)

Outro marcador de ativagado de mondcitos relevante para a infecgéo pelo HIV-1 e
a aterosclerose € o fator tecidual (TF). O TF é uma proteina transmembrana expressa
principalmente por células perivasculares e epiteliais e que atua como receptor para
os fatores de coagulacao FVII e FVlla, formando um dos complexos ativadores
basicos da cascata de coagulagdo no organismo (Grover and Mackman 2018). Em
condicbes de estimulo, mondcitos expressam quantidades consideraveis de TF
(Egorina et al. 2005; Butenas et al. 2008; Schechter et al. 2017), indicando que em
cenarios inflamatérios essas células podem ser produtoras de TF e contribuir para os
efeitos patogénicos decorrentes dessa inflamagao. Valores aumentados de TF s&o
observadas no curso da infeccao pelo HIV-1 e também se correlacionam com o
desenvolvimento mais rapido da aterosclerose (Funderburg et al. 2012; Barska et al.
2017; Schechter et al. 2017; Luo et al. 2018a; Lin et al. 2019; Hsu et al. 2020). A alta
expressao de TF também influencia na ocorréncia de trombose associada a ruptura
de placas, contribuindo para a patogénese de doencgas cardiovasculares (Grover and
Mackman 2018).
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As correlagdes entre aumento de TF, aterosclerose e infec¢do pelo HIV-1 ainda
indicam outro processo associado a infecgdo que pode contribuir para o quadro de
susceptibilidade a doenga cardiovascular. A infecgao pelo HIV-1 é associada a um
estado de hipercoagulopatia relacionado a inflamagao persistente que pode ser
observado através do aumento de expressdo de TF e D-dimero, como discutido
anteriormente. Além desses dois marcadores, hiper-reatividade e maiores niveis de
ativagao plaquetaria também sao observados entre individuos infectados pelo HIV-1
(Karmochkine et al. 1998; Satchell et al. 2010; Mayne et al. 2012; O’Brien et al. 2013;
Tunjungputri et al. 2014; Nkambule et al. 2015b, 2015c, 2015a; O’Halloran et al. 2015;
Pastori et al. 2015; van der Heijden et al. 2018; Mesquita et al. 2018), atingindo niveis
mais baixos, porém anormais, mesmo apos o tratamento com cART (Tunjungputri et
al. 2014; O’Halloran et al. 2015; Mesquita et al. 2018; van der Heijden et al. 2018).

A ativacao concomitante de plaquetas e mondcitos ainda pode atuar na formacao
de agregados mondcitos-plaquetas (MPA). As plaquetas podem se ligar aos
leucdcitos através da interagcdo da P-selectina (CD62P) e o ligante 1 da glicoproteina
P-selectina (PSGL-1) (Evangelista et al. 1999). Em mondcitos, essa interagdo com
plaquetas intensifica o perfil inflamatério dessas células (Thomas and Storey 2015),
aumenta a sua adesao ao endotélio (Martins et al. 2006) e estimula a producao de
MCP-1 e TNF-a (Weyrich et al. 1995). Devido a contribuicdo para o processo
inflamatdrio e para a infiltragdo de mondcitos no tecido, frequéncias aumentadas de
MPA sao associadas ao desenvolvimento de doencgas cardiovasculares, incluindo
infarto, derrame e aterosclerose avancada (Furman et al. 2001; Michelson et al. 2001;
Htun et al. 2006; Smout et al. 2009; Czepluch et al. 2014). Na infecgéo pelo HIV-1,
frequéncias aumentados de MPAs também foram observados (Singh et al. 2012;
Tunjungputri et al. 2014; Liang et al. 2015; Nkambule et al. 2015b; van der Heijden et
al. 2018), indicando mais uma ligacdo entre coagulagcdo, inflamagcdo e a

susceptibilidade a doengas cardiovasculares em PVHIV.
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1.3. Os perfis de progresséao para aids e controle da infec¢éo pelo
HIV-1

A duracao da fase cronica da infecgao pelo HIV-1 na auséncia de tratamento
antirretroviral varia entre os individuos, caracterizando distintos perfis de progressao
para a aids (Figura 4). A maioria dos individuos infectados (70% a 80%) progridem
para a aids em cerca de oito a 10 anos, sendo denominados progressores tipicos. No
entanto, uma porcentagem significativa dos individuos (10% a 15%) evolui para a aids
em um espago de tempo mais curto, que varia de dois a cinco anos, sendo entao
chamados de progressores rapidos (Pantaleo and Fauci 1996). Embora nenhum fator
determinante e unico seja comum a esses individuos com pior prognostico, a
progressao rapida ja foi associada a infeccdo com variantes virais com maior
capacidade replicativa, maior percentual de virus X4-trépicos no inicio da infeccao
(Dalmau et al. 2014), superinfeccao (Gottlieb et al. 2004; Luan et al. 2017), maiores
niveis de DNA viral durante a fase aguda (Jiao et al. 2014) (Jarrin et al. 2015), além
de fatores genéticos do hospedeiro (Casado et al. 2010; Teixeira et al. 2014).
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Figura 4. Perfis de progressao para a aids.

O grafico exemplifica as dindmicas de contagens de células T-CD4* durante a fase aguda e crénica da
infecgdo pelo HIV-1 que podem ser associadas aos perfis de progressores tipicos, rapidos e néo
progressores de longo termo (LTNPS).
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No outro extremo dos perfis de progressdo, uma pequena fragdo de individuos
infectados (5-10%) permanece clinicamente assintomatica e com altos valores de T
CD4* (>500 células/uL) durante um tempo minimo de acompanhamento de 7 anos de
infeccdo na auséncia de tratamento. Estes individuos sdo denominados progressores
lentos ou n&o progressores de longo prazo (LTNP, do inglés long-term non
progressors). Alguns individuos sdo capazes de controlar a replicagdo viral na
auséncia da terapia antirretroviral, sendo denominados controladores do HIV (HIC, do
inglés HIV Controllers) (Figura 5). Devido a raridade deste perfil controlador, diferentes
critérios de classificacdo sdo observados na literatura. O principal critério de
classificagdo destes € a manutengdo de cargas virais plasmaticas baixas (<2000
copias/mL) ou indetectaveis por no minimo um ano (Gurdasani et al. 2014). Com base
no nivel de controle da viremia, estes individuos ainda sao subdivididos em dois
grupos. A maioria apresenta carga viral baixa (>Limite de deteccdo até 2000
copias/mL) ao longo de anos e s&do denominados controladores virémicos (VC). Uma
fracdo menor desses individuos (<1%) apresenta majoritariamente cargas virais
plasmaticas indetectaveis pelas metodologias de quantificagdo mais usadas no
monitoramento clinico regular (<40 copias/mL) e sdo denominados de controladores
de elite (EC). Para alguns desses EC, episodios intermitentes de picos de viremia,

denominados de “blips” ainda podem ser observados.
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Figura 5. Perfis de controle espontaneo da viremia na infecg¢ao pelo HIV-1.
O gréfico exemplifica as dindmicas de carga viral plasmatica durante a fase crénica da infec¢do pelo
HIV-1 em individuos Controladores do HIV-1, com diferentes niveis de controle.
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Ao longo das ultimas décadas algumas coortes principais de HIC foram
constituidas, sendo referéncias para o estudo desses individuos, embora utilizem
definicbes diferentes de classificagdo. Na Franca, a coorte CO21 CODEX é
gerenciada pela Agéncia Nacional Francesa de Pesquisa sobre o HIV/Aids e as
Hepatites Virais (ANRS) e inclui HIC como individuos infectados pelo HIV e
assintomaticos por pelo menos cinco anos e que apresentem ao menos cinco
mensuragdes de carga viral plasmatica consecutivas <400 copias/mL, na auséncia de
terapia antirretroviral, independente da contagem de células T CD4" (Lecuroux et al.
2013). Nos Estados Unidos, o Departamento de defesa americano classificou HIC
como individuos com niveis de carga viral menores que o limite de detecg¢ao (no caso
de ECs) ou menores que 2000 cépias/mL (no caso de VCs), por pelo menos um ano
(Okulicz et al. 2009). Seguindo a mesma definigao, coortes sao estudadas por grupos
na universidade da California, em Sao Francisco, (Hunt et al. 2008) e no Hospital Geral
de Massachussets (Pereyra et al. 2008). Na Espanha, o Centro Nacional de
Microbiologia de Madri identificou LTNP com perfil de EC e VC com os mesmos
critérios do Departamento de defesa americano, mas somente mediante comprovagao
de infecgdo assintomatica por pelo menos 10 anos (Casado et al. 2010). Além disso,
um consoércio internacional denominado “HIV Controller Consortium” apresentou
estudos entre 2007 e 2015 que reuniram individuos controladores de elite de diversas
coortes, incluindo as anteriormente citadas (Walker 2007).

Embora seja comum que individuos com perfil LTNP apresentem
concomitantemente o status de controlador, se faz necessario a separacao dos dois
perfis visto que existem casos de individuos LTNP que ndo mantém controle da carga
viral plasmatica (Casado et al. 2010; Klatt et al. 2014), assim como alguns individuos
controladores, com carga viral suprimida e que apresentam progressao para a aids
num tempo inferior ao de sete anos e queda de células T CD4* (Okulicz et al. 2009;
Noel et al. 2015).

1.3.1. Fatores Associados com a nao progressao e o Controle

da Viremia

A grande heterogeneidade de definicbes do perfil de controle da progresséo e da
replicacao viral refletem também a heterogeneidade dos fatores associados com tais
perfis. Ao longo das ultimas décadas, fatores viroldgicos, genéticos e imunoldgicos
que contribuem para a protecédo durante a infecgao foram identificados.
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1.3.1.1. Fatores genéticos

Com base em estudos de perfil genético de individuos infectados pelo HIV-1,
varios fatores ja foram associados ao controle da progressao e/ou da replicagao viral.
Dentre eles, se destacam: a presenga de alelos CCR5-A32, o qual gera uma proteina
truncada que impede a infecgdo por variantes virais R5-trépicas em individuos
homozigotos e € associada a progressdo mais lenta em individuos heterozigotos
(Dean et al. 1996; Liu et al. 1996); presenca de alelos HLA-B protetores tais como
HLA B*57, B*27 e B*52 (Kaslow et al. 1996; Hendel et al. 1999; Altfeld et al. 2003;
Teixeira et al. 2014); presenca de alelos KIR3DS1 e 3DL1 (Tomescu et al., 2011); e
presencga de polimorfismos em genes de proteinas celulares que atuam como fatores
de restricdo do virus, como APOBEC, Teterina, TRIM-5-alpha, SAMHD-1 e
LEDGF/p75 (Messiaen et al. 2012; Santa-Marta et al. 2013; Passaes et al. 2014).

Além desses, ja foram descritos perfis de controle associados a polimorfismos de
base unica (SNP) presentes em genes de receptores tipo Toll (TLR) (Dalmasso et al.
2008; Nissen et al. 2018; Shaikh et al. 2019) e em alelos HLA (Dalmasso et al. 2008;
Pereyra et al. 2010; Guergnon et al. 2012; Nissen et al. 2018). Tais polimorfismos
afetam processos celulares diversos, como trafego nuclear e resposta inflamatoria
(Nissen et al. 2018; Reis et al. 2019). Apesar disso, o carater facultativo de fatores
genéticos associados ao controle, assim como a presenga de genes associados ao
risco para progressao em alguns HIC/LTNP, demonstra que o fenétipo protetor ndo &

definido apenas por fatores genéticos.

1.3.1.2. Fatores viroldgicos

O perfil de progressédo da doenga também pode ser decorrente de caracteristicas
inerentes do virus. Uma das primeiras descri¢gdes de controle esponténeo da infecgao
foi decorrente da transmissao via transfusdes de sangue de variantes virais contendo
delegbes no gene viral nef (Learmont et al. 1992; Deacon et al. 1995; Huang et al.
1995). Desde entdo, casos isolados de atenuagado causada por mutagbes em nef
(Kirchhoff et al. 1999; Toro et al. 2004) ou outras variagdes gendmicas virais também
foram descritas, incluindo altera¢des atribuidas a genes acessérios (Michael et al.
1995; Toro et al. 2004; Mologni et al. 2006; Rajan et al. 2006) e estruturais (Huang et
al. 1998; Casado et al. 2018). Mais recentemente, uma relagdo entre uma menor
funcionalidade da proteina viral Vif, resultando em falha no antagonismo de
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APOBEC3G, um importante fator de restricdo viral, também foi associada aos perfis
de controle (Cruz et al. 2013; Kikuchi et al. 2015).

Apesar de tais mutagdes levarem a menor capacidade replicativa, uma grande
parte dos individuos com perfil de controle espontaneo apresentam virus competentes
para replicacédo (Blankson et al. 2007; Lamine et al. 2007; Salgado et al. 2014). Além
disso, diversos estudos identificaram pares de transmissdo entre individuos
progressores e ndo progressores (Bailey et al. 2008; Buckheit et al. 2012; Yue et al.
2015), demonstrando que as a presencga de alguma destas caracteristicas virologicas,
assim como as genéticas, ndo sao totais determinantes da ndo progressdo ou

controle.

1.3.1.3. Fatores Imunoldgicos

Apesar dos fatores virais e genéticos descritos anteriormente, o perfil imunolégico
do hospedeiro parece ser a pega essencial que influencia no controle da infecgao.
Basicamente, HIC e LTNP apresentam caracteristicas que indicam uma menor
descompensacao do sistema imune durante a fase cronica da infeccado e que os
ajudam a driblar os efeitos patogénicos causados pela hiperativagao e inflamacgao.

Em primeiro lugar, o sistema imune de HIC e LTNP parece ser mais eficiente em
combater o virus. Estes individuos tém sido caracterizados por apresentarem células
T CD8* HIV-1 especificas com maior capacidade de supressao da replicagao viral e
maior frequéncia de polifuncionalidade que a de individuos progressores (Betts et al.
2006; Almeida et al. 2007; Saez-Cirion et al. 2009; Ferrando-Martinez et al. 2012).
Além disso, estas células em HICs apresentam maior capacidade citotdxica (Migueles
et al. 2002; Saez-Cirion et al. 2007; Taborda et al. 2015), maior resisténcia a apoptose
(Franceschi et al. 1997; Yan et al. 2013) e manutengéo da capacidade proliferativa
mesmo apos um longo tempo de infeccdo (Migueles et al. 2002; Day et al. 2007).
Ademais, também s&o mais eficientes em reconhecer e matar linfocitos T CD4*
autélogos infectados (Saez-Cirion et al. 2007; Buckheit et al. 2013), mesmo em
condigao de infecgao latente (Monel et al. 2019), demonstrando sua contribuigao para
o controle tanto da infecgao produtiva, como da infeccao latente de reservatorios.

Além dessas caracteristicas, células T CD8* de controladores também se
diferenciam pelo alvo de suas respostas. A avaliacido da resposta citotoxica contra
diferentes proteinas virais demonstrou que respostas Gag-especificas sdo melhor

correlacionadas com menores cargas virais € maiores contagens de células T CD4*
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(Edwards et al. 2002; Kiepiela et al. 2007; Chen et al. 2009), sendo as principais
contribuintes para a resposta citotoxica em individuos controladores (Saez-Cirion et
al. 2009; Ferre et al. 2010; Berger et al. 2011). A resposta observada contra Gag
também se correlaciona diretamente a contribuicdo de alelos HLA-B considerados
protetores, como B*57 e B*27, os quais possuem grande eficiéncia na apresentagao
de epitopos imunodominantes de Gag em individuos controladores (Chen et al. 2012;
Ladell et al. 2013). Embora esta restricdo motive o surgimento de variantes virais e de
escape da resposta imune, HICs ja foram descritos também por apresentarem grande
plasticidade de resposta imune, montando novas respostas eficientes contra epitopos
mutados rapidamente (O’Connell et al. 2011; Pohlmeyer et al. 2013).

Entre células T CD4*, a manutengao da funcionalidade e particularidades em HIC
e LTNP também sao observadas. Linfocitos T CD4* de individuos com perfil de
controle também apresentam polifuncionalidade, expressando principalmente IFN-y e
IL-2 em resposta a estimulos e maior eficiéncia de resposta T CD4* HIV-1 especifica
(Potter et al. 2007; Owen et al. 2010; Ferrando-Martinez et al. 2012; Van Braeckel et
al. 2013). Essas células ainda apresentam manutengédo da capacidade proliferativa
(Rosenberg et al. 1997; Dyer et al. 2008), da funcionalidade citotoxica em células
CD57* (Phetsouphanh et al. 2019) e menores niveis de expressao de marcadores de
exaustdo, como PD-1 e a proteina associada a linfocitos T citotoxicos 4 (CTLA-4)
(Cockerham et al. 2014; Bansal et al. 2015; Noyan et al. 2018; Saxena et al. 2018),
em comparagao com células de individuos progressores em uso de cART ou ndo.

Fatores protetores também sao observados em relagédo a proporgao das diferentes
subpopulagdes de células T. HIC/LTNP apresentam maiores frequéncias de linfocitos
TCM (Potter et al. 2007; Elrefaei et al. 2014; Klatt et al. 2014; Bansal et al. 2015;
Saxena et al. 2017) e Th17 (Ciccone et al. 2011; Salgado et al. 2011; Jenabian et al.
2013; Falivene et al. 2015) em comparagdo com progressores, indicando maior
preservagao da homeostase imune. Para linfécitos TCM, menores niveis de DNA
proviral nessa subpopulacdo também sao associados com perfis de controle
espontaneo (Descours et al. 2012; De Masson et al. 2014).De forma semelhante, o a
preservacgao do repertorio de células Treg também parece ser um fator de protegao
entre esses individuos, visto que LTNP/HIC mantém baixas frequéncias dessas
células durante a fase crénica da infec¢ao(Jiao et al. 2009; Brandt et al. 2011;
Jenabian et al. 2013; Falivene et al. 2015). Além das frequéncias individuais, o balango

entre células Th17 e Treg é mantido, sendo avaliado pela razdo entre células
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Th17/Treg em individuos com perfil de controle esponténeo (Brandt et al. 2011;
Jenabian et al. 2013; Falivene et al. 2015).

No contexto de ativacdo imune, menores frequéncias de linfécitos ativados séo
observados em HIC/LTNP em comparacdo com individuos progressores (Hunt et al.
2008, 2011b; Owen et al. 2010; Brandt et al. 2011; Shaw et al. 2011; Ciccone et al.
2011; Card et al. 2012; Bansal et al. 2015; Coértes et al. 2015; Falivene et al. 2015;
Noel et al. 2015; Gonzalez et al. 2016; Saxena et al. 2017). Esta associagdo, no
entanto, depende dos niveis de controle viroldégico apresentados pelos individuos
estudados e da correta classificacdo deles. Normalmente, controladores virémicos sao
caracterizados por apresentar niveis mais elevados de ativagdo imune comparaveis
aos de individuos progressores (Groves et al. 2012; Gaardbo et al. 2013; Cértes et al.
2015), enquanto controladores de elite apresentam niveis menores desses
marcadores (Hunt et al. 2008, 2011b; Brandt et al. 2011; Ciccone et al. 2011; Kamya
et al. 2011; Shaw et al. 2011; Bansal et al. 2015; Cortes et al. 2015; Falivene et al.
2015).

Além disso, ainda ha controvérsias sobre o quanto controladores de elite
conseguem manter a ativagdo imune sob controle na fase crbnica da infecg¢ao, visto
que enquanto alguns estudos identificaram em EC niveis de ativagao imune similares
aos de individuos nao infectados pelo HIV (Brandt et al. 2011; Ciccone et al. 2011;
Shaw et al. 2011; Bansal et al. 2015; Cortes et al. 2015), outros observaram niveis
elevados comparaveis ou mais altos aos de individuos em tratamento (Hunt et al.
2008, 2011b; Kamya et al. 2011; Falivene et al. 2015). Estas divergéncias podem estar
relacionadas aos critérios de classificagao dos individuos nos diferentes estudos, visto
que EC com menores contagens de células T CD4* (Bansal et al. 2015) ou episédios
esporadicos de carga viral (Cortes et al. 2015) apresentam maiores frequéncias de

células ativadas.

1.3.2. Durabilidade do controle da infeccéo

A observacao de progressao para a aids em alguns HIC levanta duvida sobre o
quao persistente, duradouro e confiavel pode ser o controle espontaneo da infecgao.
HIC/LTNP podem apresentar doenga progressiva e experimentar perda do controle
virolégico, com aumento na replicagao viral, e imunoldgico, com perda de células T

CD4*. Entre os fatores contribuindo para a progressao da doenga nesses individuos,

28



a carga viral parece ser essencial visto que comumente observa-se o aumento da
carga viral em individuos com carga viral detectavel (Lefrére et al. 1997; Toro et al.
2004; Leon et al. 2016) e da frequéncia de Blips de carga viral antes da perda de
controle (Madec et al. 2013; Noel et al. 2015; Yang et al. 2017). Outros fatores
associados a perda do controle espontaneo da infec¢cado, mas que se confundem como
causa ou consequéncia do aumento da carga viral, ainda incluem o surgimento de
variantes de escape da resposta imune como resultado da evolugao natural do virus
(Goulder et al. 1997; Feeney et al. 2004; Bailey et al. 2007), ocorréncia de
superinfec¢ao ou dupla infecgdo (Braibant et al. 2010; Clerc et al. 2010; Pernas et al.
2013) e aumento da ativagdo imune ou exaustado celular (Hunt et al. 2008; Pernas et
al. 2017).

Além da possibilidade de progressdo para a aids, a persisténcia de alguns
marcadores inflamatorios e de ativagéo elevados em alguns HIC também contribui
para a duvida sobre a qualidade e durabilidade do controle espontaneo da infecgao
nesses individuos. Li e colaboradores, em 2015, demonstraram niveis elevados de 15
marcadores inflamatorios, incluindo IP-10, IL-18 TNF-a, sCD14, GM-CSF, IFN-y,
sCD40L, RANTES e MIP-1a, em EC quando comparados com individuos em uso de
cART (Li et al. 2015). Da mesma forma, marcadores como IP-10, sCD14 e sCD163
sdo observados em niveis nao normalizados em outros estudos com HIC (Brenchley
et al. 2006b; Pereyra et al. 2012; Noel et al. 2014; Ledn et al. 2015; Cortes et al. 2018;
Prabhu et al. 2019; Brusca et al. 2020).

A observacgao de niveis anormais de marcadores de ativagao de mondcitos, como
sCD14 e sCD163, em EC é preocupante devido a correlagdo entre marcadores
inflamatérios e o desenvolvimento de doencas cardiovasculares. Além desses
marcadores, niveis aumentados de mondcitos CD16* (Spivak et al. 2011; Krishnan et
al. 2014; Prabhu et al. 2019), maior expressao de TF (Krishnan et al. 2014) e D-dimero
(Kim et al. 2014), alteragdes no metabolismo lipidico (Vidal et al. 2012; Tort et al. 2018)
e maiores valores de cIMT (Hsue et al. 2006; Pereyra et al. 2012; Brusca et al. 2020)
ja foram descritos em HIC/LTNP. Estudos avaliando a frequéncia de desfechos
clinicos ndo associados a aids em HIC/LTNP tiveram resultados discordantes, com
alguns observando maiores riscos de desenvolvimento desses desfechos para
controladores de elite (Crowell et al. 2015) e controladores virémicos em comparagao

com individuos em cART (Dominguez-Molina et al. 2016), enquanto outros nao
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observaram diferengas entre os dois grupos (Lucero et al. 2013; Crowell et al. 2016;
Noél et al. 2019a).

Apesar de tais indicadores de risco, resultados positivos foram observados em
estudos demonstrando que EC apresentam perfil transcriptdmico caracterizado por
menor expressao de genes associados a vias inflamatorias (Hocini et al. 2019) e que
niveis aumentados de marcadores inflamatérios sdo caracteristicos de individuos com
menor eficiéncia de controle da viremia (Noel et al. 2014; Platten et al. 2016; Cobrtes
et al. 2018).

As correlagdes entre carga viral e a persisténcia de marcadores de ativagao imune
e inflamagédo elevados em alguns HICs, associado aos estudos demonstrando
melhores progndsticos em individuos tratados precocemente, levaram a suposigéo de
que esse grupo poderia se beneficiar da cART (Noél et al. 2019b). Estudos avaliando
os efeitos da cART em HIC observaram efeitos imunoldgicos e viroldgicos associados
ao tratamento. Em alguns estudos aumentos na contagem de linfécitos T CD4* foram
observadas (Okulicz et al. 2009; Boufassa et al. 2014), enquanto outros n&o
observaram influéncia da terapia nesse aspecto (Chun et al. 2013; Hatano et al.
2013b; Kim et al. 2014; Li et al. 2019). Redug¢des na carga viral plasmatica foram
observadas na grande maioria dos individuos, assim como para a carga viral retal
(Hatano et al. 2013b), carga proviral de reservatoérios (Chun et al. 2013) e carga viral
plasmatica avaliada através de metodologias de quantificagao ultrassensiveis (Li et
al. 2019). Além desses parametros, diminuigdes na frequéncia de células T ativadas
em resposta a terapia também foram observadas (Hatano et al. 2013b; Li et al. 2019).
Apesar disso, alguns estudos nao observaram nenhum impacto na redugédo de

marcadores inflamatorios, como D-dimero e IL-6 (Hatano et al. 2013b; Kim et al. 2014).
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2. JUSTIFICATIVA

No conjunto, os estudos demonstram uma associag¢ao entre a infec¢ao pelo HIV-1
e o desenvolvimento de doengas cardiovasculares, principalmente devido a processos
associados com altos niveis de ativagao imune e inflamacao. Essa relacdo tem sido
evidenciada mesmo em estudos incluindo individuos com carga viral suprimida por
cART e em individuos capazes de controlar naturalmente a infecgdo. No entanto, a
raridade destes individuos na populacdo infectada pelo HIV, bem como a
heterogeneidade nos critérios de classificagdo de individuos capazes de controlar
naturalmente a infec¢ao , torna necessario o desenvolvimento de mais estudos para
avaliar o impacto da infec¢do pelo HIV-1 no perfil de ativagdo imune e de inflamacéo
e sua correlagdo com o risco de desenvolvimento de comorbidades n&o associadas a
aids nesta populacédo. Além disso, tais individuos sao considerados um modelo de
cura funcional da infeccéo e a caracterizagao de diferentes aspectos do sistema imune
nos mesmos sao uma oportunidade para identificar elementos importantes para a
imunopatogénese da infec¢do, bem como os possiveis determinantes para o controle
da infecgdo a longo prazo. Ainda, os dados provenientes do presente estudo séo
importantes para subsidiar as discussdes atuais acerca da necessidade e da
indicac&do da cART para esses individuos com controle espontaneo da replicacao viral,
movido pelas politicas recentes de oferecimento precoce da cART, ou adog¢ao de
tratamentos alternativos que tenham como alvo direto a reducdo da inflamacao e

ativacao imune.
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3. OBJETIVOS

3.1. Objetivo Geral

Caracterizar aspectos relacionados a ativagdo imune e inflamagao em individuos
com diferentes perfis de controle natural da replicacdo pelo HIV-1 e sua correlagéo

com marcadores associados ao desenvolvimento de doencas cardiovasculares

3.2. Objetivos especificos

e Comparar as frequéncias de linfécitos T ativados em individuos controladores
de elite (EC) e controladores virémicos (VC) com individuos em cART suprimidos e
com individuos nao infectados pelo HIV-1;

¢ Avaliar as proporgoes de linfocitos T com perfil naive, de meméria, efetor, Th17
e Tregem EC e VC comparados com individuos em cART e individuos nao infectados
pelo HIV-1;

e Comparar os niveis de inflamagao em individuos EC e VC com individuos em
cART suprimidos e com individuos nao infectados pelo HIV-1;

¢ Avaliar os niveis de ativacao plaquetaria e formacao de agregados mondcitos-
plaquetas nos EC e VC comparados com individuos em cART e individuos nao
infectados pelo HIV-1;

e Avaliar a proporgao de populagdes de mondocitos, bem como seus niveis de
ativagdo, em EC e VC comparados com individuos em cART e individuos nao
infectados pelo HIV-1;

e Verificar se existe uma correlacdo entre padrdes de ativacdo e inflamacgao
observados nos individuos EC e VC e os dados clinicos associados com risco ou

ocorréncia de doencas cardiovasculares;
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4. MATERIAIS E METODOS

4.1. Desenho experimental e populacdes de estudo

Para o presente trabalho foram utilizadas amostras biolégicas de individuos que
integram uma coorte de controladores do HIV-1 (HICs) identificados e acompanhados
no Instituto Nacional de Infectologia Evandro Chagas/Fiocruz (INI-Fiocruz). Este grupo
de individuos teve infec¢ao pelo HIV-1 diagnosticada ha pelo menos cinco anos e
apresenta manutencao de cargas virais plasmaticas menores que 2000 cépias/mL, na
auséncia de cART, durante a maior parte do acompanhamento. Com base na
eficiéncia de controle da carga viral plasmatica, esses individuos foram ainda
classificados em dois grupos: (1) Controladores de Elite (ECs) apresentavam carga
viral plasmatica mantida abaixo do Ilimite de deteccdo (<LDL) durante o
acompanhamento clinico e laboratorial (<50-80 coépias/mL dependendo do kit
comercial de quantificagdo disponivel na época); (2) Controladores Virémicos (VCs)
apresentavam cargas virais plasmaticas >LDL e abaixo de 2000 copias/mL (> 50-80
a > 2000) em pelo menos 90% das mensuragbes realizadas durante o
acompanhamento. Medidas ocasionais de carga viral acima do limite de ambos os
grupos foram aceitas durante o acompanhamento, desde que n&o ultrapassassem
30% das mensuracgoes.

A partir dessa coorte, dois subgrupos foram selecionados com base na
disponibilidade de amostras ou disponibilidade para nova coleta para diferentes
etapas do presente projeto. Para cada subgrupo de HICs, dois grupos controle, um
composto por individuos infectados pelo HIV-1 em tratamento com cART por pelo
menos dois anos e com carga viral suprimida (CART) e outro por individuos nao
infectados pelo HIV-1 (HIVneg), foram recrutados independentemente. Os dois
subgrupos se caracterizam da seguinte forma:

e O subgrupo (A) incluiu 14 ECs e 13 VCs que apresentavam amostras de
PBMCs criopreservadas disponiveis em biorrepositoério e que foram utilizadas
para avaliacdo ativacdo imune e de frequéncia de subpopulagdes. Para
comparagao dos resultados obtidos com HICs, um grupo de 18 individuos
cART e um grupo de 18 individuos HIVneg foram utilizados como grupos

controle.

33



e O subgrupo (B) incluiu oito ECs e cinco VCs que aceitaram realizar nova coleta
de sangue direcionada a analise dos niveis de ativacdo plaquetaria,
subpopulagdes de mondcitos e marcadores inflamatorios plasmaticos. Para
comparagao dos resultados obtidos para esse subgrupo, novos grupos de
controles, cART (n=18) e HIVneg (n=18) foram utilizados. No momento de
coleta de material biolégico para o estudo, todos os participantes foram
submetidos a medida de altura, peso, circunferéncia abdominal, pressao
sanguinea e frequéncia respiratéria e cardiaca. Os participantes também foram
entrevistados para avaliagcdo de risco para doencgas cardiovasculares e
diabetes (incluindo histérico familiar e doengas prévias), regularidade de
atividade fisica, habitos de fumo e uso de drogas, além da avaliagédo de padrbes
de risco ou prejuizo pessoal relacionado ao consumo de alcool através do
questionario AUDIT (Alcohol Use Disorders Identification Test). Exames
clinicos laboratoriais incluindo hemograma completo, hepatograma,
lipidograma e medidas dos niveis de glicose e creatinina também foram
realizados para todos os individuos.

O desenho experimental resumindo os grupos de estudo e as analises realizadas
para cada subgrupo estdo representados na Figura 6. Todas as analises referentes
ao subgrupo A foram aprovadas para serem conduzidas pelo Comissao Nacional de
Etica em Pesquisa (Registro CONEP 14430, Parecer 001/2011) e pelo Comité de
Etica em pesquisa do Instituto Nacional de Infectologia Evandro Chagas (CAAE
1717.0.000.009-07), enquanto as analises referentes ao subgrupo B foram aprovadas
pelos Comités de Etica em pesquisa do Instituto Oswaldo Cruz (CAAE
56306116.6.0000.5248) e do Instituto Nacional de Infectologia Evandro Chagas
(CAAE 56306116.6.3001.5262). Todos os individuos recrutados para ambos o0s

subgrupos forneceram consentimento por escrito para participagao dos estudos.
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Figura 6. Desenho experimental do presente estudo.
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Grupos analisados e os critérios de incluséo de participantes em cada grupo e subgrupo estdo

representados nos fluxogramas, bem como as analises realizadas a partir das amostras obtidas.

35



4.2. Preparo e coleta de amostras

Para ambos os subgrupos, os individuos foram submetidos a coleta de sangue em
tubos a vacuo contendo EDTA e heparina. O sangue coletado foi utilizado para
realizacdo de exames clinico-laboratoriais, quantificacao de carga viral plasmatica do
HIV-1, contagem de linfocitos T CD4*, obtencao de aliquotas de plasma e sangue total
e para isolamento de células mononucleares do sangue periférico (PBMCs).

As PBMCs foram isolados a partir do sangue total utilizando centrifugagcdo em
gradiente de densidade com histopaque-1077, como descrito anteriormente (Cortes
et al. 2013), e armazenados em nitrogénio liquido até o uso.

Individuos do subgrupo B foram ainda orientados para realizagdo de um periodo
de jejum de pelo menos oito horas antes da coleta do sangue em tubos contendo
heparina e EDTA. Visando impedir a ativagao de plaquetas durante o processamento,
estes individuos também tiveram amostras de sangue coletadas por pungao venosa
lentamente em uma seringa contendo 15% volume a volume (v/v) de ACD (38mM
Citrato, 85mM citrato de sédio, 135mM Dextrose anidra; pH 5,1) pré-aquecido a 37°C.

Amostras de sangue em ACD foram processadas em menos de uma hora apds coleta.

4.3. Contagem de Linfécitos T CD4* e T CD8* e Quantificagao de

carga viral plasmatica

Contagens absolutas de linfécitos T CD4* e CD8* foram obtidas a partir do sangue
total utilizando o kit MultiTest TruCount-kit e o software MultiSet no citdmetro de fluxo
FACSCalibur (BD Biosciences, EUA). A carga viral plasmatica do HIV-1 das amostras
correspondentes a coleta realizada no presente estudo foi mensurada usando o kit
Abbott RealTime HIV-1 assay (Abbott Laboratories, EUA).
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4.4, Ativacao e frequéncia de subpopulacdes de células T

Para as anadlises referentes a ativacdo de células T e frequéncias de
subpopulagdes de células T, aliquotas de PBMCs criopreservadas de individuos do
subgrupo A contendo cerca 1x107 células com viabilidade >85% foram
descongeladas, lavadas com RPMI 1640 (Sigma-Aldrich, EUA) suplementado com
10% de soro fetal bovino (SFB, Gibco - Thermo Fisher Scientific, EUA) e incubados
durante a noite a 37°C em estufa contendo 5% de CO2 e umidade controlada.

Para avaliacdo de subpopulagdes de linfécitos naive, de memoria, efetores e

ativados entre células CD4* e CD8*, 1-2 x 106 PBMCs foram marcados por 10 minutos
com 0,125ul de FVS450 (BD Biosciences, EUA) para excluséo de células mortas.
Apos, as células foram lavadas com PBS-SFB 2% e marcadas com anticorpos anti-
CD3 APC-H7, anti-CD4 PE-CF594, anti-CD8 APC, anti-CD45RA PE-Cy7, anti-CD27
BV510, anti-CCR7 Alexa Fluor 700, anti-CD95 PerCP-Cy5.5, anti- HLA-DR PE e anti-
CD38 BB515 (todos da BD Biosciences, EUA) por 30 minutos. Apos a marcagéo, as
células foram lavadas com PBS-SFB 2%, fixadas com PBS-PFA 1% e posteriormente
adquiridas no citbmetro de fluxo BD FACSAria™ Illu (BD Biosciences, EUA) e
analisadas usando o programa FlowJo v10. Um resumo dos anticorpos utilizados esta
disponivel na Tabela Suplementar 1 (Anexo 9.1).
Para as analises de células T (Figura 7), os linfocitos vivos foram selecionados com
base nos parametros de tamanho, granulosidade e expresséo de CD3/FVS. O status
de ativacado de células T em ambos os compartimentos CD4* e CD8" foi avaliado
baseado na coexpressao de CD38 e HLA-DR. As subpopulagdes naive, de memoria
e efetoras em ambos os compartimentos foram identificadas com base na expressao
diferencial de CD45RA, CCR7, CD27 e CD95, sendo classificadas como: naive (TN:
CD45RA*CCR7*CD27* CD9%), tronco de memoria (TSCM:
CD45RA*CCR7*CD27*CD95*), memoria central (TCM:CD45RA-CCR7*CD27%),
memoria transicional (TTM:CD45RA-CCR7-CD27*), memoria efetora (TEM:CD45RA-
CCR7-CD27"), e efetora ou terminalmente diferenciada (TEFF:CD45RA*CCR7-CD27")
(Figura 7). Controles Fluorescéncia menos um (FMO) foram utilizados para identificar
as populagdes CD45RA*, CCR7*, CD27*, CD38" e HLA-DR".
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Figura 7. Estratégias de gate para analise de ativacdo e subpopulagées naive, de memoria e
efetoras por citometria de fluxo.
Linfécitos foram identificados pelos padrées caracteristicos de forward e side scatter seguido da
selegcdo de células vivas FVS- e CD3+. Linfécitos ativados foram caracterizados como células
CD38+HLA-DR+ nos compartimentos CD4+ e CD8+. As subpopulagées TN, TSCM, TCM, TTM, TEM,
e TEFF foram identificadas através da expresséo diferencial de CD27, CD45RA, CD95 e CCRY7. As
setas representam o fluxo sequido para as analises.
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Para determinagéo das frequéncias de células Treg e Th17, 5 x 108 PBMCs foram
estimuladas por 5 horas com 50 ng/ml phorbol myristate acetate (PMA) e 1 ug/ml de
ionomicina (Sigma-Aldrich, EUA) na presenca de Golgi Stop (Human Th17/Treg
Phenotyping Kit; BD Biosciences, EUA), conforme recomendado pelo fabricante. As
células foram entdo marcadas com FVS450 e anticorpos anti-CD25 BB515 e anti-CD8
BV510 (Todos da BD Biosciences, EUA), como citado anteriormente. Posteriormente,
as células foram lavadas com PBS-SFB 2% e fixadas usando o Human FoxP3 Buffer
A (Human Th17/Treg Phenotyping Kit; BD Biosciences, EUA). Em seguida, as células
foram lavadas e incubadas com PBS-SFB 2% a 4°C durante a noite. Por fim, as células
foram permeabilizadas usando o Human FoxP3 Buffer C (Human Th17/Treg
Phenotyping Kit; BD Biosciences, EUA) e marcadas com anticorpos anti-CD3 APC-
H7, anti-CD45RA PeCy7 e com o Human FoxP3 cocktail (Human Th17/Treg
Phenotyping Kit; BD Biosciences, EUA). As amostras foram adquiridas no citbmetro
de fluxo BD FACSAria™ [lu (BD Biosciences, EUA) e analisadas usando o programa
FlowJo v10. Um resumo dos anticorpos utilizados esta disponivel na Tabela
suplementar 1 (Anexo 9.1). Células Th17 foram definidas como células T CD4*IL17*,
enquanto células Treg foram definidas como linfocitos T CD4*CD25"9"Foxp3* (Figura
8). Subpopulagdes de células Treg foram ainda classificadas como Treg ativada
(CD45RA-Foxp3hidh), Treg ndo supressora (CD45RAFoxp3°¥) e Treg em repouso
(CD45RA*Foxp3'°¥). Controles FMO foram utilizadas para identificar as populagées
CD45RA*, CD25*, IL17* e Foxp3*.
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Figura 8. Estratégia de gate para identificagdo de linfécitos Treg e suas subpopulagées e de
linfécitos Th17 por citometria de Fluxo.

Linfocitos foram identificados pelos padrdes caracteristicos de forward e side scatter seguido da
selecao de células viaveis FVS- e CD3+. Células Th17 foram identificadas como células CD4+IL17+.
Células Treg totais foram identificadas com base na coexpressdo de CD25 e FoxP3 na populagao
CD4+. Células Treg ativadas, latentes e ndo supressoras foram ainda identificadas com base na
expressao diferencial de FOXP3 e CD45RA na populagao de Treg totais. As setas representam o fluxo
seguido para as analises.

4.5. Ativacao plaquetaria, agregados mondcitos-plaquetas e

subpopulacdes de mondcitos

Para andlises referentes a frequéncia de plaquetas ativadas, agregados mondcitos

plaquetas e as diferentes subpopulacées de mondcitos, foram utilizadas amostras de
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sangue coletadas em ACD pertencentes aos individuos do subgrupo B. As amostras
foram processadas logo apds a coleta.

Para analises de ativagao plaquetaria, 20ul de sangue total coletado em ACD foi
diluido 10x em tampéao Hepes-Tyrode (137 mM NaCl, 2.8 mM KCI, 10 mM HEPES, 1
mM MgCl2, 12 mM NaHCOs, 0.4 mM NaH2POs4, 5.5 mM glucose, 0,35% SFB, pH 7,4)
e incubado a 37°C por 30 minutos a temperatura ambiente. Em paralelo, uma replicata
foi estimulada com160nM de PMA e incubada pelo mesmo periodo. Apds a incubagao,
15uL das amostras foram marcadas com anticorpos anti-CD41 APC e anti-CD62P PE
por 20 minutos a temperatura ambiente. Amostras marcadas foram fixadas com 400
uL de PBS-PFA 4% e armazenadas a 4°C até o momento de aquisicdo em citbmetro
de fluxo FACS Calibur (BD Biosciences, EUA). Um resumo dos anticorpos utilizados
esta disponivel na Tabela suplementar 1 (Anexo 9.1).

As plaquetas foram identificadas com base no tamanho e granulosidade. A
frequéncia de plaquetas ativadas foi observada mediante analise de coexpressao de
CD41 e CD62P (Figura 9). Os limites entre a populagédo positiva e negativa para
CD62P foi definido com base na comparacao entre amostras estimuladas e nao

estimuladas.
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FL2-H :: CD62P PE

CD41 APC- CD41 APC+
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Figura 9. Estratégia de gate para identificagao de plaquetas ativadas (CD62P*) por citometria de
fluxo.

Plaquetas totais foram identificadas pelos padrbes caracteristicos de forward e side scatter seguido da
selecéo de células CD41*. Amostras estimuladas com PMA foram comparadas com amostras ndo
estimuladas para delimitar as populagées CD62P* e CD62P-. As setas representam o fluxo seguido
para as analises.
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Para analise de agregados monaocitos-plaquetas, 1mL de sangue total coletado em
ACD foi lisado por 10 minutos com a solugéo de lise de hemacias (BD FACS Lysing
Solution, BD Biosciences) e centrifugada a 200g por 15 minutos sem aplicacao de
freio. O precipitado obtido foi cautelosamente suspendido em 250 pl de tampao
Hepes-Tyrode e marcado com anticorpos anti-CD3 FITC, anti-CD41 APC e anti-CD14
PercpCy5.5 por 20 minutos a temperatura ambiente. Amostras marcadas foram
fixadas com tampao de lise e armazenadas a 4°C até o momento de aquisicdo em
citbmetro de fluxo FACS Calibur (BD Biosciences, EUA). Um resumo dos anticorpos
utilizados esta disponivel na Tabela suplementar 1 (Anexo 9.1).

Para avaliacao de subpopulag¢des de mondcitos, 200 pl de sangue total foi lisado
por 10 minutos com solugéo de lise. As células foram lavadas com PBS-SFB 5% e
marcadas por 30 minutos com anticorpos anti-CD3 FITC, anti-CD14 Percp-Cy 5.5,
anti-CD16 APC e anti-CD142 PE. As células marcadas foram lavadas com PBS-SFB
2%, fixadas com PBS-PFA 4% e armazenadas a 4°C até o momento de aquisi¢do em
citbmetro de fluxo FACS Calibur (BD Biosciences, EUA). Um resumo dos anticorpos
utilizados esta disponivel na Tabela suplementar 1 (Anexo 9.1).

Para as analises de subpopulagdes de mondcitos e agregados mondécitos
plaquetas (Figura 10), as quais foram realizadas no software Flowjo, a populacéo de
mondcitos foi identificada com base no tamanho, granulosidade e filtrada a partir da
auséncia de expressao de CD3. Agregados mondcitos plaquetas foram identificados
com base na coexpressado de CD14 e CD41. As subpopulagdes de mondcitos por sua
vez foram identificadas a partir da expressao diferencial de CD14 e CD16, sendo
classificadas como: mondécitos nao classicos (CD3-CD14*CD16%), intermediarios
(CD3CD14**CD16") e classicos (CD3CD14"*CD16-). Os limites entre cada

subpopulacao foram definidos com base em amostras FMO para CD14 e CD16.
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Figura 10. Estratégia de gate para identificacdo de agregados mondcitos-plaquetas e de
subpopulagées de monécitos por citometria de fluxo.

Mondcitos totais foram identificados pelos padrées caracteristicos de forward e side scatter (A),
seguido da sele¢do de células CD3- (B). MPAs foram caracterizados como células CD14*CD41*dentro
da populagdo de mondcitos CD14* (C e D). Um gate de exclusdo para células CD14-CD16- foi
realizado para delimitar apenas mondécitos e as frequéncias de mondcitos classicos, intermediarios e
néo classicos foi definido com base na expresséo de CD14 e CD16 (E e F). As setas representam o
fluxo seguido para as analises.

4.6. Perfis de Inflamacao

Os niveis séricos dos marcadores IL-6, IL-10, CD40L, MCP-1, TNF-a, D-Dimer,
ST2, VCAM-1 e ICAM-1 dos individuos do subgrupo B foram avaliados através de
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Luminex usando um imunoensaio customizado ProcartaPlex multiplex (Invitrogen,
EUA) de acordo com as instru¢gdes dos fabricantes. Amostras marcadas foram

analisadas em um instrumento MAGPIX (Luminex Corp, EUA).

4.7. Estatistica

O Risco Framingham de 10 anos para o desenvolvimento de doencgas
cardiovasculares foi avaliado através das calculadoras baseadas no estudo de
D’Agostino e colaboradores, em 2008, e disponibilizadas pelo website do
“Framingham Heart Study” (Framingham Heart Study, 2020). Os modelos utilizados
levaram em conta informacdes de idade, sexo, pressao sistdlica, tratamento para
hipertensdo, diabetes e fumo. Alternativamente, um modelo de calculo foi
complementado com os valores de IMC, enquanto o outro com valores de colesterol
total e LDL.

Na avaliagcao das caracteristicas sociodemograficas, clinicas e laboratoriais entre
os diferentes grupos de HICs, cART e individuos ndo infectados pelo HIV-1, para
variaveis numericas continuas, foram utilizados os testes Kruskal-Wallis ANOVA por
Ordenacao para avaliar a hipétese de que as diferentes amostras na comparacgao
foram retiradas da mesma distribuicdo ou distribuicbes com a mesma mediana. Da
mesma forma, para as variaveis nominais categoricas, foram utilizados os testes
exatos de Fisher para avaliar as frequéncias entre os diferentes grupos para avaliar a
hipétese de independéncia entre os grupos de individuos e estas variaveis. Além
disso, as analises do coeficiente de correlagcédo de classificagdo de Spearman foram
estimadas para variaveis numéricas continuas. Comparacées em pares de médias
dos parametros analisados entre grupos de interesse foram realizadas usando testes
de Mann Whitney ou contrastes obtidos de modelos bi- e multivariados lineares
ajustados por regressbes ordinarias de minimos quadrados. Para as analises
ajustadas, os valores P foram corrigidos pelo método de Tukey Honest Significant
Difference (HSD). As variaveis de confuséo foram selecionadas por modelos lineares
bivariados ajustados por regressdes ordinarias de minimos quadrados e incluidas em
modelos multivariados se algum P-valor ajustado <0,2 para eliminar o viés amostral.
Construcao de graficos e analises de Mann Whitney foram realizadas no software
Graphpad Prism v7, enquanto o restante das analises estatisticas foi realizado no

software Rv. 3.6.1.
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5. RESULTADOS

5.1. Caracteristicas clinicas e demograficas dos grupos estudados

As caracteristicas clinicas e demograficas dos individuos do subgrupo A
encontram-se descritas na Tabela 1. Nenhuma diferenca significativa de idade foi
encontrada entre os grupos, no entanto a frequéncia de homens foi significativamente
maior entre ECs, em comparagédo com VCs e cART (21% vs 69% vs 61%). A mediana
de carga viral plasmatica em VCs foi de 450 cépias/mL, enquanto niveis indetectaveis
foram observados para todos os individuos dos grupos EC e cART. Contagens mais
altas de linfécitos T CD4* foram observadas em ECs em comparagdo com cART (p =
0.0079). Perfis detalhados de linfocitos T CD4* e carga viral plasmatica para os ECs
e VCs durante o acompanhamento de longo termo foram previamente descritos (de
Azevedo et al. 2017; Caetano et al. 2018). As medianas de tempo de diagnédstico de

HIV-1 para ECs e VCs foi de 8,5 e 10,4 anos, respectivamente.

Tabela 1. Caracteristicas clinicas e demograficas dos HICs incluidos no subgrupo
A e seus respectivos grupos controle.

Idade (mediana 37.1 44.5 42.8 42.7
[Q1-Q3]) [29.80-49.55] [38.28-50.05] [37.60-58.8] [37.60-47.05]
Sexo (% Masculino) 50 61 21 69
Carga viral plasmatica <
. . 40 <40 450
(coplas/ml,Ql;l]e)dlana [Q1- N/A [<40] [<40-87] [224.0-881 5]
C"(‘:‘]t;‘ff?c‘é‘l'ﬁlg;‘/iﬁzgs T 831 853 1165° 830
mediana [Q1-Q3] i [741.80-1227] [745-1006] [888-1486] [605-1365]
Anos de diagnéstico de
. 10.9 8.5 10.4
HI‘ESI(_‘:;‘]‘;a“a N/A [8.7-15.1] [4.0-15.4] [5.4-14.55]

HIVneg: Individuos nio infectados pelo HIV-1; EC: Controladores de Elite; VC: Controladores virémicos;
cART: Individuos infectados pelo HIV-1 em tratamento com cART. N/A: Nio se aplica. Q1-Q3- Quartis 1 e 3 O P-
valor foi obtido usando o teste Mann-Whitney. * p = 0.0079, comparando os grupos EC e cART.
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Para os individuos do subgrupo B, as caracteristicas clinicas e demograficas
encontram-se descritas na Tabela 2. Diferengas significativas de idade, sexo e raca
nao foram encontradas para este segundo subgrupo. As medianas de tempo de
diagndstico para os grupos EC e VC foram de nove e 14 anos, respectivamente. Entre
os individuos do grupo controle cART, a mediana de tempo de diagnéstico foi de 17
anos, com uma mediana de 11 anos de tratamento.

As contagens de linfocitos T CD4* foram similares entre os grupos, porém VCs e
individuos tratados possuiam maiores contagens de linfécitos T CD8*. VCs possuiam
mediana de razdo CD4/CD8 abaixo de 1, enquanto os grupos EC, cART e HIVneg
apresentavam razdes acima de 1, com este ultimo grupo apresentando as maiores
razdes (p<0,03). A mediana de carga viral plasmatica para VCs foi de 700 cépias/mL.
Todos os individuos do grupo EC e cART apresentaram cargas virais <40 copias/mL.

Para os individuos cART, os esquemas terapéuticos utilizados por cada individuo
no momento de seu recrutamento estdo disponiveis na Tabela suplementar 2,
disponivel no anexo 9.2. Os esquemas terapéuticos mais prevalentes foram
combinagdes de dois Inibidores da transcriptase reversa nucleosideos (ITRN) com 1
inibidor da transcriptase reversa nao nucleosideo (ITRNN) (44%) e de 2 Inibidores de
transcriptase reversa nucleosideos com 2 inibidores de protease (IP) (22%). Em
resumo, 89% dos individuos estavam em uso de combinagdes duplas de inibidores
da transcriptase reversa nucleosideos (ITRN), com 81% desses em uso de
Tenofovir/Lamivudina (TDF/3TC), enquanto 33% utilizavam combinagbes de dois
Inibidores da protease, com 66% desses em uso de Darunavir/Ritonavir (DRV/RTV).

Nos grupos cART e EC, alguns individuos apresentavam histérico de doenca
cardiaca prévia. No grupo EC, uma mulher com idade avangada sofreu de
insuficiéncia valvar adrtica, sendo submetida a cirurgia de troca da valvula ha 9 anos.
No grupo cART, pacientes com eventos cardiovasculares incluiam dois homens com
histérico de infarto agudo do miocardio, dois homens com histérico de cardiopatia
isquémica, uma mulher com historico de insuficiéncia valvar aértica e uma mulher com
miocardiopatia dilatada.

Em relagao a fatores de risco para doengas cardiovasculares, ndo houve diferenca
estatistica para a frequéncia de hipertensos, diabéticos ou fumantes entre os quatro
grupos, embora a frequéncia de diabéticos e fumantes fosse maior entre individuos
do grupo cART e VC.
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Tabela 2. Caracteristicas clinicas e demo

Idade [mediana de anos (Q1-Q3)]

Sexo [%Masculino]

Racga
- Branca [n (%)]
- Negra [n (%)]
- Parda [n (%)]

Parametros Clinicos da infeccio pelo HIV-1
- Tempo de diagnostico [mediana de anos (Q1-Q3)]
- Tempo de cART [mediana de anos (Q1-Q3)]
- Carga Viral [copias/ml, mediana (Q1-Q3)]
- CD4 [células/mm?, mediana (Q1-Q3)]
- CD8 [células/mm?, mediana (Q1-Q3)]
- Razdo CD4/CD8 [mediana (Q1-Q3)]

Doenca cardiovascular
- Hipertenséo [n (%)]
- Doenga Cardiovascular prévia [n (%)]
- Historico Familiar [n (%)]
- Risco Framingham (IMC) [% (Q1-Q3)]
- Risco Framingham (Colesterol) [% (Q1-Q3)]

Outros eventos clinicos
- Diabetes Tipo II [n (%)]
- Dislipidemia [n (%)]
- Sifilis [VDRL positivo, n (%)]

Habitos de Vida
- Fumante [n (%)]

raficas dos HICs incluidos no subgrupo B e seus respectivos
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12

1069
571
1,88

13
4,55%
3,8%

(40 - 53)

44,4%

(66,7%)
(11,1%)
(22,2%)

N/A
N/A

N/A

(841 - 1234)
(396 - 750)
(1,62 -2,38)

(16,7%)
(0%)
(72,2%)
(3% - 10%)
(2% - 7%)

(5,6%)
(5,6%)
(0%)

(0%)

52 (47-57)

61,1%

9 (50%)
3 (16,7%)
6 (33,3%)

17 (11-22)
11 (10-19)
<40
(860 - 1317)
(845 - 1074)
(0,96 - 1,12)

1033
967
1,11

10 (55,6%)

6 (33.3%)

14 (77,8%)
33%  (15% - 42%)
16,7% (11% - 21%)

6 (33,3%)
10 (55,6%)
0 (0%)

2 (11,1%)

44

(40 - 48)

37,5%

1 (12,5%)

(37,5%)

4 (50%)

982
616
1,46

7%
4,4%

(7 - 10)
N/A

<40

(972 - 1158)
(550 - 734)
(1,16 - 1,85)

(25%)
(12,5%)
(75%)
(4% - 9%)
(4% - 7%)

(25%)
(12,5%)
(0%)

(25%)

rupos controle.
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14

700
1043
1087
0,84

14,8%
8,7%

(42 - 54) 0,225

60,0% 0,617
(20%) 0,190
(40%)
(40%)
(13-21) 0,014
N/A NA
(357 - 1480)  p<0,001
(670-1262) 0918
(848-1104) 0,003
(0,67-123) 0,027
(40%) 0,092
(0%) 0,027
(100%) 0,621
(6% - 16%) 0,037
(5% - 12%) 0,076
(40%) 0,165
(40%) 0,006
(20%) 0,329
(20%) 0,213
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- Pratica de Exercicio [n (%)]
- Uso prévio de Cocaina [n (%)]

- Risco associado ao consumo Baixo
de alcool Moderado
Muito Alto
Antropometria

- IMC [kg/m2, (mediana (Q1-Q3)]

- Pressdo sistolica [mmHg, (mediana (Q1-Q3)]

- Pressdo diastélica [mmHg, (mediana (Q1-Q3)]

- Circunferéncia Abdominal [cm, (mediana (Q1-Q3)]

Bioquimica
- Glicose [mg/dl, mediana (Q1-Q3)]
- Creatinina [mg/dl, mediana (Q1-Q3)]

Hemograma
- HemaAcias [x10° células/mm?, mediana (Q1-Q3)]
- Mondcitos [células/mm?, mediana (Q1-Q3)]
- Plaquetas [x10° células/mm?, mediana (Q1-Q3)]

Lipidograma
- Colesterol Total [mg/dl, mediana (Q1-Q3)]
- HDL [mg/dL, mediana (Q1-Q3)]
- LDL [mg/dL, mediana (Q1-Q3)]
- Triglicerideos [mg/dl, mediana (Q1-Q3)]
- VLDL [mg/dL, mediana (Q1-Q3)]

10

17

29
121
75
99

91
0,83

4,6
476
276

194
52
122
76
15

(55,6%)
(5,6%)
(94,4%)
(5,6%)
(0%)

(27-32)
(113 - 125)
(68 - 80)
(90 - 107)

(87 - 96)
(0,77 - 0,98)

(4,4-49)
(347 - 580)
(240 - 324)

(175 - 212)
(40 - 61)
(109 - 134)
(61-92)
(12-18)

17

29
129
77
98

95
0,90

4,6
482
231

151
53
93
95
21

(38,9%)
(16,7%)
(94,4%)
(5,6%)
(0%)

(25 -31)
(113 - 140)
(67 - 81)
(89 - 110)

(90 - 102)
(0,79 - 1,18)

(4,3 -4,9)
(439 - 551)
(202 - 264)

(137 -203)
(39 - 64)
(60 - 118)
(81 - 160)
(17 - 34)

[=2 S e N

30
119
72
100

96
0,77

4,6
383
304

179
52
117
83
17

(12,5%)
(0%)
(75%)
(25%)
(0%)

(28 - 33)
(113 -131)
(65 - 75)
(96 - 101)

(93 - 105)
(0,68 - 0,9)

(3,9 - 4.,9)
(322 - 438)
(261 - 326)

(170 - 200)
(45 - 60)
(99 - 129)
(74 - 104)
(15-21)

Y I e

26
132
94
89

105
1,07

4,8
343
221

199
44
123
165
33

(20%)
(20%)
(60%)
(20%)
(20%)

(25 - 28)
(114 - 145)
(80 - 95)
(89 - 104)

(101 - 125)
(0,89 -1,1)

(4,8-5,1)
(314 - 428)
(196 - 243)

(166 - 242)
(41 - 55)
(104 - 141)
(95 - 176)
(19 - 35)

0,157
0,678

0,051

0,679
0,651
0,183
0,998

0,077
0,267

0,370
0,059
0,025

0,200
0,988
0,044
0,061
0,022

HIVneg - Individuos nao infectados pelo HIV-1; EC - Controladores de Elite; VC - Controladores virémicos; cART - Individuos infectados pelo HIV em tratamento
com cART; N/A - Nio se aplica; Q1-Q3 - Quartis 1 e 3; NI - Nao informado; os p-valores foram obtidos utilizando o teste de Kruskal Wallis e p-valores <0,05 foram

considerados significantes e destacados em negrito.
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As contagens de linfocitos T CD4* foram similares entre os grupos, porém VCs e
individuos tratados possuiam maiores contagens de linfécitos T CD8*. VCs possuiam
mediana de razdo CD4/CD8 abaixo de 1, enquanto os grupos EC, cART e HIVneg
apresentavam razdes acima de 1, com este ultimo grupo apresentando as maiores
razdes (p<0,03). A mediana de carga viral plasmatica para VCs foi de 700 copias/mL.
Todos os individuos do grupo EC e cART apresentaram cargas virais <40 copias/mL.

Para os individuos cART, os esquemas terapéuticos utilizados por cada individuo
no momento de seu recrutamento estdo disponiveis na Tabela suplementar 2,
disponivel no anexo 9.2. Os esquemas terapéuticos mais prevalentes foram
combinagdes de dois Inibidores da transcriptase reversa nucleosideos (ITRN) com 1
inibidor da transcriptase reversa nao nucleosideo (ITRNN) (44%) e de 2 Inibidores de
transcriptase reversa nucleosideos com 2 inibidores de protease (IP) (22%). Em
resumo, 89% dos individuos estavam em uso de combinagbes duplas de inibidores
da transcriptase reversa nucleosideos (ITRN), com 81% desses em uso de
Tenofovir/Lamivudina (TDF/3TC), enquanto 33% utilizavam combinagdes de dois
Inibidores da protease, com 66% desses em uso de Darunavir/Ritonavir (DRV/RTV).

Nos grupos cART e EC, alguns individuos apresentavam histérico de doenca
cardiaca prévia. No grupo EC, uma mulher com idade avancada sofreu de
insuficiéncia valvar adrtica, sendo submetida a cirurgia de troca da valvula ha 9 anos.
No grupo cART, pacientes com eventos cardiovasculares incluiam dois homens com
histérico de infarto agudo do miocardio, dois homens com histérico de cardiopatia
isquémica, uma mulher com histérico de insuficiéncia valvar aértica e uma mulher com
miocardiopatia dilatada.

Em relacao a fatores de risco para doencgas cardiovasculares, ndo houve diferenca
estatistica para a frequéncia de hipertensos, diabéticos ou fumantes entre os quatro
grupos. A ocorréncia de dislipidemia, por sua vez, foi significativamente maior para os
grupos cART e VC em comparagao com os demais (p<0,006), com mais da metade
do grupo cART apresentando dislipidemia.

Diferengas significativas também nao foram observadas na comparagao entre os
grupos para os parametros antropomeétricos e para os valores de glicose e creatinina
sanguineos. No entanto, individuos VCs apresentaram niveis de glicose acima ou

proximo do limite desejavel (>100mg/dI).
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Resultados de Lipidograma mostraram diferengas entre os grupos apenas para os
niveis de colesterol LDL e VLDL. Para os grupos cART, HIVneg e EC, as medianas
para todos os tipos de lipidios estavam dentro dos valores de referéncia. Para VCs,
os valores de mediana de colesterol total estavam no limite e os de Triglicerideos e

VLDL estavam acima do limite de referéncia (Tabela 2).

5.2. Ativacdo de células T

Utilizando amostras de individuos do subgrupo A para avaliar o nivel de ativagéo
de linfécitos T CD4* (CD4*CD38*HLA-DR"), foi observado que ECs apresentaram
frequéncias de células ativadas similares aos observados para o grupo HIVneg. Por
outro lado, VCs e cART apresentaram maiores frequéncias de células T CD4" ativadas
em comparagado EC (p < 0.0001 para ambos os grupos) e HIVneg (p < 0.0001 e p =
0.0003, respectivamente) (Figura 11-A). No compartimento T CD8* (CD8*CD38"HLA-
DR*), VCs apresentaram maiores niveis de ativagdo em comparagao com todos os
outros grupos (p < 0.0001 para ECs e HIVneg; p = 0.0002 para cART) (Figura 11-B).
Individuos em tratamento apresentaram maiores frequéncias de linfécitos T CD8*
ativadas apenas quando comparados com individuos HIVneg (p = 0.0003). Como
observado para o compartimento T CD4*, frequéncias similares de linfécitos T CD8*

ativadas foram encontradas para os grupos EC e HIVneg.
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Figura 11. Niveis de ativagado de células T em HICS e grupos controle.

(A) Frequéncia de linfécitos T CD4* ativados (CD38*HLA-DR*). (B) Frequéncia de linfécitos T CD8*
ativados (CD38*HLA-DR*). As linhas horizontais representam a mediana de cada grupo; P-valores
foram calculados usando o teste de Mann-Whitney e estao representados como: *p < 0.05; **p < 0.01;
***p < 0.001; ****p < 0.0001.
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Estes dados apontam para um controle da ativagdo de linfécitos T em ECs,
contrastando com niveis mais elevados de ativagcdo em VCs e em individuos em longo

tempo de tratamento antirretroviral.

5.3. Subpopulacdes de células T

Analises fenotipicas também foram realizadas para comparar as frequéncias das
distintas subpopulagdes de linfoécitos T (TN, TSCM, TCM, TTM, TEM e TEFF) nas
células T CD4" e T CD8" entre os grupos estudados. Para o compartimento TCD4~*
(Figura 12-A), ECs apresentaram frequéncias similares as observadas em HIVneg
para todas as subpopulagdes, com a excecao de linfécitos TTM, para os quais niveis
significativamente menores foram observados (p = 0.0304). Por outro lado, VCs
apresentaram maiores frequéncias de linfocitos TEFF (p = 0.0062), TN (p = 0.0111) e
TSCM (p = 0.0315), porém menores frequéncias de TTM (p = 0.0032) e TCM (p =
0.0020) quando comparados com o grupo HIVneg. No compartimento de linfocitos T
CD8* (Figura 12-B), ECs apresentaram maiores frequéncias de linfocitos TSCM (p =
0.0139) enquanto VCs apresentam uma maior frequéncia de TEFF (p = 0.0007),
ambos quando comparados com HIVneg, indicando que VCs apresentam frequéncia
maior de linfécitos mais diferenciados enquanto ECs apresentam niveis mais
elevados de algumas populagdes de memdria, apontando para uma preservagao

maior dessas populagdes.
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Figura 12. Perfis de subpopulagées de linfécitos T em HICS e grupos controle.

(A) Frequéncias de linfécitos T CD4* naive (TN; CD45RA*CCR7*CD27+CD95-), tronco de memoria
(TSCM; CD45RA*CCR7*CD27+*CD95*), memoria central (TCM; CD45RA-CCR7+*CD27*), memdria
transicional (TTM; CD45RA-CCR7-CD27*), memoria efetora (TEM; CD45RA-CCR7-CD27-) e
terminalmente efetora (TEFF; CD45RA*CCR7-CD27-). (B) Frequéncias de linfécitos T CD8* TN,
TSCM, TCM, TTM, TEM e TEFF. Quadrados cinzas representam HIVneg, circulos vermelhos
representam cART, tridngulos verdes representam ECs e diamantes azuis representam VCs; as linhas
horizontais representam a mediana de cada grupo; P-valores foram calculados usando o teste de
Mann-Whitney e estéo representados como: * p < 0.05; *p < 0.01; ***p < 0.001; ****p < 0.0001.
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54. Células Treg e Th17

Foram avaliadas a frequéncia de células Treg totais, bem como de suas
subpopulagdes ativadas, em repouso e nao supressoras (Figura 13). Tanto ECs como
VCs apresentaram menores niveis de Treg totais em comparagdo com individuos
HIVneg (p = 0.0018 e p = 0.0001, respectivamente) e cART (p = 0.032 e p = 0.006,
respectivamente) (Figura 13-A). Analisando as subpopulagdes, ECs apresentaram
maiores frequéncias de Treg ativadas em comparagédo com os grupos cART (p =
0.037) e HIVneg (p = 0.003) (Figura 13-B). Inversamente, menores frequéncias de
Treg em repouso também foram observadas para ECs em comparagao com 0s grupos
cART (p = 0.008) e HIVneg (p = 0.036) (Figura 13-C). Frequéncias similares de
linfécitos Treg n&o supressores foram observadas para todos os grupos (Figura 13-
D).
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Figura 13. Perfis de subpopulag¢do de Tregs em HICs e grupos controle.

(A) Frequéncias de Treg totais (CD4*CD25"shFoxp3*). (B) Frequéncias de Tregs ativadas (CD45RA-
Foxp3"ah). (C) Frequéncias de Treg latentes (CD45RA*Foxp3'°"); (D) Frequéncias de Treg Nao
supressoras (CD45RA-Foxp3v). (E) Correlagdo entre as frequéncias de Tregs totais e de linfoécitos T
CD8* ativados. Valores r e p estdo demonstrados em cada correlagdo. P-valores foram calculados
usando o teste de Mann-Whitney e estdo representados como: *p < 0.05; **p < 0.01; ***p < 0.001; ****p
< 0.0001

Foi observada correlagao inversa entre a frequéncia de Tregs totais e a ativagao
de linfécitos T CD8* (r = -0.3607; p < 0.004), no entanto nenhuma correlagao entre as
subpopulagdes de Treg e a ativacao de linfécitos T foi encontrada.
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Também foram avaliadas as frequéncias de linfocitos Th17 e a razdo Th17/Treg
entre os grupos estudados (Figura 14). ECs apresentaram maiores frequéncias de
células Th17 e maiores razées Th17/Treg quando comparados com HIVneg (p = 0.048
e p = 0.002) e cART (p = 0.009 e p = 0.007) (Figura 14-A e B). Embora diferengas
significativas em Th17 n&o tenham sido observadas para VCs quando comparados
com os outros grupos, VCs apresentaram maiores razées Th17/Treg em comparagao
com os grupos cART (p = 0.004) e HIVneg (p = 0.001). Uma correlagéo inversa ainda
foi observada entre a frequéncias de células Th17 e a frequéncia de Tregs totais (r =
-0.2515; p = 0.04, Figura 14-C). Estes resultados se somam aos anteriores que
indicam uma maior estabilidade e integridade do sistema imune de ECs, com controle

da expansao das células Treg e preservacao da populagéo Th17.

(A) (B) R — (€)
* | :: I 1 6

e I—l 3 ” ! _ . r=-0,2515
£ — . p = 0,0468
2 2 E 41 .

~ 4 ., & 2 2 e

% .

E . g ° g * L 1Y %

S . . o E e uw o

g 21 . - 2 ‘t. 1 L] . = ° *

& AL tel o’ veer = * —'—.‘ o = ° s .

& ese v A o* . .o'.. oege’® ony, ° ..: L]
B N P A i N B/ A T

HIVneg cART  EC ve HIV-neg CcART  EC ve 0 2 4 6 8

Frequency of Total Treg (%)

Figura 14. Frequéncias de linfocitos Th17 e razdao Th17/Treg em HICs e grupos controle.

(A) Frequéncia de linfécitos Th17 (CD4*IL17*); (B) Razdo Th17/Treg; Th17/Treg e (C) a
correlacdo entre as frequéncias de Tregs totais e de linfocitos Th17 estao apresentadas nos gréaficos.
A razdo Th17/Treqg foi calculada através das frequéncias de ambas as populacbes em relagdo ao
compartimento CD4*. Valores r e p estdao demonstrados em cada correlagdo. P-valores foram
calculados usando o teste de Mann-Whitney e estdo representados como descrito: * p < 0.05; **p <
0.01; ***p < 0.001; ***p < 0.0001.

5.1. Frequéncia de Plaquetas ativadas e formagao de agregados

monacitos plaquetas

De modo a avaliar o nivel de ativagao plaquetaria e a frequéncia de agregados
mondcitos-plaquetas em individuos controladores, amostras de sangue dos individuos
do subgrupo B foram coletadas em ACD e avaliadas para a expressao de CD62P em
plaquetas CD41* e de CD41 em mondcitos CD14", respectivamente (Figura 15).

Todas as analises entre os grupos foram ajustadas por idade, género, e fatores
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tradicionais de risco para doengas cardiacas: hipertensio, dislipidemia, diabetes,

fumo, IMC, colesterol total e colesterol LDL.
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Figura 15. Frequéncia de plaquetas ativadas e agregados mondcitos-plaquetas em HICs e
grupos controle.

(A) Frequéncias de plaquetas CD41*CD62P*; (B) MFI de CD62P na populacédo de plaquetas; (C)
Frequéncia de agregados Mondcitos plaquetas (CD41*CD14*); Barras horizontais coloridas
representam o IQR e medianas amostrais, enquanto boxplots cinza representam as mediana
marginais estimadas ajustadas para viés amostral e seus intervalos de 95% de confianga.
Comparagbes das medianas marginais entre os grupos foram realizadas através de testes T de
contrastes obtidas a partir de modelos lineares multivariados ajustados por regressées de minimos
quadrados. P-valores foram corrigidos pelo método de Tukey Honest Significant Difference (HSD),
sendo representados como: *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

Analisando a frequéncia de plaquetas ativadas CD41*CD62P* (Figura 15-A),
diferencgas significativas foram observadas apenas entre os grupos HIVneg e CV, com
esse ultimo apresentando maiores niveis de ativagdo mesmo apdés ajuste dos dados
(p<0,01). Avaliando a ativagao em fungdo da média de intensidade de fluorescéncia
(MFI) de CD62P dentro da populagdo de plaquetas CD41* (Figura 15-B), valores
maiores foram observados para VCs (p<0,007) e também para ECs (p<0,03) em
comparagao com o grupo HIVneg, indicando que HICs apresentam niveis elevados
de ativacdo plaquetaria apesar das observacbdes prévias indicando equilibrio

imunoldgico a partir de parametros relacionados a ativagao imune
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Para a analise de formagao de agregados mondcitos-plaquetas, foi calculada a
frequéncia de células CD41*CD14** dentro da populagao de mondcitos de amostras
dos individuos do subgrupo B (Figura 15-C). Diferengas significativas ndao foram
encontradas entre os grupos, apesar dos indicios de aumento na ativagao plaquetaria

para os HICs analisados.

5.2. Frequéncia de subpopulacdes de mondcitos e sua ativacao

De modo a avaliar a frequéncia de mondécitos classicos, intermediarios e néo
classicos em individuos controladores, o sangue total coletado em ACD para
individuos do subgrupo B foi utilizado para marcacéao e identificagdo dessas células
através de citometria de fluxo (Figura 16). Nas analises ndo ajustadas, os trés grupos
de individuos infectados pelo HIV-1 apresentaram frequéncias significativamente
menores de mondcitos classicos em comparagédo com individuos nao infectados pelo
HIV-1 (p<0,03 para cART; p<0,002 para EC; p<0,002 para VC). Para o grupo VC, as
frequéncias foram ainda significativamente menores também em comparagdo com o
grupo cART (p<0,009), dados nado apresentados. Ao ajustar as analises pelas
variaveis citadas anteriormente, diferengas estatisticas s6 foram encontradas para o
grupo VC em comparagdo com os outros trés grupos (p<0,00001 vs HIVneg;
p<0,00002 vs cART; p<0,004 vs EC) (Figura 16-A). As frequéncias de mondcitos
classicos ainda correlacionaram negativamente com os dois valores de risco
Framingham calculados, quantificagcao de glicose e a frequéncia de plaquetas ativadas
(Figura 17).
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As frequéncias de mondcitos classicos obtidos por citometria de fluxo correlacionaram com os valores
de: (A) Risco Framingham (IMC); (B) Risco Framingham (Lipidios); (C) Glicose; (D) Frequéncia de
plaquetas ativadas. Correlagbes foram obtidas por meio de regressdo de Spearman e os valores rho
e p estdo demonstrados em cada correlagéo.
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Paralelamente, maiores frequéncias de mondcitos ndo classicos foram
observadas para VCs em comparagdo com HIVneg e cART (p<0,002 e p<0,03,
respectivamente) e ECs comparados com HIVneg (p<0,003). As analises corrigidas
por fatores de risco mantiveram as mesmas diferengas, com valores de p maiores
para VCs (p<0,00001 vs HIVneg; p<0,0002 vs cART; p<0,02 vs EC) e para ECs (p<
0,04 vs HIVneg) (Figura 16-C). As frequéncias de mondcitos nao classicos
correlacionaram positivamente com os dois valores de risco Framingham calculados,
de pressao sistolica e concentragao de AST (Figura 18). Diferengas significativas ndo

foram observadas para a populagdo de mondcitos intermediarios (Figura 16-B).
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Figura 18- Correlag6es entre Mondcitos nao cldassicos e os diferentes pardametros avaliados para
o subgrupo B.

As frequéncias de monocitos classicos obtidos por citometria de fluxo correlacionaram com os valores
de: (A) Risco Framingham (Lipidios); (B) Risco Framingham (IMC); (C) Presséo sistélica;, (D) AST;
Correlagbes foram obtidas por meio de regressdo de Spearman realizada através do pacote R e os
valores rho e p estdo demonstrados em cada correlago.

Além da frequéncia de cada subpopulacdo de mondcitos, as amostras do
subgrupo B também foram marcadas para avaliar a frequéncia de mondcitos
expressando CD142, também conhecido como TF. As analises, no entanto,
mostraram niveis extremamente baixos de expressado do TF nas células marcadas a
fresco, independente do grupo analisado (Figura 19). Experimentos posteriores serdo
realizados para confirmar os padroes de expressao em células criopreservadas e

estimuladas com LPS.
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Figura 19 Graficos representativos da expressdo de TF em diferentes condi¢cées de marcacgéao.
(A-D) Gréficos representativos da expressdo de TF em amostras de sangue recém coletadas em
individuos dos grupos EC (A), VC (B), cART (C) e HIVneg (D); Todos os graficos representam a
porcentagem de células positivas para TF dentro da populagdo de mondécitos CD3-.

5.3. Marcadores séricos de inflamagao

De modo a avaliar os niveis séricos de alguns marcadores comumente
associados com a resposta inflamatéria ou anti-inflamatéria e/ou com processos
patogénicos que estdo envolvidos no desenvolvimento de doengas cardiovasculares,
foi feita a quantificacédo de VCAM-1, ICAM-1, CD40L, D-dimero, IL-6, IL-10, ST2/IL33-
R, MCP-1 e TNF-a usando um ensaio multiplex (Figura 20). Para o marcador VCAM-
1, foram observados niveis maiores, mesmo apds correcao para fatores de risco, nos
grupos cART (p<0,00001), EC (p<0,0001) e VC (p<0,005) quando comparados com
o grupo HIVneg. Para ICAM-1, as analises iniciais mostraram diferengas para os trés
grupos de individuos infectados pelo HIV-1 em comparagdao com HIVneg (p<0,001
para cART; p<0,007 para EC; p=0,0005 para VC). No entanto, apds correg¢ao para
fatores de risco, diferengas significativas sé se mantiveram para os grupos cART e VC

(p<0,05 e p<0,02, respectivamente).
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Figura 20- Niveis séricos de marcadores inflamatérios em HICs e grupos controle.

Os gréficos representam os valores obtidos através de ensaio de imunofluorescéncia para: (A)
sVCAM-1; (B) sICAM-1; (C)D-dimero; (D)MCP-1; (E) ST2/IL-33R; (F) TNF-a; (G) IL-10; (H) IL-6; (1)
CDA40L; Para os marcadores representados nos graficos F a |, valores de MFI estao representados e
a linha tracejada representa o valor de fluorescéncia de background. Barras horizontais coloridas
representam o IQR e medianas amostrais, enquanto boxplots cinza representam as mediana
marginais estimadas ajustadas para viés amostral e seus intervalos de 95% de confianga.
Comparagbes das mediaans marginais entre os grupos foram realizadas através de testes T de
contrastes obtidas a partir de modelos lineares multivariados ajustados por regressées de minimos
quadrados. P-valores foram corrigidos pelo método de Tukey Honest Significant Difference (HSD),
sendo representados como: *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

Para o marcador D-dimero (Figura 20-C), VCs apresentaram maiores valores em
comparagao com todos os outros grupos apoés corregao estatistica (p<0,01 vs HIVneg;
p<0,002 vs cART; p<0,03 vs EC). Niveis aumentados de ST2 também foram
observados em VCs comparados com o grupo cART ap6s a corregéo (p<0,03 - Figura
20-E).

Para MCP-1, niveis aumentados para VCs em comparagdo com HIVneg
(p<0,03) e diminuidos em ECs em comparagao com todos os outros grupos (p<0,03
vs HIVneg e cART; p<0,002 vs VC; Figura 20-D) foram observados nas analises
preliminares. Apds correcao estatistica para os fatores de risco citados anteriomente,
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nenhuma diferenga estatistica entre os grupos se manteve. Para os marcadores
CDA40L, IL-6, IL-10 e TNF-a, os valores quantificados para a maioria dos pacientes
foram proximos ou abaixo do limite de deteccgéo e, por isso, ndo foram observadas
diferencgas relevantes .

Os marcadores ICAM-1 (Figura 22) e VCAM-1 (Figura 21) e se correlacionaram
um com o outro e simultaneamente com os dois modelos de contagem de linfocitos T
CD8*, risco Framingham, VLDL, Colesterol LDL, Triglicerideos, razdo CD4/CDS8,
frequéncia de mondcitos classicos e nao classicos e AST. VCAM-1 ainda
correlacionou independentemente com colesterol total, enquanto ICAM-1
correlacionou independentemente com a contagem de plaquetas, colesterol HDL e

concentracao de glicose no sangue.
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Figura 21- Correlagées entre VCAM-1 e os diferentes pardametros avaliados para o

subgrupo B.
Correlagées foram obtidas por meio de regresséo de Spearman realizada através do pacote R e

os valores rho e p estdo demonstrados em cada correlagao.
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Figura 22- Correlagées entre ICAM-1 e os diferentes parametros avaliados para o subgrupo B.
Correlagbées foram obtidas por meio de regressdo de Spearman e os valores rho e p estdo
demonstrados em cada correlagao.
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Para os outros marcadores, correlagées foram observadas para ST2 (vs MFI
de CD62P, AST e Colesterol HDL), MCP-1 (vs MFI de CD62P) e D-dimero (vs AST e

monadcitos ndo classicos) (Figura 23).
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Figura 23- Correlagées entre ST2, MCP-1 e D-dimero e os diferentes pardmetros avaliados para
o subgrupo B.

Correlagées foram obtidas por meio de regressdo de Spearman realizada através do pacote R e os
valores rho e p estao demonstrados em cada correlagéo.

No conjunto, estes dados apontam para a correlagao entre a inflamagéao e os diversos
marcadores avaliados. Para ECs, niveis elevados de VCAM-1 e ICAM-1 se somam a
elevagao da frequéncia de plaquetas ativadas como sinais de inflamacao persistente,
apesar dos niveis de ativagao imune e frequéncia de subpopulagdes de células T e
mondécitos similares ao dos individuos nao infectados pelo HIV. Para VCs, a elevacao
de marcadores como D-dimero e ST2, assim como as frequéncias alteradas de
mondcitos e plaquetas ativadas, sinalizam para um perfil inflamatério ainda mais

intenso.
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6. DISCUSSAO

A infeccéo pelo HIV-1 é caracterizada por uma série de fenbmenos complexos que
culminam em uma desregulagcdo do sistema imune. Embora a relagdo de causa e
consequéncia entre o tropismo viral para linfocitos T CD4*, a deplegao gradual dessas
células ao longo da fase cronica e a imunodeficiéncia caracteristica da fase de aids
indique uma aparente simplicidade na imunopatogénese da infecgdo, essas
manifestagdes sdo causadas e alimentadas pela desregulagéo de diversos processos
imunolégicos que s&o essenciais para a manutengao da homeostase. A ativagao
imune e a inflamagao, por exemplo, sdo processos chaves para a mobilizagdo das
células imunes para o combate de infec¢des. Por sua vez, mecanismos de regulagéo
negativa, como a exaustdo e senescéncia, possuem fung¢des positivas, atuando,
respectivamente, na modulagdo da autoimunidade e na renovagao de tecidos.

Na infeccdo pelo HIV-1, no entanto, tais mecanismos s&o subvertidos e a
hiperestimulacdo deles acaba por desregular o sistema imune como um todo,
afetando n&o so6 os processos de combate ao HIV-1, mas também os de combate a
outras infecgbes e os de manutengdo da homeostase. Paradoxalmente, o sistema
imune se torna responsavel pela sua propria degradagao devido a atividade intensa e
desregulada.

Este desequilibrio é influenciado pela replicacéo viral, porém permanece mesmo
em condi¢des de supressao viral mediada pelo tratamento antirretroviral. Ainda que o
controle da viremia seja essencial para impedir a progressao para a aids, a cART nao
€ completamente capaz de reconduzir o sistema imune ao estado de normalidade,
influenciando assim, na susceptibilidade a uma série de comorbidades.

O aumento da expectativa de vida decorrente do aprimoramento dos regimes
antirretrovirais revelaram que PVHIV, mesmo quando tratadas, possuem risco
aumentado para o desenvolvimento de doengas nao relacionadas a aids, como
sindromes metabdlicas e cardiopatias (Naidu et al. 2017; Nansseu et al. 2018;
Dominick et al. 2020). Inicialmente, a influéncia de alguns medicamentos
antirretrovirais na inducado de dislipidemia, principalmente inibidores de protease,
sugeriu que o tratamento contra o HIV-1 pudesse ser responsavel pelo risco
aumentado (Maggi et al. 2017a). Posteriormente, o desenvolvimento de
medicamentos menos toxicos e 0 melhor manejo dos efeitos colaterais associados ao

tratamento revelaram que a génese dessas comorbidades esta principalmente
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associada a processos decorrentes da ativagado imune e inflamagao persistentes
durante a infecgao (Duprez et al. 2012; Deeks et al. 2013; Maggi et al. 2017a, 2017b;
Vachiat et al. 2017; Peterson and Baker 2018; Hsue 2019; Dominick et al. 2020).
Apesar dessa associacdo ser amplamente aceita para PVHIV sob tratamento
antirretroviral, o0 mesmo nao se pode dizer sobre os casos em que o controle da
infeccdo é alcangado espontaneamente. HICs e LTNPs sdo uma parcela rara da
populagao e tanto os mecanismos responsaveis por esse fenoétipo, como a extensao
e eficiéncia do controle da infec¢do, ainda ndo foram completamente elucidados.
Dessa forma, relatos inconsistentes ou contraditorios acerca da persisténcia da
ativagao imune e inflamagdo em HICs mantém a duvida sobre o quao em risco de

desenvolvimento de tais comorbidades estao esses individuos.

Nesse sentido, o presente trabalho visou avaliar os niveis de inflamacao e ativagao
celular em HICs e descobrir se existem indicios de que esses individuos estariam sob
risco de desenvolverem comorbidades cardiacas e vasculares mesmo controlando a
infeccao. Para tal, diferentes marcadores de ativagédo imune e de inflamacao, muitos
dos quais também se encontram aumentados em processos patologicos de
desenvolvimento de doencgas cardiovasculares, foram analisados em uma coorte de
HICs e comparados com os niveis observados em individuos nao infectados pelo HIV-

1 e individuos tratados com cART com longo tempo de supressao viral.

6.1. Controladores como modelo de cura funcional

Os individuos estudados aqui representam uma coorte de HICs que vem sendo
acompanhada ha cerca de 20 anos em uma colaboragdo entre o nosso grupo € o
Instituto Nacional de Infectologia Evandro Chagas. Embora o numero amostral possa
parecer baixo para os dois subgrupos analisados, cabe ressaltar que estes
representam uma populagao extremamente rara. Controladores de elite, por exemplo,
sao estimados em menos de 1% da populacao total de individuos infectados pelo HIV-
1. Dessa forma, um numero pequeno de individuos é esperado em estudos com HICs
e tais estudos ainda seguem sendo relevantes, visto que estes sdo modelos de cura
funcional e que a adocao de politicas de tratamento imediato apds o diagndstico da
infecgao tendem a impossibilitar a identificagdo de novos HIC.

O longo tempo de acompanhamento dos individuos estudados aqui também é
um fator positivo para o presente estudo. Devido a dificuldade de identificagao desse

perfil de controle, uma ampla gama de critérios de classificacdo de HICs sao
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observados na literatura, o que pode gerar problemas na identificagdo desses
individuos. A coorte francesa ANRS CO21, por exemplo, utiliza um corte de carga viral
de até 400 coépias/mL para identificar HICs (Saez-Cirion and Pancino 2013),
agrupando, de acordo com os parametros do presente estudo, pacientes EC e VC. A
coorte do Estudo de Historia Natural do HIV-1 do Departamento de Defesa dos EUA,
por sua vez, classifica VCs e ECs com apenas um ano de acompanhamento (Okulicz
et al. 2009), possibilitando a inclusao de pacientes que possam estar experimentando
apenas um periodo transitério de controle virémico. No presente estudo foram
utilizadas amostras apenas de individuos com pelo menos cinco anos de
acompanhamento e manutengao de cargas virais consistentemente abaixo do limite
de detecgao no caso dos ECs. As altas medianas de tempo de diagndstico de infecgao
e a estabilidade nas contagens de células T CD4* também indicam que a maioria dos
pacientes ja alcangou critérios suficientes para serem classificados também como
LTNPs, o que garante maior confiabilidade acerca da eficiéncia de controle da
infeccdo nesses individuos.

O longo tempo de acompanhamento também permitiu uma extensa
caracterizagdo desses individuos. Ao longo dos anos, diferentes subgrupos dessa
coorte possibilitaram verificar padrbes de evolugao viral intra hospedeiro (Bello et al.
2007; de Azevedo et al. 2017; Caetano et al. 2018), a ocorréncia de mutantes virais
de escape da resposta imune (Caetano et al. 2018), dindmicas relacionadas a
superinfeccdo (de Azevedo et al. 2018; Caetano et al. 2019), presenga de
determinantes genéticos associados ao controle da progressao (Passaes et al. 2014;
Teixeira et al. 2014) e a caracterizacdo de diversos aspectos da resposta imune
humoral e celular nesses individuos (Bello et al. 2009; Cértes et al. 2015, 2018). Essa
possibilidade de utilizar amostras de alguns mesmos individuos ao longo de tantos
estudos com diferentes perspectivas, também é um ponto positivo e possibilita um
maior € melhor conhecimento acerca dos diferentes aspectos relacionados ao perfil
de controle espontaneo da infecgao.

O presente estudo também visa contribuir com informagdes que possam
subsidiar um melhor manejo clinico desses individuos. A identificagéo de que o inicio
precoce da terapia gera melhores respostas imunoldgicas (Ding et al. 2015; Okulicz
et al. 2015) e a supressao da viremia impede a transmissdo (Cohen et al. 2011;
Rodger et al. 2019) gerou uma revolugdo nos protocolos de manejo clinico da

infeccdo, favorecendo o surgimento de politicas de tratamento universal para
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individuos infectados. No Brasil, a oferta do tratamento gratuito com antirretrovirais foi
ampliada desde 2013 a todos os individuos infectados, independente dos niveis de
linfécitos T CD4 (Ministério da Saude 2014). Para HICs, no entanto, ndo esta claro se
a terapia apresentara efeitos benéficos o suficiente para ser indicada, visto que os
relatos existentes até o momento sdo inconsistentes (Promer and Karris 2018) .

Em anos anteriores a essas politicas, os desfechos de aumento da carga viral
ou queda na contagem de linfocitos T CD4* consistentes durante periodos de seis
meses a um ano foram utilizados como um indicativo para o inicio da terapia
antirretroviral nos individuos de nossa coorte, visto que elevagdes crescentes da
viremia costumam ser precedentes de perda do controle (Lefrére et al. 1997; Toro et
al. 2004; Madec et al. 2013; Noel et al. 2015; Leon et al. 2016; Yang et al. 2017). Com
as novas politicas, no entanto, a terapia passou a ser oferecida a grande parte dos
individuos da nossa coorte, independente do seus status atual de controle. Esta
mudanca de paradigma se reflete nas diferengas de numero amostral entre os
subgrupos A e B, principalmente para os pacientes com perfil VC, onde um numero
maior de individuos iniciou o tratamento antirretroviral. Para a segunda parte do
estudo, a necessidade de coleta de material recente para as analises de plaquetas
impossibilitou o recrutamento de muitos individuos que haviam aceitado iniciar a
terapia.

Apesar do oferecimento por médicos, o inicio da terapia precisa ter o
consentimento dos pacientes e, por isso, muitos individuos com perfii CE nao
iniciaram a terapia. Na literatura, alguns estudos que realizaram a avaliagdo dos
efeitos da cART em HICs observaram efeitos positivos relacionados a contagem de
linfécitos T CD4* (Okulicz et al. 2009; Boufassa et al. 2014), a carga viral plasmatica
e proviral (Chun et al. 2013; Hatano et al. 2013b; Li et al. 2019) e na ativagao celular
(Hatano et al. 2013b; Li et al. 2019). Para marcadores inflamatérios, no entanto,
diferengas ndo foram observadas pos tratamento (Hatano et al. 2013b; Kim et al.
2014). Além disso, muitos dos efeitos positivos observados foram sutis, com pouco
declinio dos marcadores virais e ganho pequeno de células T CD4*, e assim, é preciso
uma avaliagdo mais profunda sobre risco e beneficio da cART nesses pacientes,
considerando os efeitos colaterais da cART e as dificuldades de aderéncia ao
tratamento. Dessa forma, os resultados obtidos aqui para diversos parametros
relacionados a ativacdo imune e inflamagao poderao vir a somar ao conhecimento,

direcionando o manejo clinico de coortes de HICs.
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6.2. Ativacdo imune em HICs

Na primeira parte do presente estudo, o objetivo foi avaliar a ativagdo imune em
HICs e grupos controle do subgrupo A, ndo s6 do ponto de vista da frequéncia de
linfécitos T ativados, mas também do balango de subpopulagdes de linfécitos que
possuem participagdo e sao impactadas por esses processos de ativagdo imune
persistente. A ativacdo imune durante a fase crbénica da infec¢ao pelo HIV-1 é um dos
principais problemas associados com a progresséo da doencga, levando a deplegao
de linfécitos T CD4*, aumento da replicacao viral, exaustao e senescéncia de linfocitos
(Moir et al. 2011). Apesar de significar um aumento da atividade imunoldgica, esta
ativagao persistente € prejudicial a longo prazo, como evidenciado pela associagéo
de marcadores de ativagéo séricos e celulares com a progressao para a aids (Giorgi
et al. 1993, 1999; Liu et al. 1997; Zangerle et al. 1998; Mildvan et al. 2005) e com a
aterosclerose e o desenvolvimento de doenga cardiovascular na populacdo geral
(Weiss et al. 1994; Fernandez et al. 2019) e na populagado HIV-1 positiva (Kaplan et
al. 2011; Fitch et al. 2013; Longenecker et al. 2013; Siedner et al. 2016). Para HICs,
estudos prévios demonstraram que alguns individuos ainda apresentam altos niveis
de ativacao imune apesar do controle da viremia (Hunt et al. 2008; Pereyra et al. 2012;
Krishnan et al. 2014; Cértes et al. 2015, 2018).

Ao avaliar a frequéncia de coexpressao de CD38 e HLA-DR entre linfécitos T CD4*
e CD8*, nés identificamos altos niveis de células T ativadas em VCs quando
comparados com os outros grupos estudados, indicando a contribuicdo da replicacao
viral para o0 aumento na ativagdo imune, mesmo em individuos com viremia baixa
detectavel. Somando-se a isso, um aumento na diferenciacdo de células T
evidenciado pelas altas frequéncias de linfocitos terminalmente efetores (TEFF) em
ambos os compartimentos CD4* e CD8*" também foram observados para esses
individuos. Estes dados ressaltam a necessidade de acompanhamento clinico e uma
vigilancia mais cautelosa para individuos com baixa viremia, visto que indicam que
mesmo baixos niveis de estimulagao antigénica persistente levam a desregulagao do
sistema imunologico.

Menores niveis de ativagao imune foram observados nos individuos tratados com
cART, em comparagao com VCs, ressaltando o efeito positivo da terapia antirretroviral
no manejo da infecgcédo pelo HIV-1 e indicando que a mesma poderia aprimorar a

saude imunolégica de controladores virémicos ao diminuir a ativagcdo imune. No

68



entanto, os niveis de ativagdo em individuos tratados foram maiores do que os
observados para individuos HIV-1 negativos, assim como observado em estudos
prévios que indicam que a cART sozinha n&o é capaz de diminuir a ativagao de células
T a niveis similares aos observados em individuos nao infectados pelo HIV-1 (Almeida
et al. 2002; Hunt et al. 2003; French et al. 2009; Piconi et al. 2010; Lederman et al.
2011). Estes resultados reforgcam a ideia de que, embora seja deflagrada pela infecgéo
viral, a ativagao imune é potencializada por fatores que vao além dos efeitos diretos
da replicagdo viral. A circulagdo aumentada de citocinas pro-inflamatorias, por
exemplo, induz a ativagao de linfécitos T CD8* n&o especificos para o HIV-1 (Doisne
et al. 2004; Biancotto et al. 2007; Jiang et al. 2014), enquanto a translocacgéao
microbiana decorrente da perda da integridade da mucosa intestinal, incluindo a
massiva deplecao de linfocitos T CD4*, é considerada um dos principais mecanismos
que promovem a ativagao imune (Brenchley et al. 2006b; Luo et al. 2019; Younas et
al. 2019). Além disso, a baixa permeabilidade dos medicamentos que acarreta em
dosagem subdtima dos antirretrovirais em sitios anatdémicos como o sistema nervoso
central, o GALT e os centros germinativos dos linfonodos € associada com a
persisténcia da replicagdo viral nesses tecidos apesar de cargas virais plasmaticas
abaixo do limite de detecg¢do (Popovic et al. 2005; Chun et al. 2008; Cohen 2011;
Fletcher et al. 2014; Anderson et al. 2017; Asahchop et al. 2017; Thompson et al.
2019).

Diferente do observado para VCs e individuos tratados, niveis de ativagao imune
similares em ECs e individuos nao infectados pelo HIV-1 foram observados. Embora
esses resultados contrastem com outros estudos que observaram maior ativagao de
células em ECs (Hunt et al. 2008; Pereyra et al. 2012; Krishnan et al. 2014),
frequéncias similares as de individuos nao infectados pelo HIV-1 observadas aqui
para individuos com controle da infecgao de longo termo s&o um sinal de manutengao
do equilibrio do sistema imune em uma magnitude que nao € obtida nem mesmo com
o auxilio da terapia antirretroviral. A maior frequéncia de linfécitos TCM CD8*
encontrada nesses individuos também reforcam esse cenario de preservacao, visto
que outros estudos demonstraram a importancia de linfécitos TCM CD4* para
manutengdo da resposta imune (Potter et al. 2007; Elrefaei et al. 2014). Em
associacdo com a frequéncia maior de células TCM CD8*, foi possivel observar
também uma maior frequéncia da subpopulacao de células TSCM em ECs, quando

comparados com HIVneg. Linfécitos TSCM séo células de memoria caracterizadas
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por uma expressdo aumentada de marcadores naive, alta capacidade proliferativa e
potencial de auto renovacéao (Gattinoni et al. 2011). A proporgéo de TSCM CD8 ja foi
inversamente correlacionada com a replicagao viral e a ativagao imune (Ribeiro et al.
2014) e a preservacao da populagdo TSCM CD4* foi associada com um melhor
progndstico nas infecgdes por HIV-1 e por SIV (Klatt et al. 2014; Ribeiro et al. 2014).
Os dados aqui apresentados também sugerem a associagao entre a manutengao
dessas populagdes e o melhor controle da infecgéo.

Além de alteracdo nas subpopulagdes naive, de memoria e efetora, o presente
trabalho também investigou as frequéncias de linfocitos Th17 e Treg nos HICs, visto
que essas ceélulas séo capazes de controlar algumas dindmicas de outras células do
sistema imune através de atividade supressora, no caso das Tregs, ou pro
inflamatdria, no caso das Th17. Nesse estudo, os dois grupos de HICs apresentaram
baixas frequéncias de Tregs totais em comparagdo com os dois grupos controle.
Indicios da capacidade imunossupressora dessas células podem ser observados na
correlagao negativa obtida entre a frequéncia de Tregs totais e a ativacao de linfocitos
T CD8", corroborando outros estudos que observaram a relagao entre a ativagcao
imune e as Tregs (Kinter et al. 2007; Jiao et al. 2009; Zelinskyy et al. 2009). Enquanto
essa associagao indica um efeito positivo para maiores frequéncias dessa
subpopulagdo atuando no controle da ativagdo imune exacerbada associada a
infeccdo pelo HIV-1 (Jiao et al. 2009; Schulze Zur Wiesch et al. 2011; Angin et al.
2012), diversos estudos observaram uma correlagéo direta entre frequéncias de Treg
com progressao para aids e com maiores cargas virais plasmaticas (Andersson et al.
2005; Tsunemi et al. 2005; Nilsson et al. 2006; Baker et al. 2007; Chase et al. 2008;
Bi et al. 2009; Suchard et al. 2010; Hunt et al. 2011b; Nikolova et al. 2011; Schulze
Zur Wiesch et al. 2011).

Embora alguns estudos tenham observado maiores frequéncias ou contagens
absolutas de Tregs em HICs quando comparados com individuos n&o infectados pelo
HIV-1 (Brandt et al. 2011; Card et al. 2012), a maioria mostrou frequéncias menores
(Hunt et al. 2011b; Simonetta et al. 2012) ou similares (Owen et al. 2010; Shaw et al.
2011; Angin et al. 2012; Jenabian et al. 2013; Falivene et al. 2015) de Tregs entre
esses dois grupos. Nesse contexto, baixas frequéncias de Tregs em HICs, como
observado nesse estudo, apontam mais uma vez para a preservacao da capacidade
de resposta imunolégica em controladores do HIV-1. Com base na expresséo

diferencial de CD45RA e Foxp3, as Tregs podem ser classificadas em trés diferentes
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subpopulacdes: Tregs ativadas, em repouso e n&o supressoras. Apesar da menor
frequéncia de Tregs totais, a frequéncia de Tregs ativadas observada estava
aumentada em ECs quando comparados com os dois grupos controle. Estes
resultados estdo de acordo com observacdes prévias de Gaardbo e colaboradores,
em 2014, e indicam que o balancgo entre as diferentes subpopulagdes de Tregs pode
ter um papel importante na patogénese do HIV-1 e que a influéncia deste tipo de
linfécito na progressao da doenga vai além da correlagado simples entre aumento na
frequéncia e progressao da doencga.

Evidéncias de um sistema imune mais equilibrado também foram observados em
relacao a linfécitos Th17. Nesse estudo, altas frequéncias de células Th17 no sangue
periférico dos dois grupos de HICs foram observadas em comparagdo com os dois
grupos controle. Células Th17 sdo importantes no contexto da infecgéo pelo HIV-1
devido a sua participagcdo em processos de defesa do hospedeiro contra diversos
patdgenos na mucosa intestinal. Além disso, células Th17 também contribuem para a
regeneragdo da mucosa através da inducdo de mecanismos de proliferagéo e
sobrevivéncia epitelial associados a IL-22 (Pickert et al. 2009; Brockmann et al. 2017),
auxiliando na manutencéo da integridade fisica da barreira da mucosa intestinal. O
GALT é um dos principais sitios de replicacéo do HIV-1 e sofre uma deplegao massiva
de linfécitos T CD4", incluindo células Th17, ainda nos estagios iniciais da infeccao
(Veazey et al. 1998; Brenchley et al. 2004b), o que induz o estabelecimento de um
estado pré inflamatério que leva a perda da integridade da barreira intestinal e
potencializa a translocagao microbiana. O aumento da translocagao microbiana, como
mencionado acima, € discutida como uma das principais causas da ativagao imune
observada em individuos infectados pelo HIV-1 (Brenchley et al. 2006b; Luo et al.
2019; Younas et al. 2019), indicando uma correlagao entre células Th17 e a ativagéo
imune.

Em geral, as frequéncias de linfécitos Th17 correlacionam negativamente com a
carga viral plasmatica e positivamente com as contagens de linfécitos T CD4*. Apesar
de declinios serem mais perceptiveis em regides da mucosa intestinal (Cecchinato et
al. 2008; Macal et al. 2008; Ciccone et al. 2011), Baixas contagens dessa
subpopulacao no sangue periférico foram observadas em individuos infectados pelo
HIV-1 em progressao da doencga (Brenchley et al. 2008; Macal et al. 2008; Ndhlovu et
al. 2008; Prendergast et al. 2010; Salgado et al. 2011; Falivene et al. 2015). Esses

resultados indicam que a deplecdo dessas células associada a infecgao pelo HIV
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ocorre no organismo como um todo, embora esse efeito seja mais perceptivel na
mucosa intestinal, podendo contribuir para a perda de do equilibrio imunoldgico nesse
local. Falivene e colaboradores demonstraram o valor progndstico da frequéncia de
células Th17, mostrando que baixas frequéncias desta populacéao e altas frequéncias
de células ativadas foram observadas na fase aguda de individuos que progridem
mais rapidamente para a aids (Falivene et al. 2015). Em contraste, frequéncias
maiores durante a fase aguda sdo associadas com o aprimoramento da resposta T
HIV-1-especifica (Falivene et al. 2015). Entre HICs ou LTNPs, as frequéncias de
células Th17 no sangue periférico costumam ser similares as observadas em
individuos nao infectados pelo HIV-1 (Ciccone et al. 2011; Salgado et al. 2011;
Jenabian et al. 2013; Falivene et al. 2015). No presente estudo, ECs, mas nao VCs,
tiveram maiores frequéncias de células Th17 comparado com os grupos controle,
corroborando um papel protetivo desses linfocitos durante a infeccéo pelo HIV-1.

Além da dindmica individual dos linfécitos Th17 e Treg, também foi observada uma
correlagao inversa entre a frequéncia das duas subpopulacdes, conforme esperado,
visto que essas células compartilham etapas importantes de seus processos
ontogénicos (Bettelli et al. 2006). Os dados respectivos a razdo Th17/Treg nos dois
grupos HIC concordam com as observagdes prévias que encontraram maiores razdes
em individuos com controle natural da infeccdo em comparagao com progressores
tipicos ou individuos nao infectados pelo HIV-1 (Brandt et al. 2011; Jenabian et al.
2013; Falivene et al. 2015). No geral, esta observacédo se soma as outras que indicam
a manutencao da integridade e do equilibrio da resposta imune em ECs.

As analises realizadas com o subgrupo A e os resultados discutidos nesta sessao
foram compilados no artigo cientifico “HIV-1 elite controllers present a high frequency
of activated regulatory T and Th17 cells”, publicado na revista PLoS One em 2020 e

disponivel na integra como Anexo 9.3.1.

6.3. Inflamacdo em HICs

Para a segunda parte do estudo, o objetivo foi complementar as observagdes
verificadas para a ativagao de células T com o estudo de uma série de processos
associados a inflamagao. A inflamacao apresenta um carater mais amplo e engloba
uma série de processos imunoldgicos que visam principalmente o recrutamento de
células para o sitio de infeccdo ou lesao tecidual. Mesmo sendo essenciais para a

homeostase, a exacerbacdo desses mecanismos gera uma série de fendbmenos que
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ajudam a explicar a maior susceptibilidade a comorbidades em PVHIV. Em individuos
infectados pelo HIV-1, o aumento de marcadores inflamatérios, como IL-6, (Kuller et
al. 2008; Boulware et al. 2011; Sandler et al. 2011; Duprez et al. 2012; Hunt et al.
2014; Tenorio et al. 2014; Grund et al. 2016; Baker et al. 2017b; Carvalho et al. 2018;
Peterson et al. 2018), sinais de hipercoagulabilidade (Karmochkine et al. 1998; Mayne
et al. 2012; O’Brien et al. 2013; Nkambule et al. 2015b, 2015a, 2015c; O’Halloran et
al. 2015; Mesquita et al. 2018) e alteragdes na frequéncia de subpopulagbes de
mondcitos (Abel et al. 1992; Thieblemont et al. 1995; Pulliam et al. 1997; Amirayan-
Chevillard et al. 2000; Han et al. 2009; Funderburg et al. 2012; Liang et al. 2015; Chen
etal. 2017; Luo et al. 2018) sao observados, ao mesmo tempo que correlacionam com
o risco para o desenvolvimento de doencgas cardiovasculares. Dessa forma, o
presente trabalho utilizou amostras dos individuos do subgrupo B para caracterizar o
estado de ativacao de plaquetas, as dindmicas de ativacdo e de subpopulagdes de
monadcitos e a concentracdo de marcadores inflamatorios nas populagées de HICs na
tentativa de observar se estes individuos apresentam sinais de inflamagao persistente
que caracterize risco aumentado para o desenvolvimento de comorbidades.
Considerando que a inflamagao € um processo normal do organismo que pode
ser deflagrado por diversas razdes e que o risco para comorbidades esta associado a
fatores como a idade e sexo, o recrutamento dos individuos dos grupos controle cART
e HIVneg para a segunda parte do estudo foi realizado de modo a obter grupos
pareados, buscando minimizar diferencas em relacdo a prevaléncia de fatores que
poderiam ser confundidores. Dessa forma, os quatro grupos estudados no subgrupo
B nao apresentaram diferenca estatistica para a maioria dos possiveis fatores de risco
para o desenvolvimento de doencas de cardiovasculares, como idade, hipertensao,
diabetes e fumo. Diferengas significativas foram encontradas na prevaléncia de
dislipidemia entre os grupos, porém todos os individuos com essa condigao
realizavam tratamento com estatinas e mantinham niveis controlados de colesterol.
Estes individuos inclusive apresentaram niveis menores de lipidios do que os
individuos nao dislipidémicos. Diferengas estatisticas também n&o foram observadas
para as seguintes analises: frequéncia de exercicio fisico e abuso de alcool, ou
parametros antropométricos, como valores de pressao arterial IMC e circunferéncia
abdominal. Posteriormente, as analises estatisticas comparando os diferentes
parametros analisados foram corrigidas por idade, sexo, habito de fumo, IMC,

ocorréncia de hipertensao, dislipidemia e diabetes e valores de colesterol total e LDL,

73



de modo a confirmar que as diferengas observadas entre os grupos eram relacionadas
a infeccao pelo HIV-1 e ndo a outros fatores confundidores.

Um dos efeitos da inflamagéao na infecgao pelo HIV-1 é a indug¢ao de um estado
de hipercoagulagdo que se associa diretamente ao risco aumentado para eventos
trombdticos em individuos infectados (Luz et al. 2014; Diaz et al. 2016; Rokx et al.
2020). No presente estudo, os maiores niveis de ativacdo plaquetaria foram
observados para o grupo VC, com esses individuos apresentando maiores
frequéncias de plaquetas expressando P-selectina e maiores concentragdes de D-
dimero. Esses resultados concordam com estudos anteriores que demonstraram
inducdo de um estado de hiperativacdo de plaquetas na infecgao pelo HIV-1
(Karmochkine et al. 1998; Mayne et al. 2012; O’Brien et al. 2013; Nkambule et al.
2015b, 2015a, 2015c; O’Halloran et al. 2015; Mesquita et al. 2018) e que observaram
que o nivel de plaquetas ativadas ou de marcadores associados a
hipercoagulabilidade correlacionam com a carga viral plasmatica (Karmochkine et al.
1998; Mayne et al. 2012; Nkambule et al. 2015c).

Entre os individuos com viremia suprimida, dois padroes foram observados em
relagao a expressao de P-selectina. Apesar de outros estudos terem observado que
a terapia antirretroviral ndo normaliza os niveis de ativagcao plaquetaria (O’Brien et al.
2013; Mesquita et al. 2018), ndo observamos diferencas significativas na frequéncia
de plaquetas ativadas ou no MFI de P-selectina entre o grupo cART e o grupo HIVneg.
Vale ressaltar, no entanto, que os trabalhos citados utilizaram individuos mais jovens
no grupo controle nao infectado pelo HIV-1, o que pode ter impactado nas diferengas.
No trabalho de O’Halloran e colaboradores, em 2015, os autores observaram
normalizacdo das concentragdes séricas de P-selectina apdés 12 meses de terapia,
comparando grupos sem diferenga de idade, embora mais novos do que nos dois
trabalhos anteriores e no presente estudo.

Em ECs, por sua vez, os valores de MF|I para P-selectina foram
significativamente mais altos quando comparados com HIVneg e cART, mostrando
que controladores de elite mantém um estado de ativagao plaquetaria maior que o
observado para individuos tratados. Até o momento, estas observagdes configuram o
primeiro relato para HICs e dao indicios de um estado persistente de inflamacao que
pode contribuir para o desenvolvimento de complicacdes isquémicas e trombdticas

em individuos com controle natural da viremia.
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Outra perspectiva para a ativagao plaquetaria, com resultados também inéditos
para HICs, diz respeito a proporgao de agregados mondcitos plaquetas (MPAs). Estes
agregados sao formados pela interagcéo entre a P-selectina (CD62P) de plaquetas e a
glicoproteina ligante de P-selectina 1 (PSGL-1) de mondcitos e intensificam o perfil
inflamatorio (Thomas and Storey 2015), aumentam a adesao ao endotélio (Martins et
al. 2006) e estimulam a secre¢cao de MCP-1 e TNF-a por mondcitos (Weyrich et al.
1995). Estes agregados sao observados em frequéncias aumentadas na infecgéo pelo
HIV-1 (Singh et al. 2012; Tunjungputri et al. 2014; Liang et al. 2015; Nkambule et al.
2015b; van der Heijden et al. 2018) e durante o desenvolvimento de doencgas
cardiovasculares (Furman et al. 2001; Michelson et al. 2001; Htun et al. 2006; Smout
et al. 2009; Czepluch et al. 2014), porém frequéncias distintas de MPAs n&o foram
observadas no presente estudo, nem mesmo para o grupo VC.

De maneira independente, mondcitos sdo células que apresentam grande
importancia no processo inflamatério. No presente trabalho, pacientes infectados pelo
HIV-1 apresentaram maiores frequéncias de mondcitos nao classicos concomitantes
com menores frequéncias de mondécitos classicos. Estas diferentes populagdes séo
caracterizadas pelo nivel de expressao de CD14 e CD16 e apresentam funcoes e
caracteristicas distintas no processo inflamatério. Monécitos classicos (CD14**CD16-)
englobam a maioria dos mondcitos no organismo e sao recrutados para os tecidos
logo no inicio de processos inflamatdrios, possuindo grande capacidade de resposta
contra patdégenos. Mondcitos nao classicos (CD14*CD16*"), por sua vez, apresentam
funcao de patrulhamento endotelial e vascular e migram para os tecidos em momentos
mais tardios do processo inflamatorio, possuindo um carater anti-inflamatério e
participando de processos de reparo tecidual e controle da inflamacao. Monécitos
intermediarios (CD14"*CD16"%) sao caracterizados como um fendtipo intermediario
entre os dois anteriores e apresentam alta capacidade de resposta, apresentagao de
antigenos e resposta pro inflamatoria (Ziegler-Heitbrock 2006, 2015; Sprangers et al.
2016; Patel et al. 2017).

O balanco observado aqui em relacao as populagdes de monécitos concordam
com as observagdes prévias de que a infecgao pelo HIV-1 favorece um incremento de
populagdes intermediarias e nao classicas (Abel et al. 1992; Thieblemont et al. 1995;
Pulliam et al. 1997; Amirayan-Chevillard et al. 2000; Han et al. 2009; Funderburg et al.
2012; Liang et al. 2015; Chen et al. 2017; Luo et al. 2018). O aumento maior observado

em VCs em comparagdo com 0s grupos com viremia suprimida mostra, assim como
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observado para todos os outros parametros desse estudo, a influéncia da replicagao
viral na indugao de perfis imunes alterados e se conecta diretamente a estudos prévios
que observaram correlagdes entre populagdes CD16* e a carga viral plasmatica e a
progressao para a doencga (Han et al. 2009; Liang et al. 2015; Chen et al. 2017).
Para individuos em tratamento antirretroviral, diferencas significativas na
proporgao de mondcitos classicos e ndo classicos em comparagao com individuos
HIVneg sé foram observadas para os dados ndo ajustados. Esta observagao
demonstra que, embora alguns estudos prévios demonstrem que a cART nao é capaz
de normalizar as proporgdes das subpopulagdes de mondcitos (Amirayan-Chevillard
et al. 2000; Funderburg et al. 2012; Castley et al. 2014; Chen et al. 2017), a terapia é
capaz de gerar resultados positivos, aumentando a propor¢ao de monacitos classicos
e diminuindo a de nao classicos, e reestabelecer parte da dindmica dessas células.
Em individuos infectados pelo HIV em tratamento, a supressao da viremia induz um
estado de equilibrio imunoldgico parcial, de modo que a influéncia da infecgao pelo
HIV-1 na indugao de um estado de inflamacgao persistente se confunde com o estado
inflamatério associado a outras morbidades, como hipertensdo, diabetes e
dislipidemia. De maneira complexa, estas outras patologias influenciam e s&o
influenciadas pela resposta inflamatdria. A persisténcia da resposta inflamatéria, por
exemplo, leva a um desbalango no metabolismo lipidico que aumenta os niveis de
colesterol, caracterizando a dislipidemia (Esteve et al. 2005). Por sua vez, o aumento
de lipidios circulantes e a ativacdo do endotélio decorrente da inflamagao favorecem
a formacdo de placas ateroscleréticas, associadas a hipertensdo. Por fim, o
desequilibrio nutricional gerado pelo metabolismo lipidico alterado e o acumulo de
tecido adiposo associado sdo um dos mecanismos associados a resisténcia insulinica
e o desenvolvimento de diabetes. Considerando que a migragdo de mondcitos é
favorecida em condi¢des de ativacao endotelial e que essas células sao centrais no
processo de aterogénese, a relacao implicita entre mondcitos e essas morbidades sé&o
de extrema importancia. Estas relagdes complexas citadas anteriormente ficam claras
nas correlagdes entre mondcitos classicos e nio classicos com os dois modelos de
risco Framingham utilizados no presente estudo. De maneira independente,
mondcitos classicos ainda correlacionaram negativamente com os valores de glicose
sanguinea (marcador classico para diabetes), enquanto mondcitos ndo classicos
correlacionaram positivamente com valores de presséao arterial (marcador classico de

hipertensao).
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Em soma aos indicios de inflamacao associada a ativacao plaquetaria, ECs
também apresentaram niveis anormais de mondcitos n&o classicos, concordando com
0 observado em estudos prévios com HICs (Spivak et al. 2011; Krishnan et al. 2014;
Prabhu et al. 2019). A diferenca entre os dois grupos permaneceu significativa mesmo
apos ajuste para fatores confundidores. As frequéncias dessas células, no entanto,
foram préximas as observadas para muitos dos individuos tratados, indicando que
ECs mantém a frequéncia dessa subpopulagdo de mondécitos em niveis semelhantes
aos alcancados através da cART.

No presente estudo ndo foram observadas diferengas entre os grupos para a
proporcao de mondcitos intermediarios, nem mesmo em VCs. Apesar dessa ser uma
populacao alterada na infecgao pelo HIV-1, junto com a populagdo de mondcitos nao
classicos (Han et al. 2009, 2015; Funderburg et al. 2012; Castley et al. 2014; Chen et
al. 2017), sua identificagdo € prejudicada em estudos de citometria de fluxo e
dificultada pela imprecisdo em se definir os limites entre a populacao classica e nao
classica (Ziegler-Heitbrock and Hofer 2013). Amostras ndo marcadas, amostras FMO
e amostras marcadas com isotipos foram utilizadas neste trabalho na tentativa de
minimizar erros na identificacdo das populagdes, mas a ndo deteccao de diferencgas
entre os grupos podem transparecer as dificuldades de definicdo dos limites da
populagdo de mondcitos intermediarios, principalmente em individuos com viremia
suprimida.

Monécitos nao classicos, apesar de serem classicamente associados com um
perfil anti-inflamatdrio, adquirem perfil de expressao de citocinas proé-inflamatérias
mediante estimulos especificos virais ou bacterianos (Belge et al. 2002; Cros et al.
2010; Mukherjee et al. 2015), o que tem grande influéncia na infecgao pelo HIV-1.
Apesar disso, a participacdo de mondcitos classicos ndo pode ser excluida ao se
considerar o processo inflamatério. Em condi¢gdes de inflamacado aguda, essa é a
populagéo que migra mais rapidamente para os tecidos (Patel et al. 2017) e que possui
0s maiores potenciais de produg¢ao de TNF-a e IL-10 deflagrada pela ativagao através
de alguns receptores Toll Like (TLR) (Boyette et al. 2017). Além disso, por
representarem a subpopulacao mais frequente de mondécitos, o fendétipo classico é a
populagcdo que mais pode contribuir para o aumento de marcadores de ativagao de
mondocitos observado em processo inflamatorios.

Somando-se a alteracdo na frequéncia das subpopulacbées de mondécitos, a

infecgdo pelo HIV-1 também é caracterizado pelo aumento nos niveis séricos de
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diversos marcadores de ativagc&do dessas células, como sCD14 e sCD163 (Kuller et al.
2008; Burdo et al. 2011; Pereyra et al. 2012; Kelesidis et al. 2012; Fitch et al. 2013;
Masia et al. 2013; Castley et al. 2014; Westhorpe et al. 2014; Li et al. 2015; Liang et
al. 2015; Chen et al. 2017; de Paula et al. 2018). Esses marcadores de ativagéo
também s&o importantes indicadores da participagdo de mondcitos na génese de
patologias cardiovasculares, visto que também correlacionam com esses processos
(Aristoteli et al. 2006; Wildgruber et al. 2009; Sandler et al. 2011; Poitou et al. 2011;
Pereyra et al. 2012; Rogacev et al. 2012; Fitch et al. 2013; McKibben et al. 2015; Chow
et al. 2016; Hanna et al. 2017; Luo et al. 2018; SahBandar et al. 2019; Subramanya et
al. 2019; Hopfner et al. 2019). No presente trabalho, estes marcadores nao foram
avaliados, porém estudos prévios com nossa coorte ndao foram observadas diferencas
para sCD14 e sCD163 entre ECs, VCs e os grupos controle (Cortes et al. 2018).

Além desses, o TF também é considerado um marcador de ativagdo de mondcitos
importante e que estabelece uma ponte entre a hipercoagulabilidade na infecgao pelo
HIV-1, a inflamacéo persistente e atividade de mondcitos na aterogénese. Em
condi¢cbes normais, o TF & principalmente expresso por células perivasculares, mas
em condi¢des inflamatérias ou mediante estimulo com LPS, monécitos passam a
produzir essa molécula. No presente trabalho, as analises da expressao de TF foram
dificultadas por indicios de baixa expressao de TF nos pacientes analisados, tornando
imprecisa a identificacdo dos limites entre a populagéo positiva e negativa para este
marcador. Os resultados obtidos foram semelhantes aos observados por Schecter e
colaboradores, em 2017, que mostraram que a expressao de TF in vivo por monocitos
nao estimulados € muito baixa (Schechter et al. 2017). Analises futuras, testando a
expressao basal de mondcitos a partir de PBMCs criopreservados e a resposta dessas
células mediante estimulo com LPS serdo realizadas para melhor caracterizar a
expressao deste marcador nos HICs estudados.

A ativagao de mondcitos também sofre grande influéncia da ativagao de células do
endotélio, um processo que é deflagrado em grande parte pela resposta inflamatdria
e leva a aumento da permeabilidade vascular, expressdo de moléculas de adesao e
migragdo de células do sistema imune da corrente sanguinea para os tecidos
inflamados (Szmitko et al. 2003). No presente trabalho, foram avaliados nos grupos
estudados os niveis séricos de MCP-1, o qual atua como um ativador do endotélio e
fator quimiotatico para a migragéo de células imunes, CD40L, um ativador do endotélio

importante no processo de aterogénese, e VCAM-1 e ICAM-1, moléculas de adesao
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superexpressas em endotélios ativados e que mediam a aderéncia de mondcitos
(Szmitko et al. 2003). Para MCP-1, nenhuma diferencga estatistica entre os grupos foi
observada, embora VCs tivessem apresentado valores elevados em comparagao com
HIVneg nas analises ndo corrigidas. Os valores de MCP-1, no entanto,
correlacionaram positivamente com o nivel de expressao de CD62P em plaquetas, o
que pode indicar uma ligagao entre o processo inflamatério e a ativagao plaquetaria.

Correlagbes também foram observadas entre a expressao de VCAM-1 e ICAM-1
e as frequéncias de subpopulacbes de mondcitos. Para mondcitos classicos,
correlagdes negativas foram observadas, enquanto para monécitos ndo classicos as
correlagdes foram positivas, evidenciando a relagdo entre uma maior ativagdo do
endotélio e o desbalango nas propor¢des normais das subpopulagdes classica e nao
classica de mondcitos com o processo inflamatério, o qual é intensificado e intensifica
os dois processos.

Em relacdo aos marcadores de ativacdo endotelial, os niveis de CD40L foram
indetectaveis através da metodologia utilizada para a maioria dos individuos
estudados. No entanto, os niveis séricos de VCAM-1 e ICAM-1 diferiram
significativamente entre os grupos e estavam aumentados nos grupos de individuos
infectados pelo HIV-1 em comparagdo com individuos HIVneg, corroborando outros
estudos que observaram aumento da expressao dessas moléculas na infecgao pelo
HIV-1 (Wolf et al. 2002; Papasavvas et al. 2008; Calza et al. 2009; Fourie et al. 2011;
Graham et al. 2013; O’Halloran et al. 2015; Baker et al. 2017a; Mosepele et al. 2018;
Kamtchum-Tatuene et al. 2019; Sereti et al. 2019; Angelovich et al. 2020). Os niveis
observados para os dois marcadores foram similares entre cART e VC, apesar de
outros estudos indicarem que a terapia antirretroviral diminui os niveis de expressao
dessas moléculas (Wolf et al. 2002; Papasavvas et al. 2008; O’Halloran et al. 2015).
Estudo recente de Sereti e colaboradores, em 2019, realizou a comparagao entre os
niveis pré e pos tratamento de VCAM-1 e ICAM-1 de individuos com viremia <3000
copias/ml e observou pequenas quedas na concentracdo desses marcadores como
efeito dos 8 meses de tratamento. No conjunto, estes resultados indicam que a terapia
antirretroviral ndo € capaz de normalizar o estado de ativagdo do endotélio e as
alteracdes na expressao de vCAM-1 e ICAM-1 permanecem mesmo apds a supressao
da viremia através da terapia antirretroviral.

Outro resultado que indica que niveis elevados de VCAM-1 e ICAM-1 ocorrem

mesmo na auséncia de viremia é a persisténcia de niveis anormais em controladores
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de elite. Apesar dos menores niveis observados em comparacdo com VC e cART e
da perda de significancia estatistica para ICAM-1 apds ajuste para fatores de risco,
ECs apresentaram niveis acima dos observados em HIVneg para os dois marcadores.
No estudo de Sereti e colaboradores, em 2019, os autores também analisam os
marcadores de ativagdo endotelial em um grupo de individuos com viremia <50
copias/ml e observam que a terapia antirretroviral ndo tem efeito nos niveis desses
marcadores. A manutencdo de menores niveis de ICAM-1 e VCAM-1 que os
observados para individuos tratados se assemelha ao observado para a ativagcao de
células T na primeira parte desse estudo e é mais um indicativo de que ECs
apresentam manutengao do equilibrio e preservagdo do sistema imune em niveis
melhores do que os possibilitados pela terapia antirretroviral. Porém, em contraste
com a ativagdo de linfécitos, a ativacdo endotelial nesses individuos nao é
normalizada.

Outra observagao realizada na analise de ICAM-1 e VCAM-1foi de que os p-
valores corrigidos e nao corrigidos diferiram muito para ICAM-1, mas nao para VCAM-
1. Isto pode significar que a inflamagcédo mediada pelo HIV-1 leve a ativagdo de
mecanismos independentes que culminem em maior expressao de VCAM comparado
com ICAM-1. A expressao de ICAM-1, dessa forma, seria mais influenciada por outros
fatores do que VCAM-1. Corroborando essa hipotese, estudo com camundongos
como modelo de aterosclerose observou que a quantidade de colesterol na dieta dos
animais influencia os niveis de expressao de ICAM-1, mas ndo de VCAM-1 na aorta.
Indicios de vias de ativacdo de ICAM de maneira independente e a influéncia da dieta
puderam ser observadas nas analises de correlagdo, as quais demonstraram que
ICAM correlaciona com os niveis de colesterol HDL e Glicose, mas nao VCAM.

Além desses marcadores, também foram observadas maiores frequéncias de ST2
em VCs quando comparados com individuos nao infectados. O ST2 é um receptor de
IL-33R que possui uma forma soluvel cuja concentragdo sanguinea € aumentada em
resposta ao estiramento do miocardio, funcionando como um biomarcador para
estresse cardiaco e um marcador independente de mortalidade (Ky et al. 2011; Kohli
et al. 2012; Braunwald 2013). Na infec¢ao pelo HIV-1, estudos observaram maiores
niveis em individuos infectados (Miyagaki et al. 2011; Mehraj et al. 2016; Younas et
al. 2017) e que esses niveis eram preditores de mortalidade para todas as causas
analisadas (Secemsky et al. 2015; Thiébaut et al. 2017). Os niveis aumentados de

ST2 observados aqui nos VCs se juntam as observacdes que indicam maiores niveis
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de ativagao imune e inflamacgao nesses individuos, mesmo com o controle parcial da
viremia denotam que estes individuos podem possuir um risco em potencial para o
desenvolvimento de doencgas cardiovasculares associado diretamente ao HIV-1.

A inexisténcia de um grupo de individuos infectados pelo HIV-1 sem tratamento e
sem controle esponténeo da viremia, além de uma maior prevaléncia de individuos
com CVD, nao nos permite saber a magnitude comparativa desse risco em VCs. Além
disso, o baixo N amostral decorrente da raridade dos HICs e de alguns terem iniciado
a terapia, impossibilitando a inclusdo no subgrupo B, também se configuram como
fatore limitantes que atrapalham a confirmagdo de algumas correlagdes buscadas
aqui. Somam-se a estas limitagbes as dificuldades técnicas de se acessar e obter
amostras de tecidos que poderiam melhor evidenciar as dinamicas de algumas

células, como as Th17 que sdo mais prevalentes na mucosa.

Os dados observados, no entanto, servem de indicativo de que o risco para o
desenvolvimento dessas comorbidades em ECs é, no maximo, similar ao risco
existente para individuos em cART. Apesar de estudos prévios terem observado
alteracdes no metabolismo lipidico (Vidal et al. 2012; Tort et al. 2018), maiores valores
de espessura da camada intima media da carétida (Hsue et al. 2006; Pereyra et al.
2012; Brusca et al. 2020) e maior taxa de hospitalizagdes em ECs (Crowell et al. 2015),
0 Unico marcador associado a um pior prognoéstico e que estava aumentado em
relacdo a individuos tratados no nosso estudo foi a expressado de P-selectina em
plaquetas. No conjunto, controladores de elite apresentaram melhor equilibrio do
sistema imune ou similares aos induzidos pela terapia antirretroviral, como uma menor
frequéncia de linfocitos T ativados, subsidiando estudos que n&o observaram risco
aumentado para o desenvolvimento de comorbidades nesses individuos comparados
com individuos tratados (Lucero et al. 2013; Crowell et al. 2016; Noél et al. 2019a). A
persisténcia de niveis alterados de alguns marcadores importantes, como as
moléculas de adesdo VCAM-1 e ICAM-1, indicam que o uso de terapias alternativas
a cART, que visem diminuir os niveis persistentes de inflamagdo podem ser mais

adequados para esses individuos.
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7. CONCLUSAO

No conjunto, diversos sinais de preservagao do sistema imune sao observados
em controladores de elite na auséncia da terapia antirretroviral enquanto
controladores virémicos mantém a persisténcia de diversos marcadores indicadores
de desequilibrio imunolégicos e associados com a progressdo para a aids. VCs
apresentaram maior frequéncia de linfocitos ativados e efetores, maiores niveis de
ativagdo plaquetaria, alteracdo na proporcdo das diferentes subpopulagdes de
monacitos e na expressdo de marcadores inflamatérios relacionados a coagulagéo e
ativagao endotelial, indicando que a carga viral baixa caracteristica desses individuos
induz niveis de ativacao imune e inflamacgao elevados que geram risco para piores
prognosticos associados a infecgao pelo HIV-1 e a outras comorbidades. Os menores
niveis desses marcadores em individuos tratados com a terapia antirretroviral em
comparagao com VCs mostra que individuos com esse perfil podem se beneficiar do
tratamento de maneira significativa.

ECs, por outro lado, apresentaram baixos niveis de células T ativadas e de células
com perfil efetor e niveis aumentados de células T de memadria importantes para a
integridade do sistema imunoldgico, como TCM e TSCM. Em associagcdo, maiores
frequéncias de Tregs ativadas nesses individuos podem auxiliar no controle da
ativagdo imune e dos desequilibrios associados a este fendbmeno, enquanto a
preservagao de populagdes Th17 no sangue periférico pode ser indicativo de
preservagao dessas células em regides de mucosa e da preservagao da resposta
imunoldgica nesses sitios.

Apesar desses resultados, ECs ainda mantém niveis alterados de marcadores
associados a inflamacgao. Dentre esses, destacam-se niveis aumentados de ativagao
plaquetéaria, tendéncias de diminuicdo na frequéncia de mondcitos classicos e
aumento de frequéncia nao classicos, assim como concentragbes aumentadas de
VCAM-1/ICAM-1. Os niveis alterados, no entanto, foram menores do que os
observados para VCs e similares aos observados para os individuos tratados,
indicando que controladores de elite sdo capazes de manter espontaneamente niveis
de inflamacao similares aos alcancados em resposta a terapia antirretroviral. Assim,

a utilizagdo de terapias alternativas a cART que visem diminuir a inflamagao
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persistente em ECs, pode ser vantajosa ao controlar pardmetros relacionados ao risco

para o desenvolvimento de comorbidades.
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9. ANEXOS

9.1. Lista de anticorpos e painéis de marcacao utilizados no estudo

Tabela Suplementar 1. Painéis de marcacgao por citometria de fluxo utilizados

no estudo

Ativacao e
Subpopulacdes
de Linfécitos T

Treg e Th17

Plaquetas

MPA

Mondécitos

FVS 450
CD3 APC-H7
CD4 PECF594

CD8 APC

CD45RA PE-Cy7

CD27 BV510

CCR7 Alexa Fluor 700

CD95 PERCP-cy5.5
HLA-DR PE
CD38 BB515

FVS 450
CD3 APC-H7
CD45RA PE-Cy7
Human Th17/Treg
Phenotyping Kit
CD25 BB515
CD8 BV510
CD41 APC
CD62 PE
CD3 FITC
CD41 APC
CD14 PERCP-Cy 5.5
CD3 FITC
CD14 PERCP-Cy 5.5
CD16 APC
CD142 PE

BD
Biosciences

BD
Biosciences

BD
Biosciences

BD
Biosciences

BD
Biosciences

562247
560176
562281
555369
561216
563092
561143
561655
555812
564498
562247
560176
561216

560762

564467
563256
559777
550888
555339
559777
561116
555339
561116
561304
550312

0,125/100
0,5/100
2/100
4/100

1/100
1/100
1/100
3/100
1/100

0,125/100

0,5/100

20/100

2/100
4/100
5/100
5/100
3/100
3/100
2/100
2/100
10/100
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9.2.

Tabela suplementar 2. Esquemas terapéuticos e os respectivos medicamentos
utilizados entre os individuos do Subgrupo B

Esquemas Terapéuticos dos individuos cART do subgrupo B

cARTO1
cARTO02
cARTO03
cART04
cARTO5
cARTO06
cARTO07
cARTO08
cARTO09
cART10
cART11
cARTI12
cARTI3
cART14
cART15
cART16
cART17
cARTI8

2ITRN+1ITRNN
2ITRN+ 1ITRNN
IITRN+1INI+2IP
INI+2IP
2ITRN-+1INI
2ITRN+1ITRNN
2ITRN+1ITRNN
2ITRN+1ITRNN
2ITRN+2IP
2ITRN+1ITRNN
2ITRN+1ITRNN
2ITRN+2IP
2ITRN+2IP
2ITRN+2IP
2ITRN+1IP
2ITRN+1ITRNN
2ITRN+1INI
2ITRN-+1INI

AZT/3TC/EFV
AZT/3TC/EFV
3TC/DGV/DRV/RTV
DTG/DRV/RTV
TDF/3TC/DTG
TDF/3TC/EFV
TDF/3TC/EFV
TDF/3TC/EFV
TDF/3TC/LPV/RTV
TDF/3TC/EFV
TDF/3TC/EFV
TDF/3TC/ATV/RTV
TDF/3TC/DRV/RTV
ABC/3TC/DRV/RTV
TDF/3TC/DRV
TDF/3TC/NPV
TDF/3TC/DTG
TDF/3TC/DTG

ITRN: Inibidor da transcriptase reversa nucleosideo; ITRNN: Inibidor da transcriptase reversa niao nucleosideo;

IP: Inibidor da protease; INI: Inibidor da integrase; AZT: Zidovudina; 3TC: Lamivudina; EFV: Efavirenz;
DGYV: Dolutegravir; DRV: Darunavir; RTV: Ritonavir; LPV: Lopinavir; ATV: Atazanavir; NPV: Nevirapina
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9.3. Documentos diretamente relacionados a tese
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Abstract

HIV-1 infection is characterized by generalized deregulation of the immune system,
resulting in increased chronic immune activation. However, some individuals called HIV
controllers (HICs) present spontaneous control of viral replication and have a more pre-
served immune system. Among HICs, discordant results have been observed regarding
immune activation and the frequency of different T cell subsets, including Treg and Th17
cells. We evaluated T cell immune activation, differentiation and regulatory profiles in two
groups of HICs—elite controllers (ECs) and viremic controllers (VCs)—and compared them
to those of cART-treated individuals (cART) and HIV-1-negative (HIV-neg) individuals. ECs
demonstrated similar levels of activated CD4* and CD8™ T cells in comparison to HIV-neg,
while cART and VCs showed elevated T cell activation. CD4* T cell subset analyses
showed differences only for transitional memory T cell frequency between the EC and HIV-
neg groups. However, VC individuals showed higher frequencies of terminally differentiated,
naive, and stem cell memory T cells and lower frequencies of transitional memory and cen-
tral memory T cells compared to the HIV-neg group. Among CD8* T cell subsets, ECs pre-
sented higher frequencies of stem cell memory T cells, while VCs presented higher
frequencies of terminally differentiated T cells compared to the HIV-neg group. HICs
showed lower frequencies of total Treg cells compared to the HIV-neg and cART groups.
ECs also presented higher frequencies of activated and a lower frequency of resting Treg
cells than the HIV-neg and cART groups. Furthermore, we observed a high frequency of
Th17 cells in ECs and high Th17/Treg ratios in both HIC groups. Our data showed that ECs
had low levels of activated T cells and a high frequency of activated Treg and Th17 cells,
which could restrict chronic immune activation and be indicative of a preserved mucosal
response in these individuals.
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Introduction

HIV-1 controllers (HICs) are a rare group of HIV-1-infected individuals able to spontaneously
control viral replication in the absence of combined antiretroviral therapy (cART). Classically,
these individuals are divided into two groups: Elite controllers (ECs), who are able to keep
plasma viral loads below the detection limit of clinical assays (currently < 40 HIV-1 RNA cop-
ies/ml), and viremic controllers (VCs), who present plasma viral loads < 2,000 HIV-1 RNA
copies/ml [1].

HIV-1 infection is characterized by generalized deregulation of the immune system, result-
ing in high levels of chronic immune activation [2,3], which has been described as a state of
increased cellular turnover, cell cycle deregulation and establishment of an inflammatory set-
ting [2,4] that is not fully normalized even after initiation of cART [5-8]. Moreover, alterations
in the frequency of different T cell subsets, leading to an increase in effector or fully differenti-
ated T cells [2,4,9-11] and a decrease in naive T cells [2,10,12,13], have also been observed as a
consequence of the chronic immune activation. Despite the viremia control, some HICs pres-
ent higher levels of immune activation and inflammation than HIV-1-uninfected individuals
[14-16], mainly the VC individuals [17,18].

In addition to alterations in the frequency of naive, effector and memory T cells, the chronic
phase of HIV infection has been associated with an increased frequency of regulatory T cells
(Treg) [19-28), which are a subset of CD4" T cells that regulate the immune response and the
proliferation of effector T cells [29-31]. In the context of HIV-1 infection, the immunosup-
pressive function of Treg cells has been described to have both detrimental and protective
effects on disease progression. Higher frequencies of Treg cells correlate with high plasma viral
load and progression to AIDS [19-28], while lower frequencies have been observed for HICs/
long-term nonprogressors (LTNPs) [32-35] and cART-treated patients [25,26,28,35,36] and
are associated with an increase in viral-specific CD8" T cell response [37-41]. On the other
hand, higher frequencies of Treg cells are associated with a decrease in the systemic immune
activation [28,35,42].

Another T cell subset affected during HIV-1 infection is Th17 cells. These cells are enriched
in the mucosal tissues and classically produce a set of proinflammatory cytokines (e.g., [L-17,
IL-22, IL-21) [43-45] that enhance the expression of antimicrobial peptides [46], recruit neu-
trophils [47,48] and induce epithelial regeneration [49], thus playing an essential role in the
host defense against microbial pathogens and maintenance of epithelial integrity at mucosal
sites. Th17 cells are preferentially depleted during the acute phase in pathogenic SIV models
[50-52] but preserved in nonpathogenic infection [51,53], and a lower frequency of these cells
is observed during the chronic phase in HIV-infected patients with progressive disease [53-
56].

Despite their opposite functions, both the Treg and Th17 subsets are derived from a com-
mon progenitor cell, with their formation determined by the expression levels of IL-6 and
TGEF-B [57]. Thus, inverse and reciprocal alterations in both subsets have been observed in the
context of HIV-1 infection, and the loss of the balance between these two populations has been
associated with disease progression [32-34,51]. In contrast, higher Th17/Treg ratios have been
observed in ECs compared to typical progressors [32-34].

In the present study, we aimed to evaluate parameters related to the immune activation,
memory T cells, and regulatory T cells in HICs and the distribution of different T cell subsets
involved in the immune response. Beyond the frequencies of activated T cells, we evaluated the
frequencies of naive, stem cell memory, central memory, transitional memory, effector mem-
ory and terminally differentiated T cells in both ECs and VCs, comparing with the frequencies
observed for HIV-negative individuals and cART-treated individuals. We also evaluated the
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frequencies of total Tregs and their different subsets, as well as the frequencies of Th17 cells to

assess the Th17/Treg balance. Our data showed that ECs had low levels of activated T cells and
a high frequency of activated Treg cells, which could contribute to lower immune activation in
these individuals. Additionally, a higher frequency of Th17 cells in ECs might be indicative of

preserved mucosal response resulting in low microbial translocation and immune activation.

Materials and methods
Study population and ethical statement

Twenty-seven HICs were selected from the Instituto Nacional de Infectologia Evandro Cha-
gas/Fiocruz (INI-Fiocruz) HIV-1 cohort for this study and were classified into two groups: (1)
ECs (n = 14) if the plasma viral load (VL) measurements were below the lower detection limit
(<LDL) depending on the commercial method available during the clinical and laboratory fol-
low-up (< 50-80 copies/ml) and (2) VCs (n = 13), if most (> 70%) VL measurements were
>LDL and <2,000 copies/ml. Occasional VL measurements above the upper limits were
accepted during the follow-up of the EC and VC groups. A group of HIV-1-infected individu-
als on cART with a suppressed VL for at least two years (cART; n = 18) and a group of HIV-
1-uninfected individuals (HIV-neg; n = 18) were also included as controls. All participants
provided written informed consent, and both the INI-Fiocruz Ethical Committee Board and
the Brazilian National Human Research Ethics Committee (CONEP 840/2008) approved the
study.

Sample preparation

Peripheral blood mononuclear cells (PBMCs) were isolated from whole blood by Histopaque-
1077 (Sigma-Aldrich, USA) density gradient centrifugation and stored in liquid nitrogen until
use.

CD4" and CDS8" T cell count and plasma VL determination

Absolute CD4" and CD8" T cell counts were obtained from whole blood using the MultiTest
TruCount-kit and the MultiSet software on a FACSCalibur flow cytometer (BD Biosciences,

USA). Plasma HIV-1 viral loads of the samples corresponding to the time points analyzed in

the present study were measured using the Abbott RealTime HIV-1 assay (Abbott Laborato-
ries, Germany), with LDL of 40 copies/ml.

Flow cytometry

For each patient, vials of 1x10” cryopreserved PBMCs with viability >85% were thawed and rested
overnight in RPMI 1640 (Sigma-Aldrich) supplemented with 10% fetal bovine serum (FBS, Gibco
—Thermo Fisher Scientific, USA) at 37°C with 5% of CO, and controlled humidity. For naive,
memory, effector and activated CD4" and CD8" T cell subsets, detailed below, PBMCs were stained
with FVS450 (BD Biosciences, USA) for dead cells exclusion, and with anti-CD3 APC-H7, anti-
CD4 PE-CF59%4, anti-CD8 APC, anti-CD45RA PE-Cy7, anti-CD27 BV510, anti-CCR?7 Alexa Fluor
700, anti-CD95 PerCP-Cy5.5, anti- HLA-DR PE and anti-CD38 BB515 (all from BD Biosciences,
USA). The T cell activation status was evaluated based on the analysis of CD38 and HLA-DR coex-
pression, while T cell subsets were classified as follows: naive (TN: CD45RA"CCR7'CD27'CD95),
stem cell memory (TSCM: CD45RA™CCR7"CD27"CD95%), central memory (TCM: CD45RA”
CCR7*CD27"), transitional memory (TTM: CD45RA CCR7 CD27%), effector memory (TEM:
CD45RA CCR7 CD27), and effector or terminally differentiated (TEFF: CD45RA*CCR7 CD27)).
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FMO controls were used to properly identify the CD45RA+, CCR7+,CD27+, CD38+ and

HLA-DR+ populations.

For Treg and Th17 cell frequencies determination, PBMCs were stimulated with PMA and
ionomycin (50 ng/ml and 1 pg/ml, respectively; Sigma- Aldrich, USA) in the presence of Golgi
Stop (Human Th17/Treg Phenotyping Kit; BD Biosciences, USA) according to the manufac-
turer’s instructions, for five hours. The cells were stained with FVS§450, anti-CD25-BB515, and
anti-CD8-BV510 (all from BD Biosciences, USA). After, the cells were washed with staining
buffer (2% of FBS in PBS) and fixed using the Human FoxP3 Buffer A (Human Th17/Treg
Phenotyping Kit; BD Biosciences, USA). Subsequently, the cells were washed and incubated
with a staining buffer at 4°C overnight. Then, the cells were permeabilized using Human
FoxP3 Buffer C (Human Th17/Treg Phenotyping Kit; BD Biosciences, USA) and stained with
anti-CD3-APC-H7, anti-CD45RA-PeCy7 and Human FoxP3 cocktail (Human Th17/Treg
Phenotyping Kit; BD Biosciences, USA). Samples were acquired on the same day using a BD
FACSAria™ ITu flow cytometer (BD Biosciences, USA), and analyses were performed with
Flow]o software v.10.0.7 (Tree Star, USA). Th17 cells were defined as CD4"IL17" T cells, while
Treg cells were defined as CD4"CD25" & Foxp3™ T cells, with the Treg subsets classified as fol-
lows: activated Treg (CD45RA Foxp3™&"), non-suppressive Treg (CD45RA Foxp3'°™) and
resting Treg (CD45RA "Foxp3'™™). FMO controls were used to properly identify the
CD45RA", CD25", IL17", Foxp3" populations.

Statistics

Mann-Whitney tests were used to compare the frequencies of the above-cited T cell subsets

among the studied groups. Correlations were calculated using Spearman regression. P-values <

0.05 were considered significant. All analyses were carried out using GraphPad Prism v.7.

Results

Clinical and demographic characteristics

The clinical and demographic characteristics of the studied groups are shown in Table 1. No

significant difference in age was found between the groups, but ECs had a significantly higher
frequency of women than VCs and cART (79% vs. 31% vs. 39%). The plasma VL had a median
of 450 copies/ml in VCs, but undetectable levels were found in all ECs and cART. Higher

Table 1. Demographic and clinical characteristics of study participants.

HIV-neg
(n=18)

[741.80-1227]

Age, median 37.1
[1QR] [29.80-49.55]
Gender (%M) 50
Viral load (copies/ml), median [IQR] N/A
CD4+ T cells count (cells/mm?), median [IQR] 831
Years since HIV-1 diagnosis, median N/A

[IQR]

cART EC vC
(n=18) (n=14) (n=13)
44.5 42.8 42.7
[38.28-50.05] [37.60-58.8] [37.60-47.05]
61 21 69
<40 <40 450
[<40] [<40-87] [224.0-881.5]
853" 1165 830
[745-1006] [888-1486] [605-1365]
10.9 8.5 10.4
[8.7-15.1] [4.0-15.4] [5.4-14.55]

HIV-neg: HIV-1-uninfected individuals; EC: Elite controllers; VC: viremic controllers; cART:
VL below limit. N/A: not applicable. P-value was obtained using the Mann-Whitney test.

* p = 0.0079, comparing EC with cART group.

https://doi.org/10.1371/journal.pone.0228745.t001

Chronic HIV-1 infected individual under cART and at least two years of
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CD4" T cell counts were observed in ECs compared with cART (p = 0.0079). Detailed CD4+ T
cells/mm3 and VL profiles of the ECs and VCs during the long-term follow-up were previously
described [58,59]. ECs and VCs had medians of 8.5 and 10.4 years of HIV diagnosis time,

respectively.

When evaluating the level of activation in CD4" T cells (CD4"CD38 "HLA-DR"), ECs
showed similar frequencies of activated cells as those observed for the HIV-neg group. On the
other hand, the VC and cART groups presented a higher frequency of these activated cells
when compared to the EC (p < 0.0001 for both groups) and HIV-neg (p < 0.0001 and
p = 0.0003, respectively) groups (Fig 1A). In relation to activated CD8" T cells (CD8"CD38"
HLA-DR"), VCs presented higher levels of activation in comparison with all other groups
(p < 0.0001 for ECs and HIV-neg; p = 0.0002 for cART) (Fig 1B). The cART group presented
higher frequencies of activated CD8+ T cells only when compared with HIV-neg individuals
(p = 0.0003). As observed for the activated CD4" T cell subset, similar frequencies of activated

CD8" T cells were found in the EC and HIV-neg groups.

Frequency of naive, memory and effector CD4" and CD8" T cell subsets

Phenotypic analyses were performed to compare the frequencies of distinct T cell subsets (TN,
TSCM, TCM, TTM, TEM, and TEFF) among the studied groups for both the CD4" and CD8"
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Fig 1. T cell activation levels and subset profiles in HICs and control groups. (A) Frequencies of activated CD4" (CD38 "HLA-DR") T cells. (B)
Frequencies of activated CD8" T cells. (C) Frequencies of naive (TN; CD45RA"CCR7"CD27"CD95°), stem memory (TSCM; CD45RA"CCR7"
CD27°CD95%), central memory (TCM; CD45RA"CCR7"CD27"), transitional memory (TTM; CD45RA"CCR7 CD27"), effector memory (TEM;
CD45RA CCR7 CD27), and effector (TEFF; CD45RA™CCR7 CD277) CD4" T cells. (D) Frequencies of TN, TSCM, TCM, TTM, TEM and TEFF CD8"*
T cells. For panels C and D, gray squares represent HIV-neg, red circles represent cART, green triangles represent ECs and blue diamonds represent
VCs; the horizontal line represents the median for the group; P-values were calculated using the Mann-Whitney test in GraphPad Prism and are

represented as follows: * p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

https://doi.org/10.1371/journal.pone.0228745.9001
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T cell compartments. When we evaluated CD4" T cell subsets (Fig 1C), ECs presented similar
levels of all subsets compared to HIV-neg, except for TTM cells, for which a significantly lower
level was observed (p = 0.0304). VCs presented higher frequencies of TEFF (p = 0.0062), TN
(p=0.0111) and TSCM cells (p = 0.0315), but lower frequencies of TTM (p = 0.0032) and
TCM cells (p = 0.0020) when compared to the HIV-neg group.

Among the CD8" T cell subsets (Fig 1D), ECs presented higher frequencies of long-lived
TSCM cells (p = 0.0139) than HIV-neg, while VCs presented a higher frequency of TEFF cells
(p = 0.0007) in comparison to HIV-neg.

Frequency of total Treg cells and Treg subsets

We evaluated the frequency of total Treg cells, and their activated, resting, and non-suppres-
sive subsets (Fig 2). Both ECs and VCs presented lower levels of total Treg cells compared to
HIV-neg (p = 0.0018 and p = 0.0001, respectively) and cART groups (p = 0.032 and p = 0.006,
respectively) (Fig 2A). When analyzing the Treg subsets, ECs presented higher frequencies of
activated Treg cells than the cART (p = 0.037) or HIV-neg (p = 0.003) groups (Fig 2B) and,
inversely, a lower frequency of resting Treg cells than the cART (p = 0.008) or HIV-neg

(p = 0.036) groups (Fig 2C). Similar frequencies of non-suppressive Treg cells were observed
for all groups (Fig 2D). We observed an inverse correlation between total Treg and CD8" T
cell activation (r = -0.3607; p < 0.004), but we did not detect correlations between Treg subsets
and CD4" T cell activation (S1 Fig).

Frequency of Th17 cells and Th17/Treg ratio

We also analyzed the frequencies of Th17 cells and the Th17/Treg ratio among the studied
groups (Fig 3). ECs presented higher levels of Th17 cells and Th17/Treg ratios when compared
to the HIV-neg (p = 0.048 and p = 0.002) and cART (p = 0.009 and p = 0.007) groups.
Although no statistically significant differences were observed when VCs were compared to
the other groups, VCs presented higher Th17/Treg ratios than the cART (p = 0.004) and HIV-
neg groups (p = 0.001). We observed an inverse correlation between Th17 frequencies and
total Tregs (r = -0.2515; p = 0.04, S1 Fig).

Discussion

In the present study, we evaluated parameters related to the immune activation state of T cells
and the balance of Th17/Treg cells in HICs with different levels of viral replication control to
evaluate immunologic factors related to the better infection control. Although most HIV-
infected individuals present an immunological dysregulation characterized by alterations in
the frequency of T cell subsets, excessive and systemic immune activation/inflammation and
changes in the intestinal mucosa [2,4,60], HICs have a more preserved immunological system
and represent a model of spontaneous infection control [61-63].

By evaluating the frequency of CD38 "HLA-DR" cells in both CD4" and T CD8" T cells, we
identified higher levels of activated T cells in VCs compared to the other studied groups, indi-
cating the contribution of viral replication to the increase in immune activation even among
individuals with low but detectable viremia. Inmune activation during chronic HIV infection
is one of the major issues associated with viral persistence and disease progression, leading to
CD4 T cell depletion, enhancement of viral replication, and exhaustion and senescence of T
cells [2]. This setting results in an impairment of the immune response, despite the increased
activity, as shown by the use of serum and cellular activation markers as predictors of AIDS
[64-68]. We also observed higher frequencies of CD4" and CD8" TEFF cells in VCs, indicating
an increase in T cell differentiation. These data highlight the need for increased care and
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Fig 2. Treg cells subset profiles in HICs and control groups. (A) Frequencies of total Treg cells (CD4
+CD25highFoxp3+). (B) Frequencies of activated (CD45RA’Foxp3"jgl') Treg cells. (C) Frequencies of resting
(CD45RA*Foxp3'™) Treg cells; (D) Frequencies of non-suppressive (CD45RA Foxp3'®™) Treg cells. The frequencies of
activated, resting and non-suppressive Treg cells are relative to those of total Treg cells. P-values were calculated using
the Mann-Whitney test in GraphPad Prism and are represented as follows: * p < 0.05; **p < 0.01; ***p < 0.001;

“+44p < 0.0001.

https://doi.org/10.1371/journal.pone.0228745.9002

surveillance of individuals with low-level viremia since even lower levels of antigenic stimula-
tion have a negative effect on the immunological system.

Activation levels were lower among cART-treated patients than VCs, pointing to the unde-
niable positive effect of cART. In the last decades, drugs with higher genetic barriers and new
regimens have been developed [69], bypassing drug resistance issues, improving the survival
and quality of life of infected individuals [70-72] and decreasing transmission rates [73,74],
which supports the expansion of cART coverage and early initiation. In this context, antiretro-
viral therapy could improve immunological health in viremic controllers, lowering activation
levels as observed in cART individuals. On the other hand, activation levels in cART individu-
als were higher than those observed in HIV-negative individuals, consistent with previous
studies that indicate that cART alone cannot normalize T cell activation [5-8,75]. These data
reinforce the idea that, although driven by HIV infection, immune activation is boosted by fac-
tors that go beyond the direct effects of viral replication. Bystander activation of CD8" T cells
in HIV infection has been observed to be associated with the reactivation of other viruses
[76,77] and with the circulation of proinflammatory cytokines [78,79], while microbial translo-
cation due to CD4" T cell depletion in the gut mucosa is considered one of the major mecha-
nisms driving immune activation [80-82]. Besides, suboptimal penetration of drugs in
anatomical sites such as the central nervous system, GALT, and lymph nodes is associated
with persistence of viral replication in those tissues despite plasma viral load <LDL [83-86].

Moreover, our study showed that ECs had low levels of activated T cells, similar to those
observed for HIV-negative individuals. Although these results contrast with other studies that
showed higher T cells activation in ECs [14-16], the normalized frequencies observed here in
patients with long-term control of infection are a signal of immune preservation at a magni-
tude that is not achieved even with antiretroviral therapy, as most of our studied individuals
had long-term HIV infection. The higher frequencies of CD8" TCM cells in ECs found in our
study also point towards this hypothesis, as others have shown the importance of this popula-
tion to the maintenance of the immune response [87,88]. Also, lower activation levels may not
impair the immune response against HIV as other studies have shown that, despite the activa-
tion levels, ECs present efficient cytotoxic and HIV-specific response [89]. Together, these
data suggest a better immune response in ECs related more to increased efficiency than to
increased magnitude.

In addition to the increase in CD8" TCM frequency when compared with that in cART, we
also detected an increased frequency of TSCM cells in ECs compared with HIV-neg. TSCM
cells were identified as memory T cells characterized by the increased expression of naive
markers and presenting an increased proliferative capacity and self-renewal potential [90].
Despite the susceptibility of TSCM cells to HIV-1 infection [91], the proportion of CD8"
TSCM cells has been previously inversely correlated to viral replication, and immune activa-
tion [92], which is in agreement with our study, and the preservation of the CD4" TSCM pop-
ulation was associated with a better prognosis in both HIV-1 and SIV infection [92,93]. Our
data here also support the association between the maintenance of CD4" TSCM cells at normal
levels with better control of infection.
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Fig 3. Th17 cell frequencies and Th17/Treg ratio in HICs and control groups. Frequencies of Th17 cells
(CD4'IL17") among the studied groups are shown in the graph. (B) Th17/Treg ratios are shown in the graph. The
Th17/Treg ratio was calculated by using the frequencies of both populations concerning the CD4+ compartment. P-
values were calculated using the Mann-Whitney test in GraphPad Prism and are represented as follows: * p < 0.05;

“p < 0013 p < 0.001; " p < 00001,

https://doi.org/10.1371/journal.pone.0228745.g003
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In addition to alterations in classical naive, memory and effector T cell subsets, we also
investigated the frequencies of both Th17 and Treg cells, as these cells influence the activation
of effector T cell profiles in different settings. In our study, we observed lower frequencies of
total Treg cells in both HIC groups when compared to the cART and the HIV-neg groups. We
also observed a negative correlation between the frequency of total Tregs and activated CD8"
T cells, highlighting the immunosuppressive function of these cells. While this association
indicates a positive effect for the increase in the frequency of these cells to control the exacer-
bated immune activation due to HIV infection [28,35,42], several studies have shown a corre-
lation between higher Treg frequencies and increased viral load and progression to AIDS [19-
28].

Although this duality indicates negative effects in the long term in the context of HIV infec-
tion, the relationship between Tregs and immune activation could be a useful tool for the
development of alternative strategies aiming at reservoir elimination [94]. The depletion of
Tregs could be used as a latency reversal strategy to induce HIV replication from reservoirs,
contributing to the “shock” needed in “shock and kill” strategies. For example, Treg depletion
in HIV-infected humanized mice led to viremia rebound under cART followed by a reservoir
decrease in lymphoid tissue [95], while Treg depletion in the NHP model lead to viral rebound
and increase in the SIV-specific response [96].

Although some studies observed higher Treg frequencies or absolute counts in HICs com-
pared to HIV -negative individuals [32,97], the majority showed lower [98,99] or similar
[33,34,42,89,100] levels of Treg cells among HICs vs. healthy subjects. In this context, the low
frequencies of Treg cells in HICs observed in this study and others point towards the preserva-
tion of immune responsiveness in these individuals.

Based on CD45RA and Foxp3 expression, Treg cells can be further separated into three dif-
ferent subsets: activated, resting, and non-suppressive Treg cells. Despite the lower frequencies
of total Tregs, we observed an increased frequency of activated Tregs and a decrease in resting
Tregs in ECs when compared to control groups, as it was observed by Gaardbo et al. [101].
Together, these results indicate that the balance between the different Treg subsets could have
an important role in HIV pathogenesis and that the influence of Tregs on disease progression
goes beyond the increase in the total Treg population.

Evidence of a preserved immune system in HICs was also observed for Th17 cells. Here, we
observed higher frequencies of these cells in the peripheral blood in both ECs and VCs com-
pared with both the HIV-neg and cART groups. Th17 cells are important in the context of
HIV infection due to their participation in the host defense processes against several pathogens
in the gut tissue. Besides, Th17 cells also induce epithelial regeneration [49], helping to main-
tain the physical integrity of the mucosal barrier. The GALT is a major site of HIV replication
and suffers a massive depletion of CD4" T cells early in the infection [102,103]. This setting
leads to a pro-inflammatory state that disrupts the gut mucosal barrier and enhances microbial
translocation. The increase in microbial translocation, as previously stated, is believed to be
one of the most significant causes of the increased immune activation observed in HIV-
infected patients [80,81,104], highlighting the importance of Th17 cells for the control of
immune activation in the context of HIV infection.

In general, frequencies of Th17 cells correlate negatively with the plasma viral load and pos-
itively with CD4" T cell counts, and low frequency of this subset has been observed in HIV-
infected patients with progressive disease [33,53-56,105], indicating impairment of the gut
immune response. Falivene et al. demonstrated the prognostic value of Th17 cell frequency,
showing that lower frequencies of Th17 cells and higher frequencies of activated cells were
observed in acutely infected individuals who progress faster to AIDS [33]. In contrast, higher
baseline Th17 frequencies in individuals undergoing acute infection are associated with
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enhancement of the HIV-specific T cell response [33]. Among HICs or LTNPs, frequencies of
Th17 cells are normally similar to those observed in HIV-1-uninfected individuals
[33,34,54,106]. In the present study ECs, but not VCs, showed higher frequencies of Th17 cells
compared to the HIV-neg and cART-treated controls, indicating a protective role of Th17 cells
in HIV-1 infection.

Beyond the individual dynamic of Th17 and Treg subsets, we also observed an inverse cor-
relation between the frequency of Th17 and Treg cells, as expected, since these cells share
development pathways [57]. Our data regarding the Th17/Treg ratio on both HIC groups
agreed to previous observations that found higher ratios in individuals with natural control of
infection in comparison to typical progressors or HIV-negative individuals [32-34]. Overall,
this preservation of the Th17/Treg ratio in both HIC groups indicates the preservation of the
immune response.

Conclusions

Our data showed that ECs have low levels of activated T cells and a high frequency of activated
Treg cells, which can contribute to lower immune activation in these individuals. In addition,
the high frequency of Th17 cells in ECs can be indicative of a preserved mucosal response.

Supporting information

S$1 Fig. Significant correlations involving the frequency of total Tregs. (A) Correlation
between the frequencies of total Tregs and activated CD8+ T cells. (B) Correlation between the
frequencies of total Tregs and Th17 cells. R and p-values are shown for each correlation. Dots
related to each studied group are coloured according to legend on Fig 1.

(TIF)

§1 Table. Raw data obtained at the study.
(XLSX)
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Abstract

Background: Despite the low level of viral replication in HIV controllers (HICs), studies have reported viral muta-
tions related to escape from cytotoxic T-lymphocyte (CTL) response in HIV-1 plasma sequences. Thus, evaluating the
dynamics of the emergence of CTL-escape mutants in HICs reservoirs is important for understanding viremia control.
To analyze the HIV-1 mutational profile and dynamics of CTL-escape mutants in HICs, we selected 11 long-term non-
progressor individuals and divided them into the following groups: (1) viremic controllers (VCs; n=5) and (2) elite
controllers (ECs; n=6). For each individual, we used HIV-1 proviral DNA from PBMCs related to earliest (V¢) and latest
(V) visits to obtain gag and nef sequences using the lllumina HiSeq system. The consensus of each mapped gene was
used to assess viral divergence, and next-generation sequencing data were employed to identify SNPs and variations
within and flanking CTL epitopes.

Results: Divergence analysis showed higher values for nef compared to gag among the HICs. EC and VC groups
showed similar divergence rates for both genes. Analysis of the number of SNPs showed that VCs present more vari-
ability in both genes. Synonymous/nen-synonymeous mutation ratios were < 1 for gag among ECs and for nef among
ECs and VCs, exhibiting a predominance of non-synonymous mutations. Such mutations were observed in regions
encoding CTL-restricted epitopes in all individuals. All ECs presented non-synonymous mutations in CTL epitopes but
generally at low frequency (< 1%); all VCs showed a high number of mutations, with significant frequency changes
between Vi and V| visits. A higher frequency of internal mutations was observed for gag epitopes, with significant
changes across visits compared to Nef epitopes, indicating a pattern associated with differential genetic pressure.

Conclusions: The high genetic conservation of HIV-1 gag and nef among ECs indicates that the higher level of
viremia control restricts the evolution of both genes. Although viral replication levels in HICs are low or undetectable,
all individuals exhibited CTL epitope mutations in proviral gag and nef variants, indicating that potential CTL escape
mutants are present in HIC reservoirs and that situations leading to a disequilibrium of the host-virus relationship can
result in the spread of CTL-escape variants.
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Background

One of the main characteristics of HIV-1 infection is
the occurrence of clinical, but not virological, latency
between the acute and AIDS phases over time, with
variable duration among infected individuals that
generates distinct progression profiles. Although the
majority of individuals present high viral loads dur-
ing the chronic infection phase, evolving to AIDS after
8-10 years of infection, a small fraction remains clini-
cally asymptomatic for a long period. These individu-
als have normal CD4"% T cell counts in the absence of
antiretroviral treatment (ART) and are termed long-
term non-progressors (LTNPs) [1]. Moreover, some
individuals, called HIV controllers (HICs), exhibit
spontaneous control of viral replication at different
levels, maintaining low or undetectable viremia during
infection [2].

A crucial characteristic of HIV-1 is the high genetic
variability and elevated rate of intra-host viral evolution
[3]. This higher rate of viral evolution favors the emer-
gence of viral variants that are more cytopathic [4-6],
resistant to ART [7] and/or constitute escape variants
from the host immune response [8—11]. In addition to
variants that show escape from neutralizing antibod-
ies [12], CTL-escape mutations are important to HIV-1
pathogenesis, as much evidence points to the pivotal role
of the CD8™ T cell response in viral control [13—-16] and
as a continuous force driving viral selection [17]. These
escape mutations have been characterized as amino acid
changes occurring in central (impairing TCR recogni-
tion) and terminal (modifying anchor residues) regions
of CTL epitopes or in their flanking regions, impairing
epitope processing [18]. CTL-escape mutations begin
to arise during the acute phase of infection [19-22] and
can be identified even at human population levels based
on HLA profiles [23-25]. Especially in individuals with
protective HLA alleles, like HLA B*57 and B*27, those
mutations arise faster in higher numbers [26] and prefer-
entially, at anchor residues or multisite [27].

Although different studies have identified low HIV-1
evolutionary rates in LTNPs and HICs [28-30], immune-
escape variants continue to arise in patients with these
profiles, mainly when harboring protective HLA-B alleles
[17, 31, 32]. Moreover, HICs present an efficient CD8* T
cell response [33, 34] that can favor high selective pres-
sure and the emergence of immune-escape variants [35].
In HICs, this phenomenon can generate new effective
CDS8*' T cell responses after viral escape and maintain
viremia control [36, 37] or can result in a loss of viremia
control and disease progression [38-40]. Regardless,
studies have rarely detected CTL-escape mutants in
proviral sequences from HICs, even when emerging in
plasma viral sequences.
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Next-generation sequencing (NGS) is shown a useful
tool for studying the dynamics of minority HIV-1 varia-
tions in infected individuals. NGS has been successfully
applied to reveal hidden mutations conferring resist-
ance to antiretroviral drugs in treated patients [41-43],
to monitor viral tropism change dynamics [43, 44], and
to assess the dynamics of immune-escape mutations in
HIV-1-infected individuals [16, 19, 20]. However, this
approach has not yet been employed to evaluate CTL-
escape mutations in HICs.

Thus, the present study aimed to apply the NGS strat-
egy to evaluate the overall genetic variability of gag and
nef genes and to identify the emergence of potential
CTL-escape mutations in proviral DNA sequences from
11 LTNP/HICs during long-term follow-up.

Methods

Study subjects

A cohort of 11 HICs with an LTNP profile, defined as
subjects infected with HIV-1 for at least eight years and
maintaining RNA viral loads lower than 2000 copies/ml
and CD4% T cells counts higher than 500 cells/mm?® with-
out ART, were followed-up at the Instituto Nacional de
Infectologia Evandro Chagas (INI), Rio de Janeiro, Brazil.
These subjects were classified into the following groups
according to plasma viral load (VL): (1) elite controllers
(ECs) if most (>70%) plasma viral load determinations
were below the limit of detection for clinically available
assays (<50 or<80 copies/ml) (n=6) and (2) viremic
controllers (VCs) if most (>=70%) VL determinations
were between 80 and 2000 copies/ml (n=05). Patients
were seen at least once every 6-12 months to perform
clinical monitoring tests, such as RNA viral load quantifi-
cation and CD4™" T cell count. At each visit, PBMCs were
obtained as previously described [45] and stored in liquid
nitrogen until use. The present work was approved by the
Brazilian National Committee for Research Ethics, and
all patients provided written informed consent.

CD4* T cell counts and plasma HIV-1 RNA quantification
Absolute CD4" T cell counts were obtained using the
MultiTest TruCount-kit and MultiSet software with a
FACSCalibur flow cytometer (BD Biosciences, Califor-
nia, USA). Plasma VL was measured using the Nuclisens
HIV-1 RNA QT assay (Organon Teknika, North Caro-
lina, USA; limit of detection: 80 copies/ml) from 1999
to 2008, the Versant HIV-1 3.0 RNA assay (bDNA 3.0,
Siemens, New York, USA; limit of detection: 50 copies/
mL) from 2008 to 2013, and the Abbott RealTime HIV-1
assay (Abbott Laboratories, Wiesbaden, Germany; limit
of detection: 40 copies/mL) from 2013 to 2016.
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Genomic DNA extraction and PCR

For each patient, PBMCs samples from the earli-
est (Vp) and latest (V|) visits were used for DNA
extraction. Thawed PBMCs (~1x 107 cells for VCs
and 2 x 107 cells for ECs) were suspended in 1 ml of
DNAZOL (Invitrogen, Wisconsin, USA) and incubated
for 72 h at 4 °C. Genomic DNA was further extracted as
previously described [46] and used to amplify fragments
related to regions 408-1844 and 8697-9639 of the HIV-1
Genome (in relation to HXB2), encompassing gag and
nef, respectively, as described elsewhere [45]. The primer
sets are described in Additional file 1: Table S1. The PCR
reactions were carried out by using Platinum® Taqg DNA
Polymerase High Fidelity (Invitrogen) according to the
manufacturer’s protocol. To avoid using samples near
or at the limit of detection, all samples were previously
tested in triplicate via nested PCR, and only samples
with at least 2 positive reactions of 3 total were included
in the study (data not shown). The PCR products were
purified using an Illustra GFX PCR DNA purification kit
(GE Healthcare, Pennsylvania, USA) and quantified with
Qubit dsDNA BR Assay Kit (Invitrogen) using a Qubit®
2.0 fluorometer (Invitrogen).

Library preparation and NGS

Purified gag and nef amplicons obtained for each patient
visit were multiplexed in equimolar pools and used to
construct an NGS genomic library with Nextera XT DNA
Library kits (Illumina, California, USA) and Nextera XT
Index Kit (Illumina), according to the manufacturer’s
instructions. The generated libraries were normalized
and clustered using HiSeq SR Rapid Cluster V2 (Illu-
mina). NGS was performed using HiSeq Rapid SBS v2
of 200 cycles (Illumina) with an Illumina HISEQ 2500

sequencer (Illumina).

Data analysis

The raw NGS data obtained were compiled into FastQ
files, and the quality of the reads was assessed by using
the software FastQC [47]. The tool Trimmomatic
v0.32 [48] was used to trim adapter sequences, and the
first 100 bp of the reads were obtained. Furthermore,
Sickle [49] was employed to select only sequences with
size > 150 bp and Q > 30. Reads were mapped separately
to gag and nef sequences from HXB2 (GenBank acces-
sion K03455) with Geneious 9.0.5 [50] by using medium
sensitivity and 5 iterations with the Geneious map-
ping algorithm. Consensus sequences with a 90% base
threshold and a minimum coverage of 20X for each
mapping were obtained through Geneious. Reads were
then remapped using obtained consensus sequences
as a reference to filter differences between HXB2 and
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individual HIV-1 quasispecies. Samtools [51] was uti-
lized to obtain mapping coverage statistics. Genetic
divergence calculations between the consensus for
Vi and V| and Neighbor-Joining (NJ) trees with 1000
bootstrap replicates were generated with Mega v.6 and
by using the Tamura Nei substitution model, as recom-
mended by jModel test [52]. For each mapping, variant
call analysis was performed in Geneious software to
assess single-nucleotide polymorphisms (SNPs); vari-
ation at Q> 30, coverage>100X and frequency>0.5%
were used as NGS sequencing quality parameters. Rel-
evant CTL epitopes, restricted by the HLA-B alleles
carried by the individuals included in the study group,
were selected from the epitope database of Los Alamos
HIV Immunology Database [53] available September
2017 (Additional file 1: Table S2 and S3) and used to
identify variations within or adjacent (3 amino acids
flanking the sequence) to epitopes that may be related
to the immune response.

Statistical analysis

GraphPad Prism 6 was used to plot graphs and to esti-
mate the median values of divergence per year, number
of variants, ratio of variable positions/total of positions
and synonymous/non-synonymous mutation ratio. The
Mann—Whitney U test was performed using R v3.4 to
compare gag and nef genes from the HIV-1 EC and VC
groups. p values<0.05 were considered statistically
significant.

Results

Clinical and demographic characteristics of the cohort
Table 1 describes the clinical and epidemiologic charac-
teristics of a group of HIV-infected individuals from the
INI cohort classified as LTNPs and HICs. The median
age of the individuals was 48 years (IQR 45-51); most of
them (67%) were women, and the heterosexual category
of exposure was prevalent (58%). The median time of
HIV-1 suppression was 15 years (IQR 14—18). The medi-
ans of CD4% and CD8' T cells counts were compatible
with the values currently described for HIV-1-uninfected
individuals [54]. Among the 11 individuals analyzed, all
were infected with HIV-1 variants genotyped as subtype
B, except for VC14, who was infected with subtype F1.
Six of 9 patients carried HLA-B allele B*57 or B*52, asso-
ciated with slow clinical progression [55-57]. Two indi-
viduals were heterozygotes for CCR5A32 deletion, also
described as a protective factor [56]. EC17, VC14, and
EC42 did not carry an HLA-B allele or exhibit a CCR5
genetic profile associated with the control of viral replica-
tion and/or non-progression to AIDS.
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Table 1 Clinical and epidemiological characteristics of individuals in the study

Patient Gender Age (years) YearofHIV YearsofHIV Exposure MedianCD4tT MedianCD8*T Viral load frequency (%)
diagnosis  suppression category cells (cellsyfmm?) cells (cells/mm?)
(IQR) (IQR) <80" 81-400* 401-5000°
ECO2 Female 52 1997 15 HET 1229 1539 100
(1088-1443) (1406-1741)
EC17 Female 65 2000 15 NI 1771 836 %0 10
(1505-2134) (693-994)
EC52 Female 43 1997 18 HET 1263 485 100
(1056-1420) (423-540)
EC11 Female 48 1995 20 HET 1078 965 92 8
(987-1218) (806-1168)
EC18 Female 82 2001 9 HET 809 666 87 13
(675-940) (594-761)
EC42 Female 61 1993 22 HET 974.5 734 74 26
(871-1133) (515-933)
VCo5 Male 51 1991 24 NI 1278 857 16 47 17
(1114-1461) (645-1009)
VC06 Male 37 2000 1 MSM 1093 1112 42 50 8
(929-1222) (870-1224)
VC14 Female 45 1999 16 HET 7015 657 55 36 9
(652-767) (585-749)
V(15 Female 41 2001 14 HET 703 894 100
(677-826) (755-1002)
VC16 Male 48 1998 17 MSM 563 837 21 37 32
(528-637) (719-958)
Patient Genotype HLA-B Genotype CCR5 Early visit date Later visit date Difference
Ve x V.
(months)
EC0O2 B*48, B*52 WT/WT NOV/08 AUG/12 45
EC17 B*07, B*40 WT/WT SEP/09 OCT/13 49
EC52 B*45,B%57 WT/WT FEB/09 AUG/13 54
EC1 B*49, B*81 WT/A32 DEC/09 APR/12 28
EC18 B*07, B*52 WT/WT OCT/09 SEP/10 1
EC42 B*15, B*51 WT/WT DEC/09 NOV/14 59
VCO5 B*15, B*52 WT/WT FEB/09 JUN/13 52
VC06 B*15,B*48 WT/A32 JAN/O9 MAY/11 28
VC14 B*42, B*44 WT/WT APR/09 NOV/14 67
VC15 B*56, B*57 WT/WT AUG/09 FEB/13 42
VC16 B*14, B*57 WT/WT SEP/09 SEP/14 60
# Copies/ml

HET heterosexual, NI non-Informed, MSM men who have sex with men, IQR interquartile range, WT wild-type, HLA-B protective alleles are in italic

NGS data yield and gene mapping

From the NGS, a general median number of 4,667,122
reads (IQR 5,491,122-3,688,230) of 35-200 bp were
obtained per visit from each individual. Approximately
70% of reads (IQR 68-76%) were retained after selec-
tion by size and quality controls. Additional file 1:
Table $4 shows the mapping coverage for both genes of
each patient per visit. For gag, the median coverage was
212,674 reads/bp (IQR 173,132-261,207) per individual/
per visit. The data generated allowed reconstruction of
the consensus sequence for at least the first 1050 bp of

gag. However, gag mapping was not successful for EC17
and EC42 samples at the V. visit. With regard to the nef
gene, the median coverage was 286,463 reads/bp (IQR
179,882-426,834) per individual/per visit. The generated
data allowed reconstruction of the consensus sequence of
821 bp, covering full-length nef. Correct nef mapping was
not successful for VC06 Vi and EC17 V| visit samples.

Genetic diversity of gag and nef regions among HICs
To estimate evolution of the studied viral genes, we cal-
culated the genetic divergence between the V; and V;
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Fig. 1 Divergence/year (a), number of variants (b), variable positions/total positions ratio (c) and synonymous/non-synonymous variation ratio
(d) for gag and nef of HIV-1 infected VC and EC groups. Divergence was calculated as the genetic distance between Vg and V| of each patient and
normalized by year. Values obtained by NGS data for each visit and each patient for parameters (b-d) were plotted as individual values. Median
values are indicated in the figure. The Mann-Whitney U test was used to compare groups. A p value <0.05 was considered significant

consensus sequences obtained from HICs, normaliz-
ing the values by year according to the follow-up time,
and compared them between ECs and VCs (Fig. la).
For nef sample VC06 Vi and gag samples EC17V/EC42
V, which were not successfully mapped by NGS, bulk
sequences available from previous studies using conven-
tional Sanger sequencing [58] were employed. Among
the HICs, the median of viral divergence per year was
significantly higher for nef compared to gag (0.6 vs 0.1%;
p <0.03). Similar divergence rates were observed compar-
ing EC and VC groups for both genes. Compared with
gag from the VC (p<0.008) and EC (p <0.04) groups, nef
from the VC group showed significantly higher diver-
gence rates.

We used variant call analysis to quantify and qualify
SNPs and variations identified in the NGS data for each
individual and visit. For both genes, VCs showed a higher
number of variations (Fig. 1b) than did ECs (p=0.05 for

gag and p<0.003 for nef). Comparison of the variable
position ratio per total analyzed positions showed the
same pattern (Fig. 1c; gag VCs vs ECs p<0.04; nef VCs vs
ECs p<0.03). Otherwise, gag in VCs had a higher num-
ber of variants than did ref in ECs (p<0.009), whereas
nef from VCs showed higher ratios of variable positions
than did gag from ECs (p<0.002). Synonymous/non-
synonymous mutation ratios were not significantly differ-
ent between the HIC groups or the studied genes, even
though the median ratio for VC gag was greater than one
and the ratios for gag in ECs and nef in both groups were
less than one (Fig. 1d).

Variability in CTL restricted epitopes in HICs

To assess the occurrence of potential Gag and Nef pro-
tein immune-escape mutations in the HICs included in
this study, we identified for each individual the epitopes
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Table 2 Gag mutations with significant frequency changes across V and V; and their associated epitopes

Patient Mutation Frequency (%) Epitope
Ve Vo HLA Position Sequence Location
ECO2 A83S 0.0 229 B52 Gag (74-82) ELRSLYNTV A
5278C 0.0 228 B52 Gag (275-282) RMYSPTSI |
EC11 K26R 0.0 94.1 B81 Gag (19-27) IRLRPGGKK |
EC42 E400Q B2 177 B51 Gag (36-44) WASRELERF |
N126S 5 799 B15 Gag (127-135) QVSONYPIV A
N126R s? 210 B15 Gag (127-135) QVSQNYPIV A
EC18 K280 339 0.0 B0O7 Gag (22-30) RPGGKKHYM |
K28R 659 99.6 BO7 Gag (22-30) RPGGKKHYM |
134L 210 99.8 B52 Gag (34-44) [VWASRELERF |
R39K 0.0 99.5 B52 Gag (34-44) LVWASRELERF |
R430Q 172 00 B52 Gag (34-44) [VWASRELERF |
R76K 20.2 00 B07 Gag (71-79) GSEELRSLY |
T280A 79.7 0.0 BO7/B52 Gag (274-282)/Gag (275-282) VRMYSPVSI/RMYSPTSI |
1280V 199 0.0 B07/B52 Gag (274-282)/Gag (275-282) VRMYSPVSI/RMYSPTSI |
T2805 0.0 99.7 BO7/B52 Gag (274-282)/Gag (275-282) VRMYSPVSI/RMYSPTSI |
VC10 N1265 0.7 94.2 B15 Gag (127-135) QVSQNYPIV A
N1265 0.0 56 B15 Gag (127-135) QVSONYPIV A
Al46P 399 376 B15 Gag (144-152)/Gag (147-155) HQAISPRTL/ISPRTLNAW |
A1465 593 62.4 B15 Gag (144-152)/Gag (147-155) HOAISPRTL/ISPRTLNAW |
S173T 43.1 67.5 B15 Gag (168-175) VIPMFSAL |
1223V 416 324 B15 Gag (226-236) GQMREPRGSDI A
T2805 453 66.7 B15/B52 Gag (274-282)/Gag (275-282) VRMYSPTSI/RMYSPTSI |
T280I 52.7 174 B15/B52 Gag (274-282)/Gag (275-282) VRMYSPTSI/RMYSPTSI |
VC14 V82l 99.7 779 B44 Gag (78-86) LYNTWVATLY |
87y 97.4 99.7 B44 Gag (78-86) LYNTWVATLY A
11471 99.7 81.1 B42 Gag (144-152) HQAISPRTL |
S310T 99.7 81.1 B44 Gag (306-316) AEQASQDVKNW I
VC15 Va2l 434 849 B57 Gag (76-86) RSLYNTVATLY |
D121A 306 81.8 B57 Gag (114-122) KTOOAAADK I
T122A 492 82.1 B57 Gag (114-122) KTOOAAADK I
H124N 59.7 0.0 B57 Gag (114-122) KTOQOAAADK A
N271T 0.0 247 B57 Gag (274-282) VRMYSPYSI A
T280V 1.8 988 B57 Gag (274-282) VRMYSPVSI I
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Table 2 (continued)

Patient Mutation Frequency (%) Epitope

Ve Vo HLA Position Sequence Location

VC1e 134L 322 00 B57 Gag (34-44) LVWASRELERF |
V351 326 0.0 B57 Gag (34-44) LVWASRELERF |
V46! 293 0.0 B57 Gag (34-44) LVWASRELERF A
V82L 259 0.0 B57 Gag (76-86) RSLYNTVATLY |
A118P 249 00 B57 Gag (114-122) KTQQAAADK |
A119T 249 0.0 B57 Gag (114-122) KTQOAAADK |
T122A 48 716 B57 Gag (114-122) KTQQAAADK |
G123K 247 0.0 B57 Gag (114-122) KTQQAAADK A
H124N 99.1 64.4 B57/B14 Gag (114-122)/Gag (127-135) KTQOQAAADK/QVSQNYPIV A
H124S 0.7 353 B57/B14 Gag (114-122)/Gag (127-135) KTQQAAADK/QVSQNYPIV A
S125R 309 0.0 B57/B14 Gag (114-122)/Gag (127-135) KTQOAAADK/QVSONYPIV A
Q127H 76.7 98.3 B14 Gag (127-135) QVSQNYPIV |
1138L 755 94.1 B14 Gag (127-135) QVSONYPIV A
Al46P 746 99.4 B57 Gag (145-155) QAISPRTLNAW |
A163G 783 754 B14/B57 Gag (160- 168)/Gag (162-172) EEKAFSPEV/KAFSPEVIPMF |
S165N 776 750 B14/B57 Gag (160-168)/Gag (162-172) EEKAFSPEV/KAFSPEVIPMF |
V168T 0.0 228 B14/B57 Gag (160- 168)/6a9(162 172) EEKAFSPEV/KAFSPEVIPME |
S173T 377 741 B57 Gag (162- 172) KAFSPEVIPMF A
V1911 333 99.4 B14 Gag (183-191) DLNMMLNIV |
T242N 784 99.5 B57 Gag (240- 249) TSTLQEQIGW I
D295N 0.0 99 B14 Gag (298-306) DRFFKTLRA A
K335R 492 589 B14 Gag (329-337) DCKTILKAL I
A340G 709 96.6 B14 Gag (329-337) DCKTILKAL A

# Consensus amino acid from the available bulk sequence shown instead of frequency; Location A—adjacent to epitope; Location I—within epitope

described in the literature as restricted by their HLA-B
alleles. We further analyzed all non-synonymous SNPs
associated with those epitope regions for each patient by
comparing their frequencies between V and V. Tables 2
and 3 show HICs carrying epitope mutations with a
frequency change>10% between visits, as distributed
according to the HLA-B allele. Full lists of Gag and Nef
epitope mutations for all the individuals included in this
study are available as Additional file 1: Tables S5 and S6.

Among HICs, EC individuals presented two main pat-
terns of epitope mutation changes. For those individuals
with none (EC02, EC52) or very few (EC17) viral blips
during clinical follow-up, the majority of the epitope
mutations detected were rare (<2%) in both Gag and Nef,
except for Gag epitope positions A83S (adjacent to EV9)
and 5278C (RI9), which each corresponded roughly to
23% in EC02 V.

In addition, we observed mutations with major fre-
quency changes between visits for all ECs who had more
frequent viral blips (<30%) during clinical follow-up
(Tables 2 and 3). For EC11, we detected main changes
in the frequency of Nef epitope mutations V133P (from
70.7 to 99.4%) and F191 V (from 85.5 to 60.2%) and Gag

epitope mutation K26R (from 0 to 94.1%) between Vg
and V;. For EC18, Nef epitope mutation K92R appeared
only at V; (68%); for Gag, epitope mutations K28R, I34L,
R39 K and T280S became the majority at V|, whereas
R43Q and R76K mutations decreased from Vi (approxi-
mately 20%) to undetectable levels at V. EC13 showed
the highest number of Nef changes in mutation fre-
quency, such as SNPs V10 K, G12R, M79], and G140R,
which became predominant at V; in contrast, reversion
to subtype B consensus Y and V residues were observed
for Y135F and V148I. For Gag, NGS data for EC13 at V|,
revealed E40Q and N126R mutations in approximately
20%, but with no significant changes in comparison to the
corresponding bulk sequence available for this individual.

As expected, VCs had more mutations with frequen-
cies above 1% than did ECs. In addition to the major
frequency changes, some patients also showed a high
number of mutations with equivalent frequency through-
out the visits. VC06 presented dominant changes in
Nef mutations V85I, L87I, R105K, and 1114V, despite
no significant change in Gag. VCI0 also presented
major changes in Nef mutations T15A and E182L; for
Gag, main alterations were observed in N126S and in
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Table 3 Nef mutations with significant frequency changes across V¢ and V|, and their associated epitopes
Patient Mutation Frequency (%) Epitope
Ve Vi HLA Position Sequence Location
ECT1 V133P 70.7 99.4 B49 Nef (136-145) PLTFGWCYKL A
F1o1v 85.5 60.2 B81 Nef (183-192) WRFDSRLAFH |
EC42 V10R 99.0 8.4 B15 Nef (13-20) WPAIRERM A
V10K 00 91.0 B15 Nef (13-20) WPAIRERM A
G12R 0.0 904 B15 Nef (13-20) WPAIRERM A
M7l 0.0 896 B51/B15 Nef (72-81)/Nef (75-82) PQVPLRPMTY/PLRPMTYK |
N126S 99.2 0.0 BS1 Nef (120-128) YFPOWQNYT |
Y135F 99.2 104 B15 Nef (137-145) LTFGWCFKL A
G140R 00 88.5 B15 Nef (137-145) LTFGWCFKL |
V148| 99.2 0.7 B15 Nef (137-145) LTFGWCFKL A
EC18 K92R 00 68.5 BO7 Nef (83-91)/Nef (90-97) AAVDLSHFL/FLKEKGGL Al
VC06 V85| Ve 452 B15 Nef (84-92) AVDLSHFLK [
V85L Ve 283 B15 Nef (84-92) AVDLSHFLK |
L&71 L 56.9 B15 Nef (84-92) AVDLSHFLK |
R105K R? 74.7 B15 Nef (106— 114) RQDILDLWI A
1114V |2 60.3 B15 Nef (106-114)/Nef (116-124) RQDILDLWI/HTQGYFPDW I/A
vC10 T15A 59.2 98.5 B15 Nef (13-20) WPTVRERM |
E182Q 99.9 178 B15 Nef (183-191) WRFDSRLAF A
E182L 00 81.8 B15 Nef (183-191) WRFDSRLAF A
R188G 99.8 90.8 B15/B52 Nef (183-191)/Nef (188-196) WRFDSRLAF/RLAFHHVAR |
vCi4 T71R 94.5 33 B42 Nef (71-79) RPQVPLRPM |
o1V 5.2 96.8 B44 Nef (92-100) KEKGGLEGL A
H102Y 49 97.1 B44 Nef (92-100)/Nef (105-115) KEKGGLEGL/KRQEILDLWWVY A
H102 N 20 0.0 B44 Nef (92- 100)/N (105-115) KEKGGLEGL/KRQEILDLWWVY A
H11eN 94.5 24 B44 Nef (105-115) KRQEILDLWWY A
P129Q 57 96.5 B42 Nef (128-137) TPGPGVRYPL |
V133 5.2 96.5 B42 Nef (128-137) TPGPGVRYPL |
VC15 V85L 66.8 99.5 B57 Nef (82 90) KAAFDLSFF |
H102Y 684 99.7 B57 Nef (105-115) KROEILDLWVY A
VC16 Y81F 54.3 476 B57 Nef (82 90) KAAFDLSFF A
Ha9Y 00 293 B57 Nef (82-90)/Nef (90-97) KAAFDLSFF/FLKEKGGL /A
H102Y 99.9 48.6 B14/B57 Nef (105-113)/Nef (105-115) QRQDILDLW/KRQEILDLWWVY A
H116 N 634 63.1 B57 Nef (105-115)/Nef (116-124) KRQEILDLWVY/HTQGYFPDW A/l
V133T 99.4 133 B57 Nef (127-135) YTPGPGIRY I
V133 00 74.3 B57 Nef (127-135) YTPGPGIRY I

? Consensus amino acid from the available bulk sequence shown instead of frequency; Location A—adjacent to epitope; Location |—within epitope

co-circulation of A146P/A146S, T280S/T280I, S173T/
S173, and 1223V/I223 variants at both visits. VC14
showed reversion of Nef T71R and H116N and the emer-
gence of [101V, H102Y, P129Q, and V133l at V; for Gag,
major changes were approximately 20% of the reversions
for V82I, 11471, and S310T. Furthermore, VC15 pre-
sented main changes in Gag for V82I, D121A, T122A,
and T280V, with reversion observed for H124N, whereas
Nef V85L and H102Y increased by approximately 30%.
VC16 presented a large number of amino acid changes,

mainly in Gag epitopes, with reversion of approximately
30% for 134L, V351, V461, V82L, A118P, A119T, G123 K,
and S125R mutations and an increase from 20 to 30%
for H124S, Q1227H, 1138L, A146P, V168T, T242 N and
A340G from Vi to V. Major changes from approxi-
mately 40-70% were also found for T122A, S173T, and
V191l Co-circulation of subtype B consensus amino
acids with mutations was found for K335R/K335. For
Nef, we observed co-circulation of wild-type and Y81F
and H116N mutations, reversion of H102Y and major
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frequency changes of V133I (undetectable vs 74%) from
Vi to V.

Discussion

HICs are a rare population of HIV-1-infected individu-
als who represent the best existing model of spontane-
ous viral control [2, 59, 60]. Although the mechanisms
responsible for this control are not fully understood,
studies show that these individuals have a differentiated
and more effective CTL response [61], which should
be then reflected in greater genetic pressure on their
viral quasispecies, mainly in immunodominant regions.
Moreover, the presence of protective HLA alleles related
to clinical non-progression and/or viremia control is
also associated with stronger selective pressure for virus
diversity [17, 22, 26, 27, 31, 32, 35, 36, 62-66].

Although most HICs have plasma viral loads below the
limit of detection of commercial assays, basal viral rep-
lication levels can be detected by ultrasensitive meth-
ods [59, 67, 68] and should favor viral evolution to some
degree due to the characteristic high-genetic variability
from HIV. Several studies have reported lower levels of
viral diversity in HICs compared with the levels in typi-
cal progressors (28, 29, 32, 59, 69]. Gijsberg et al. esti-
mated divergence rates of 0.9-1.9% over ten months for
gag in HIV-1 samples from typical progressors [70]. In
our study, a median of viral divergence of 0.1% per year
was observed for gag gene from HICs, corroborating
the low level of viral evolution found in HIV-1 samples
from those individuals. A higher median of divergence
was observed for nef (0.6% per year), suggesting that nef
has a greater potential for viral diversity than does gag
in agreement with previous studies showing greater con-
servation of gag [71, 72]. Previous observations from our
group of lower quasispecies diversity for the env gene
from EC samples in comparison to VCs [73] and the
low, but similar, median values of divergence in gag and
nef for viral samples from ECs and VCs in the present
study indicate that lower levels of viral replication restrict
evolution.

To our knowledge, this is the first study employing
NGS to analyze HIV-1 diversity in major CTL epitopes of
HICs. Indeed, most similar studies were performed with
SIV-infected primates with a viremia control profile [74,
75]. The use of the NGS platform allowed the estimation
of variability in terms of SNP quantity and nature. Previ-
ously, Cale et al. [76] using 454 sequencing, showed that
full coverage of 50,000 reads/bp was sufficient to detect
variants with frequencies of 0.006%. In our work, we used
a medium coverage of > 200,000 reads/bp to assess SNPs
with frequencies higher than 0.5%, which should iden-
tify the most representative escape mutation variants
while preventing analysis of data related to sequencing
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artifacts. With this approach, we showed higher levels of
variants and variable positions in the gag and nef genes
of viral samples from VCs compared to ECs, correlating
with the higher variability expected for the first group.
Although differences between the synonymous/non-syn-
onymous mutation ratios of both groups and genes were
not statistically significant, gag of ECs and nef of ECs
and VCs displayed a predominance of non-synonymous
mutations, in contrast with previous studies reporting
that synonymous mutations are more significant to evo-
lution of gag and nef (32, 77].

To characterize possible CTL-escape mutants, we per-
formed analysis of variations in the epitopes restricted
by each patient’s HLA-B allele. Similar molecular analy-
sis has been able to identify that most mutations aris-
ing in the first weeks of the acute phase are the result
of CTL response selective pressure [13, 19-22]. Con-
cerning HICs, Migueles et al. [78] showed a low fre-
quency of CTL-escape mutations for the KF11 epitope,
despite its high level of CTL recognition in individuals
carrying the B57 allele. Additionally, a more in-depth
description of gag and nef gene evolution in B57% elite
suppressors showed that despite the predominance of
immune-escape mutations in gag and nef quasispecies
obtained from plasma viral RNA, these mutations are
rare in proviral sequences [32, 65, 77, 79].

In our study, non-synonymous mutations were
found in Gag and Nef CTL epitope regions in all HIV-
controllers regardless of their rarity in the proviral
compartment. Due to the low HIV proviral load inher-
ent to ECs, a higher number of PBMCs was used for
DNA extraction than for VCs (222 x 107 cells for ECs
vs =1 % 107 cells for VCs) in order to assure a proviral
input in the nested-PCR sufficient to assess the viral
variability in each sample. Moreover, all samples were
tested in triplicate and only those with at least 2 out
of three positive nested-PCR amplification were used
to prepare the NGS amplicons. These strategies were
employed to prevent low input of viral copies on PCR
that could lead to template resampling. Moreover, the
high number of sequences generated from each sam-
ple and the higher sensitivity of NGS to access minor-
ity viral variants, in contrast to techniques such as
single-genome amplification (SGA) or cloning [19, 20],
allowed the detection of those mutations. The occur-
rence of unique low-frequency mutations for both early
and late visit samples from the same individual showed
that in contrast to the results of Bailey et al. [65], possi-
ble escape mutants from the CTL response replicating
in the plasma compartment can successfully integrate
into host cells. Although this low frequency might
appear to be insignificant, new CTL-escape mutants do
not often arise in massive frequencies but can expand
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from very low to predominant conditions, as previously
exemplified for SIV [80] and observed in our work for
the following mutations: Gag-N126S (0.7 —> 99.8%) for
VC10 and Gag-T280V (1.8 —> 98.8%) for VC15.

Comparing Gag and Nef mutations with significant fre-
quency changes revealed that mutations within the ana-
lyzed epitopes predominantly occurred in Gag, whereas
no pattern of mutation was present in Nef epitopes,
within or in adjacent regions. Although both types of
mutations can generate CTL escape through different
mechanisms, mutations within epitope are more easily
associated with the escape profile, as it directly affects
epitope anchoring and TCR recognition [18, 81]. This
observation may be related to the predominance of the
CTL response associated with Gag during the chronic
phase of infection [13, 15, 22, 34], generating higher
selective pressure in this gene and resulting in greater
diversity of the epitopes.

In general, the low number of patients in each group is
a limitation to identifying statistically significant associa-
tions between the level of viremia control and the emer-
gence dynamics of mutations related to CTL epitopes.
The low viral load observed for ECs was also a limitation
to assessing escape mutations in the plasma compart-
ment, which reflects the variants that are effectively rep-
licating in the host. However, by evaluating the proviral
reservoir, which represents the pool of viruses that can be
a source of plasma viral particles, we were able to assess
a greater number of mutations with significant frequency
changes either in VCs or ECs. Although some ECs, such
as EC08, did not present any significant change across
visits, all VCs showed mutations that characterized vari-
ant replacement with regard to both Nef and Gag. In
those patients, we were able to observe co-circulation
of more than one mutation in the same position, which
is indicative of greater dynamic quasispecies turnover.
Reversion to wild-type amino acids, as based on the ref-
erence subtype, was also observed for VCs, and reversion
of escape mutations has been extensively described in
the literature as a common viral mechanism of evolution
related to the CTL response [81-86].

For the individuals EC08, EC18, VC15 and VC16, who
carried the protective HLA* B57 allele, analyses of IW9
(Gag 147-155), KF11 (Gag 162-172) and TW10 (Gag
240-249) epitopes indicated a low level of viral evolu-
tion, even in these HIV-1 CTL epitopes related to high
selective pressure [22, 35, 36, 62-66]. Although EC08
and EC18 individuals presented wild-type amino acids
at all positions of the epitopes analyzed, VC15 presented
[147L, A146P, and T242 N mutations, and VC16 har-
bored A146P, A163G, and T242 N mutations. All of the
mutations identified herein have been described in sev-
eral studies as commonly arising in individuals carrying
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HLA-B*57 and B*58 alleles, despite resulting in a loss of
viral fitness [18, 36, 65, 66].

Conclusion

Although none of the observed mutations could be
confirmed as a CTL-escape mutation due to the lack of
CD8" T cell functional analyses, the present study shows
that despite low or undetectable levels of viral replication
among HICs, genetic variability occurs in viral quasispe-
cies in the proviral compartment. Amino acid substitu-
tions across visits and the existence of low-frequency
mutants, even in ECs, indicate that potential CTL-escape
mutants exist and are present in those individual reser-
voirs. This fact implies that situations leading to a dis-
equilibrium of the host-virus relationship can result in
the spread of CTL-escape variants with pathological con-
sequences. More studies are necessary to address why
those adapted variants do not achieve replicative success
in ECs.
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Abstract

Background: HIV controllers (HICs) are a rare group of HIV-1-infected individuals able to naturally control viral
replication. Several studies have identified the occurrence of HIV dual infections in seropositive individuals leading
to disease progression. In HICs, however, dual infections with divergent outcomes in pathogenesis have been
described.

Case presentation: Here, we present a case report of a HIC diagnosed in late 1999 who displayed stable CD4" T
cell levels and low plasmatic viral load across 12 years of follow-up. In early 2013, the patient started to present an
increase in viral load, reaching a peak of 10,000 copies/ml in early 2014, followed by an oscillation of viremia at
moderate levels in the following years. The genetic diversity of env proviral quasispecies from peripheral blood
mononuclear cells (PBMCs) was studied by single genome amplification (SGA) at six timepoints across 2009-2017.
Phylogenetic analyses of env sequences from 2009 and 2010 samples showed the presence of a single subtype B
variant (called B,). Analyses of sequences from 2011 and after revealed an additional subtype B variant (called B>)
and a subsequent dominance shift in the proviral quasispecies frequencies, with the B, variant becoming the most
frequent from 2014 onwards. Latent syphilis related to unprotected sexual intercourse was diagnosed a year before
the first detection of B, evidencing risk behavior and supporting the superinfection hypothesis. Immunologic
analyses revealed an increase in CD8" and CD4" T cell immune activation following viremia increase and minor T
cell subset alterations during follow-up. HIV-specific T cell responses remained low throughout the follow-up
period.

Conclusions: Altogether, these results show that loss of viremia control in the HIC was associated with
superinfection. These data alert to the negative conseguences of reinfection on HIV pathogenesis, even in patients

with a long history of viremia control and an absence of disease progression, reinforcing the need for continued
use of adequate prevention strategies.
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Background

HIV controllers (HICs) are a rare group of HIV-I-
infected individuals able to naturally control viral repli-
cation. A fraction of those individuals is also classified as
long term nonprogressors (LTNP), as they maintain
CD4" T cell counts >500 cells/mm® during more than
10 years of infection without progressing to AIDS in the
absence of antiretroviral treatment [1].

An aspect of HIV infection is the possibility of infec-
tions by two or more phylogenetically distinct and unre-
lated variants in a single individual, characterizing a dual
infection (DI). More specifically, these DIs are classified
as coinfections when all variants are concomitantly ac-
quired in a single transmission event or superinfections
(SIs) when the viruses originate from multiple subse-
quent transmission events [2]. HIV DI has been de-
scribed in several studies with significant prevalence
mainly among key populations [3-7] and is related to a
faster progression to AIDS [8—10]. DIs were also ob-
served among LTNPs and/or HICs [11-15], with vari-
able consequences on HIV pathogenesis. While some
individuals retain spontaneous disease control [11-13],
others present loss of viremia control and experience
disease progression [11, 14, 15].

Here, we report the case of an HIV-1 positive individ-
ual with natural control of viral replication and no pro-
gression to AIDS over more than 10years of clinical
follow-up who presented a partial loss of viremia control
after an SI event.

Case presentation

Subject VCO06 is a 40-year-old, transgender woman from
Rio de Janeiro, Brazil, who was diagnosed with HIV-1 in-
fection at the end of 1999 and has been seen for routine
clinical follow-up at the Instituto Nacional de Infectolo-
gia Evandro Chagas (INI-Fiocruz), Rio de Janeiro, Brazil
since 2005. In 2009, VCO06 signed an informed consent
and was enrolled in the INI-Fiocruz LTNP/HIC cohort
study, approved by the Brazilian National Human Re-
search Ethics Committee (CONEP 840/2008) and by the
FIOCRUZ  Research  Ethics  Committee (CEP
1717.0.000.009-07). Due to study enrollment, individual
VC06 was followed at least once every 6-12 months to
perform specific infection-monitoring tests (such as
HIV-1 RNA viral load quantification and CD4" T cell
counts) and routine clinical laboratory exams and to as-
sess data related to clinical status and exposure to sexu-
ally transmitted infections. In addition, blood was
collected at each visit to isolate plasma, whole blood and
peripheral blood mononuclear cell (PBMC) samples for
study. Subject VC06 was initially classified as an LTNP
HIV viremic controller (<2000 cp/ml dually infected
with two HIV-1 subtype B viruses (de Azevedo et al.
2017) [16]. She carries a nonprotective HLA-B genotype

Page 2 of 9

(HLA-B*15:01/ B*48:02) but has heterozygosis for the
CCR5-A32 mutation, which is considered a host-
protective allele for disease infection and progression.

Subject VCO06 displayed low-level viremia (<500 cop-
ies/mL) in the absence of antiretroviral therapy until
early 2013, when she started to show increases in the
viral load, reaching approximately 10,000 copies/ml 1
year later (Fig. 1, V9,914). The following months were as-
sociated with a spontaneous decrease in viral load,
reaching 577 copies/ml in August 2015. Combination
antiretroviral therapy (cART) with a scheme containing
TDE, 3TC, and EFZ was prescribed in November 2015
but interrupted 1 month later by the patient due to in-
tense dizziness related to the treatment. Side effects
ceased, but the continuity of the therapy was refused by
the patient in the following years. Transient recovery of
viremia control was followed by intermittent viral loads
above 2000 copies/ml and a new peak of approximately
8000 copies/ml in May 2017. This new peak of viremia
was followed by a spontaneous decrease in viral load,
reaching 1435 copies/ml in May 2018. The most recent
available data indicated a viral load of approximately
3500 copies/ml at the end of 2018 (Fig. 1). Despite in-
creasing viremia, CD4" T cell counts during the whole
period were stable at high levels, suggesting no immuno-
logical commitment or disease progression.

In addition to the intermittence of the plasmatic viral
load after a controller period, individual VC06 was diag-
nosed with latent syphilis in May 2010 based on positive
VDRL results (1/32) in the absence of clinical signs or
symptoms and a previous negative VDRL test in Decem-
ber 2009. The syphilis diagnosis coincided with unpro-
tected sexual intercourse reported by the patient, and
treatment with weekly benzathine benzylpenicillin 1,200,
000 IU intramuscular injections were administered for 3
weeks starting in November 2010. Late latent syphilis
was further diagnosed again at two additional time-
points: first in September 2015, based on VDRL titer of
1/8; second in November 2017, based on TPHA positive
and a VDRL titer of 1/512. Both cases were preceded by
a VDRL titer of 1/1 6 months before and were treated, as
described above, in November 2015 and May 2018, re-
spectively. No clinical signs or symptoms associated with
syphilis infection were observed during follow-up. An-
other clinical event during the follow-up period included
the diagnosis of an anal fistula at the beginning of 2014,
which was surgically treated in the same year.

To assess the patterns of intrahost viral evolution
and to investigate the cause associated with the loss
of viremia control, PBMCs (1 x 107 cells) from se-
lected visits (Fig. 1) were thawed and used for gen-
omic DNA extraction, as previously described [17].
The genomic DNA obtained was used for amplifica-
tion by nested PCR single genome amplification
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(SGA) and sequencing of a=600bp C2-C4 fragment
of HIV-1 env, as previously described [18]. A
neighbor-joining phylogenetic tree containing all se-
quences obtained from samples collected over time is
shown in Fig. 2. Env sequences from 2009 (Vlyggo;
n=29) and 2010 (V3,410; 7 =43) samples showed the
presence of a single subtype B variant (called B,).
Analysis of env sequences from 2011 (V4,911; 1= 32),
1year after the diagnosis of syphilis infection, showed
the presence of a second subtype B variant (called B,)
in addition to the previous B; variant. These variants
branched separately and displayed a mean env genetic
distance of 16.8%. Tropism analyses, realized through
Geno2pheno tool using a false-positive rate (FPR) of
10% [19], of emv sequences, obtained at all time
points, showed that both B; and B, variants corres-
pond to R5-tropic viruses that present different pre-
dominant motifs at the top of the V3 loop (QPGR/
QPGG for B; and GPGR for B,). Env analyses of
samples from subsequent time points revealed a shift
in the proviral quasispecies proportion, with an in-
crease of B, variant frequency from 16% in 2011
(V4:201]; n:32) to 93% in 2014 (V92014; 7’1127). The
majority of the B, (93%) viral quasispecies was main-
tained even after the reduction of plasmatic viral load
in 2016 (V144016 1 =14) as well as after a new peak
of viremia (75%) in 2017 (V16507 #=12) (Fig. 2).
For B2 quasispecies from all timepoints (n =52), 80%

of the sequences obtained were classified as R5 with
FPR values greater than 45%, while the remaining
presented FPR values between 11.5% and 18,5%.
Plasma sequences were obtained from the V9,54 and
V16,017 samples, as previously described [18], support-
ing that B, was the replicating variant accounting for the
increase in viremia observed at both time points (Fig. 2).
Moreover, the distribution of B, sequences on the env
phylogenetic tree indicates a pattern of increasing diver-
gence along the follow-up period, with the identification
of two distinct clusters harboring most sequences for
the V9,014 and V16,7 samples In additional analyses,
all B, sequences were used for estimation and recon-
struction of the most recent common ancestor (MRCA),
using the Phylip package [20]. The mean genetic dis-
tance between the MRCA and the B, sequences for each
visit was calculated to determine B, viral divergence
during follow-up. We observed increasing values of
divergence during follow-up (0.9% for Vdug;, 1.7% for
V990145 3.5% for V14yp6; 4.4% for V16,4,7), indicating a
temporal evolution pattern. These results, in addition to
the observation that sequences from the V144,65 samples
were distributed between the V95,4 and V164,57 clus-
ters, with no clear predominance of any population, also
indicate that different B2-related viral quasispecies
accounted for the viral replication in each viremia peak.
To better characterize the SI and assess the divergence
between B; and B, at a more conserved region of the
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viral genome, we conducted SGA of the int region from
the V4,4, sample, in which we first detected the B, vari-
ant, and from the V90,4 sample, in which B, became
the dominant variant. A neighbor-joining phylogenetic
tree containing the int sequences is shown in Fig. 3. In
the V4401, sample (obtained at the time of SI detection),
a single int variant related to B;was found despite the
detection of two variants in the emv analysis from the
same time point. The absence of a second int variant is

probably related to the low number of sequences ob-
tained at this time point (12 sequences for int vs 32 se-
quences for env). In the V9,y,4 sample, however, we
identified two int variants with a mean genetic distance
of 4.2%. Although these data indicate the presence of B,
and B,, the frequencies of both int variants differ from
those observed for env (40% vs 7% for By; 60% vs 93%
for B,). Even though different fragments have distinct
PCR efficiencies, which could introduce a bias factor, the
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great divergence of representation could be indicative of
recombination between int and env genes.

Finally, to evaluate viral integrity, we obtained the full-
length HIV-1 genome from the V1,909 sample, as previ-
ously described [21]. The overlapping fragment se-
quences obtained allowed the identification of the B,
variant full-length genome and the absence of deletions
or frame-shift alterations related to genetic defects, indi-
cating that B, is a replication-competent virus. The full-
length B; genome also confirmed that the int variants
obtained via SGA of the V4,4;; sample are related to this
variant (Fig. 3). Isolation of the full-length genome for
the B, variant was not possible due to the equivalent fre-
quencies of By and B, in some genes, as demonstrated
by int SGA, which could lead to the generation of PCR
artifacts.

To understand the potential impact of the SI on the
host immune system, we analyzed alterations during the
follow-up period in the frequencies of the T cell subsets
and immune response to HIV peptides in PBMC sam-
ples collected at V3,40 (prior to SI), Vdqy;; (at the mo-
ment of B2 env variant identification after SI onset),
V75013 (prior to the first peak of viremia), V9,914 (at the

first peak of viremia and detection of B, and B, env and
int variants), V14446 (after viremia control) and V1649,
(at the second peak of viremia). Briefly, T cell activation
was evaluated by multiparametric flow cytometry by
staining the cells with anti-CD3, anti-CD4 or anti-CD8,
anti-CD38 and anti-HLA-DR antibodies to determine
the frequencies of CD38"HLA-DR" cells in both CD4"
and CD8" subsets, as previously described [22]. In
addition, cells were also labeled with anti-CD45RA, anti-
CD27 and anti-CD95 antibodies to evaluate the frequen-
cies of naive (TN; CD45RA'CD27'CD957), system
memory (TSCM; CD45RA*CD27°CD95%), central mem-
ory (TCM; CD45RACD27'CD95"), effector memory
(TEM; CD45RACD27 CD95") and effector (TEFF;
CD45RATCD27 CD95") T cell subsets.

An increase in the percentage of CD8'CD38"HLA-
DR" T cells was observed in samples from V3410
(6.81%) to V9914 (14%), followed by a decrease at
V14,016 (6.76%) and a new peak at V16,07 (14.40%)
(Fig. 4a). This higher values in the V4,4,; sample than in
the V3,9, sample, despite the lower plasmatic viral load,
could be suggestive of an association between the SI
event and an increase in immune activation. After the
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emergence of B,, the percentage of CD8"CD38"HLA-
DR* T cells followed plasmatic viral load levels,
highlighting the relationship between the antigen viral
load and CD8" T cell activation. Although at more
discrete levels, the same trend was also observed for
CD4" T cells (Fig. 4a). In relation to the CD4" T cell
subsets (Fig. 4b), we observed a decrease in the fre-
quency of TCM cells between the V4,4;; and V14,46
samples, with the recovery of those cells in the V16407
sample and an inverse pattern observed for TTM cells.
The frequency of CD4" TEM cells reached the highest
levels at visits near the detection of the superinfection
(V49911) and at both peaks of viremia (V9354 and
V1640;7). For CD8" subsets (Fig. 4c), the frequency of
TEM and TEFF cells followed the viral load dynamics,
which was in contrast with the expected TN cells expan-
sion after the first viral load peak. Despite these varia-
tions, no statistical correlations between the frequencies
of the different T cell subsets and plasmatic viral load
were found during the follow-up.

In addition, we used Gag and Nef HIV-1 peptides
matching CTL epitopes, based on the VC06 HLA-B
genotype, to evaluate the HIV-specific T cell response by
[FN-y ELISpot assay and intracellular cytokine and
CD107 staining. In general, very low or undetectable
HIV-1-specific responses were observed, with the excep-
tion of the V9,414 sample, when approximately 1% of
CD107°CD8" T cells showed detectable Gag- or Nef-
specific responses (data not shown). No pattern of in-
crease/decrease in the cytokine response was observed

in consequence of the antigenic stimulation related to
the viral load peak.

Discussion and conclusions

Here, we report the case of a transgender HIC who ex-
perienced a partial loss of viremia control after HIV-1
intrasubtype SI with another subtype B variant. Through
molecular analyses of the HIV-1 env gene during clinical
follow-up, we were able to trace the SI to some time be-
tween mid-2010 and mid-2011. At the time, VC06
already had 10 years of diagnosed HIV-1 infection with
consistently low viremia and high counts of CD4" T cells
in the absence of antiretroviral therapy. This finding
indicates that despite natural protection against disease
progression, HICs can still be at risk for subsequent
infections with new variants, reinforcing the need for
continued use of prevention strategies.

The mechanisms underlying viremia and disease pro-
gression control phenotypes are not yet fully understood.
Studies have shown that they could be associated with
host genetic background [23-25], virological characteris-
tics [26, 27], and low levels of immune activation and
preservation of memory T cells, among other immuno-
logical aspects [28]. CCR5 genetic analysis of the VCO06
patient identified heterozygosity for the A32 allele
(CCR5wild type/CCR5A32), a mutated allele previously
associated with protection against infection when pre-
sented in homozygosis and that has a partial protective
role or delayed AIDS progression in heterozigosis [29-
33]. However, the association of this genetic characteristic
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with the of HIV pathogenesis and superinfection could
not be established in the present case study.

Although the existence of X4-tropic variants after
the superinfection could explain the loss of viremia
control in this context, our tropism analyses identified
only R5-tropic quasispecies. Despite phenotypic ana-
lyses for tropism characterization were not realized,
the genotypic analysis in geno2pheno tool had been
previously showed to be highly concordant when
compared to in vitro assays [34-37]. Moreover, most
of the sequences presented high FPR values and lower
FPR values were found only in a few sequences repre-
senting minoritary variants that should not have a
great impact on disease progression or viremia. In the
whole, although we can not rule out completely, it is
very unlikely that loss of control in VC06 might be
associated with the onset of an X4-tropic virus after
superinfection. In addition to the VC06 genetic back-
ground described in the present study, the diversity
of protective elements described in the literature sug-
gest that the control phenotype is not determined by
a single factor but is rather probably a result of a set
of host and virus characteristics acting synergistically.

Only a few studies are available in the literature with
cases of SI in HICs or LTNPs. For some of those studies,
SI was associated with disease progression in HICs soon
after reinfection [14, 15, 38, 39], as previously observed
for noncontrollers [8-10]. However, other studies
showed that HICs are able to maintain high CD4" T cell
counts and plasmatic viral load at low or undetectable
levels after SI [11-13, 18, 40, 41]. This sustained pro-
gression control, however, seems to have some complex-
ity, as some of those individuals maintain stable CD4" T
cell counts despite experiencing transient viremia in-
compatible with a previous clinical history [11-13, 18,
40, 41]. The data presented in this study, along with
those previously published, reaffirm the complexity of
the control phenotype and show that a previous control
profile of a single variant does not guarantee immediate
and/or efficient control of subsequent infections.

Despite reinfection at the end of 2010, VCO06 only
started to present increasing viremia at the beginning of
2013, with a peak of 10,000 copies/ml 1year later. In
some cases, the HIC phenotype is the result of infection
with defective or attenuated viral strains [42—44]. Previ-
ously, Braibant et al. [14] demonstrated the case of an
elite controller previously infected with a defective virus
who presented disease progression after SI with a com-
petent HIV-1 variant. In our study, the lack of genetic
defects in the B; complete genome sequence indicates
that B, is a replication-competent virus, and the partial
viremia control and the absence of disease progression
after entry of the second variant pointed to an inherent
and differential ability of the VC06 immune system to
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control HIV
phenotype.

The delay in viremia increase also indicates that the
loss of viremia control was related to some evolutionary
dynamics of both the B; and B, variants and not only to
the entry of a new virus, Part of this dynamic could be
related to recombination processes occurring between
the B, and B, variants. Recombination is an important
mechanism of diversity generation and immune escape
[45] observed in many cases of SI [14, 38, 46—48], in-
cluding in some HICs who developed disease progres-
sion [14, 38]. The frequency discrepancy for B;-related
int vs env sequences via SGA suggested the presence of
recombinant B;B,. Although a PCR bias could also ex-
plain this difference, a variation of more than 30% in the
representativity between the two fragments is less likely
to occur due to PCR efficiency. In addition, the sample
dilution prior to PCR, that is characteristic of the SGA
methodology, should soften the template competition.
Albeit this indicates that the differences observed are
really due to a variation at the balance between B; and
B, variants in int vs env, our analyses did not observed a
recombination point in int.

Another sign of the importance of evolutionary dy-
namics for the clinical consequences of SI for VC06 was
the observation of different B, env clusters associated
with both the V9914 and V16,417 samples plus the in-
crease of viral divergence between 2011 and 2017. These
data also support the hypothesis that partial loss of
viremia control is related to the escape of specific viral
populations from the immune response.

The pattern of increase or decrease in the percentage
of CD38"HLA-DR" T cells following alterations in the
plasmatic viral load also points toward the participation
of the immune response in the management of the in-
fection during follow-up. T cell subset analyses showed
an increase in the proportion of T cells with an effector
phenotype (TEM and TEFF) at the timepoints close to
SI and of increased viremia, suggesting a possible role
for these cells in controlling viral replication. Although
no expressive alterations in the Gag and Nef HIV-
specific responses were observed during follow-up, this
result did not exclude the presence of an HIV-specific
immune response to regions other than those analyzed
by us.

Finally, it is important to highlight that VC06 contin-
ued to maintain high and stable CD4" T cell counts des-
pite the partial loss of viremia control. These data
support that virological and immunological control are
not necessarily concomitant. Together with other studies
that described superinfected HICs with no alterations in
CD4" T cell counts but a loss of viremia control [11-13,
18, 40, 41], our data indicate that moderate viremia, in
some cases, is not able to impair immunological control.

infection, compatible with the HIC
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Despite the partial loss of viremia control and the pol-
icy of the Brazilian Ministry of Health indicating anti-
retroviral treatment to all HIV-infected individuals,
VCO06 refused to initiate cART. The knowledge of her
HIC status and the maintenance of immunological con-
trol together with side effects observed during a short
period of cART were motivations for this refusal. This
patient has been followed-up every 6 months to assess
her immunological, clinical and virological status, and
no signal of disease progression has been detected thus
far. At all clinical visits, cART has again been offered.

Overall, this case raises awareness of the need for con-
tinued use of adequate preventive strategies after HIV-1
infection, even in patients with a long history of viremia
control and an absence of disease progression. For HICs,
our data demonstrate that natural control of HIV-1 rep-
lication can be a labile state since the underlying mecha-
nisms associated with this phenotype do not guarantee
unrestricted control of any other variant. More studies
identifying the factors associated with control of mul-
tiple variants in HICs can be an important pathway to
identify factors associated with natural control.

Abbreviations

cART: Combination antiretroviral therapy; CTL: Cytotoxic T Lymphocyte;

DI: Dual-infection; env: env gene; HICs: HIV controllers; int: integrase gene;
LTNP: Long-term non progressor; PBMC: Peripheral blood mononuclear cells;
SGA: Single genome amplification; S Superinfection; TCM: Central-memory T
cell; TEFF: Effector T cell; TEM: Effector-memory T cell; TN: Naive T cell;

TPHA: Treponema pallidum hemagglutination assay; TSCM: Stem-memory T
cell; VDRL: Venereal disease research laboratory test

Acknowledgments

We thank the patient, nurses, and clinicians who participated in the study.
We also thank Mr. Egydio Sampaio for supporting in the recruitment of
patients and all INI staff from the blood collection sector. We also
acknowledge the Fiocruz Technologic Platforms Network RPTO8A (Flow
Cytometry facility) and RPTOSC (ELIspot facility). Finally, we thank the CD4" T
cell counts and HIV-1 viral load clinical services.

Authors’ contributions

DGC conducted most of the experiments and analyzed the data. SSDdA
conducted part of the SGA experiments and prepared plasma sequences.
GB, FHC, MGM and MLG supervised the experiments and gave intellectual
input. LMV, BH, BG, and VGV conducted patient recruitment and follow-up.
DGC, MGM, and FHC wrote the first draft. All authors revised and approved
the final manuscript.

Funding

This work was supported by the Fundacao de Amparo a Pesquisa do Estado
do Rio de Janeiro - FAPERJ; Conselho Nacional de Desenvolvimento
Cientifico e Tecnolégico - CNPg; and Fundagac Oswaldo Cruz - FIOCRUZ.
Nene of these cited academic research funding institutions had participation
in the design of the study, collection, analysis, and interpretation of data and
in writing the manuscript.

Availability of data and materials

HIV-1 env sequences generated from V4.q;, sample were previously deposited
in GenBank under the accession numbers KY852775-KY852806. The remaining
sequences generated during the current study were deposited in GenBank
under the accession numbers MK757267-MK757421.

Page 8 of 9

Ethics approval and consent to participate

The present work was approved by the Brazilian National Human Research
Ethics Committee (CONEP 840/2008) and by the FIOCRUZ Research Ethics
Committee (CEP 1717.0.000.009-07). The studied subject gave written
informed caonsent for the use of biclogical samples.

Consent for publication
The studied subject gave written informed consent for publication of the
results showed in this study.

Competing interests
The authors declare that they have no competing interests.

Author details

'Lahoratdrio de Aids e Imunologia Molecular, Instituto Oswaldo Cruz (I0C) -
FIOCRUZ, Av. Brasil 4365, Rio de Janeiro, RJ 21045-900, Brazil. “Instituto
Nacional de Infectologia Evandro Chagas (INI), Laboratério de Pesquisa
clinica em DST e Aids, Rio de Janeiro, Brazil.

Received: 10 April 2019 Accepted: 26 June 2019
Published online: 05 July 2019

References

1. Okulicz JF. Elite controllers and long-term nonprogressors: models for HIV
vaccine development? J AIDS Clin Res. 2012,03:139.

2. van der Kuyl AC, Cornelissen M. Identifying HIV-1 dual infections.
Retrovirology. 2007:4:67.

3. Andreani G, Espada C, Ceballos A, Ambrosioni J, Petroni A, Pugliese D, et al.
Detection of HIV-1 dual infections in highly exposed treated patients. Viral J
2011;8:392.

4. Soares de Oliveira AC, Pessoa de Farias R, da Costa AC, Sauer MM,
Bassichetto KC, Oliveira SMS, et al. Frequency of subtype B and F1 dual
infection in HIV-1 positive, Brazilian men who have sex with men. Viral J,
2012,9:223

5. Redd AD, Ssemwanga D, Vandepitte J, Wendel SK, Ndembi N, Bukenya J, et
al. Rates of HIV-1 superinfection and primary HIV-1 infection are similar in
female sex workers in Uganda. AIDS. 2014;28:2147-52.

6. Wagner GA, Pacold ME, Kosakovsky Pond SL, Caballero G, Chaillon A,
Rudolph AE, et al. Incidence and prevalence of intrasubtype HIV-1 dual
infection in at-risk men in the United States. J Infect Dis. 2014;209:1032-8.

7. Leye N, Vidal N, Ndiaye O, Diop-Ndiaye H, Wade AS, Mboup S, et al. High
frequency of HIV-1 infections with multiple HIV-1 strains in men having sex
with men (MSM) in Senegal. Infect Genet Evol. 2013;20:206-14.

8. Gottlieb GS, Nickle DC, Jensen MA, Wong KG, Grobler J, Li F, et al. Dual HIV-1
infection associated with rapid disease progression. Lancet. 2004;363:619-22

9. Luan H, Han X, Yu X, An M, Zhang H, Zhao B, et al. Dual infection
contributes to rapid disease progression in men who have sex with men in
China, J Acquir Immune Defic Syndr, 2017,75:480-7.

10, Cornelissen M, Pasternak AQ, Grijsen ML, Zorgdrager F, Bakker M, Blom P, et
al. HIV-1 dual infection is associated with faster CD4 + T-cell decline in a
cohart of men with primary HIV infection. Clin Infect Dis. 2012,54:539-47.

11, Pernas M, Casado C, Sandonis V, Arcones C, Rodriguez C, Ruiz-Mateos E, et
al. Prevalence of HIV-1 dual infection in long-term nonprogressor-elite
controllers, J Acquir Immune Defic Syndr, 2013;64:225-31.

12, Casado C, Pernas M, Alvare T, Sandonis V, Garcia S, Redriguez C, et al.
Coinfection and superinfection in patients with long-term, nonprogressive
HIV-1 disease. J Infect Dis. 2007;196:895-9.

13. Rachinger A, Navis M, van Assen S, Groeneveld PHP, Schuitemaker H.
Recovery of viremic control after superinfection with pathogenic HIV
type 1 in a long-term elite controller of HIV type 1 infection. Clin Infect
Dis. 2008;47:286-9.

14, Braibant M, Xie J, Samri A, Agut H, Autran B, Barin F. Disease
progression due to dual infection in an HLA-B57-positive asymptomatic
long-term nonprogressor infected with a nef-defective HIV-1 strain.
Virology. 2010;405:81-92.

15. Clerc O, Colombo S, Yerly S, Telenti A, Cavassini M. HIV-1 elite controllers:
beware of super-infections. J Clin Virol. 2010;47:376-8.

16.  Caetano DG, Cortes FH, Bello G, Teixeira SLM, Hoagland B, Grinsztejn B, et al.
Next-generation sequencing analyses of the emergence and maintenance
of mutations in CTL epitopes in HIV controllers with differential viremia
control. Retrovirology. 2018;15:62.



Caetano et al. BMC Infectious Diseases

20.

21,

22,

23

24,

25,

26.

27.

28,

29

30.

31

32.

33,

34,

35,

36

37

38,

(2019) 19:588

Sharkey M, Babic DZ, Greenough T, Gulick R, Kuritzkes DR, Stevenson M.
Episomal viral cONAS identify a reservolr that fuels viral rebound after
treatment interruption and that contributes to treatment failure, PLoS
Pathog. 2011;7:21001303

de Azevedo SSD, Delatorre £, Cortes FH, Hoagland B, Grinsztejn B, Veloso
VG, et al. HIV controllers suppress viral replication and evolution and
prevent disease progression following intersubtype HIV-1 superinfection.
AIDS. 2019;33(3):399-410.

Lengauer T, Sander O, Sierra S, Thielen A, Kaiser R. Bioinformatics prediction
of HIV coreceptor usage. Nat Biotechnol. 2007,25:1407-10.

Felsenstein J. PHYLIP (Phylogeny inference package) version 36. Distributed
by the author; 2005.

da Reis MNG, Bello G, Guimaraes ML, Stefani MMA. Characterization of HIV-1
CRF90_BF1 and putative novel CRFs_BF1 in central west, north and
northeast Brazilian regicns. PLoS One. 2017,12:20178578.

de Paula HHS, Ferreira ACG, Caetano DG, Delatorre E, Teixeira SLM, Coelho
LE, et al. Reduction of inflammation and T cell activation after 6 months of
CART initiation during acute, but not in early chronic HIV-1 infection.
Retrovirology. 2018;15:76.

Kaslow RA, Carrington M, Apple R, Park L, Munoz A, Saah AJ, et al. Influence
of combinations of human major histocompatibility complex genes on the
course of HIV-1 infection. Nat Med. 1996;2:405-11.

Hendel H, Caillat-Zucman S, Lebuanec H, Carrington M, O'Brien S, Andrieu
IM, et al. New class | and Il HLA alleles strangly associated with opposite
patterns of progression to AIDS. J Immunel. 1999;162:6942-6.

Altfeld M, Addo MM, Rosenberg ES, Hecht FM, Lee PK, Vogel M, et al.
Influence of HLA-B57 on clinical presentation and viral control during acute
HIV-1 infection, AIDS, 2003;17:2581-91

Rodés B, Toro C, Paxinos E, Poveda E, Martinez-Padial M, Benito M, et al.
Differences in disease progression in a cohort of long-term non-progressors
after more than 16 years of HIV-1 infection. AIDS. 2004;18:1109-16.
Kirchhoff F, Easterbrook PJ, Douglas N, Troop M, Greenough TC, Weber J, et
al. Sequence variations in human immunodeficiency virus type 1 Nef are
associated with different stages of disease. J Virol. 1999,73:5497-508,
Séez-Cirién A, Pancino G. HIV controllers: a genetically determined or
inducible phenotype? Immunol Rev. 2013;254:281-94.

Philpott S, Weiser B, Tarwater P, Vermund SH, Kleeberger CA, Gange S, et al. CC
chemokine receptor 5 genotype and susceptibility to transmission of huran
immunodeficiency virus type 1 in women, J Infect Dis, 2003;187.569-75.
Trecarichi EM, Tumbarello M, de Gaetano Donati K, Tamburrini £, Cauda R,
Brahe C, et al. Partial protective effect of CCR5-Delta 32 heterozygosity in a
cohort of heterosexual Italian HIV-1 exposed uninfected individuals. AIDS
Res Ther. 2006;3:22.

Oh DY, Jessen H, Kiicherer C, Neumann K, Oh N, Poggensee G, et al. CCR5Delta32
genotypes in a German HIV-1 seroconverter cohort and report of HV-1 infection
in a CCR5Delta32 homozygous individual. PLoS One. 20083:22747.

Samson M, Libert F, Doranz BJ, Rucker J, Liesnard C, Farber C-M, et al.
Resistance to HIV-1 infection in Caucasian individuals bearing mutant alleles
of the CCR-5 chemokine receptor gene. Nature, 1996;382:722-5.
Estrada-Aquirre JA, Cazarez-Salazar SG, Ochoa-Ramirez LA, de Acosta-Cota
SJ, Zamora-Gémez R, Najar-Reyes GM, et al. Protective effect of CCRS Delta-
32 allele against HIV-1 in Mexican women. Curr HIV Res. 2013;11:506-10
Kagan RM, Johnson EP, Siaw MF, Van Baelen B, Ogden R, Platt JL, et al
Comparison of genotypic and phenotypic HIV type 1 tropism assay: results
from the screening samples of cenicriviroc study 202, a randomized phase ||
trial in treatment-naive subjects. AIDS Res Hum Retrovir. 2013;30:151-9.
Torres AJL, de Macedo Brigido LF, Abrahac MHN, Angelo ALD, de Jesus
Ferreira G, Coelho LP, et al. High degree of concordance between flow
cytometry and geno2pheno methods for HIV-1 tropism determination in
proviral DNA. Braz J Infect Dis. 2015;19:163-9.

Ceresola ER, Nozza S, Sampaolo M, Pignataro AR, Saita D, Ferrarese R, et al
Performance of commonly used genotypic assays and comparison with
phenotypic assays of HIV-1 coreceptor tropism in acutely HIV-1-infected
patients. J Antimicrob Chemother. 2015;70:1391-5.

Recordon-Pinson P, Soulié C, Flandre P, Descamps D, Lazrek M, Charpentier
C, et al. Evaluation of the genotypic prediction of HIV-1 coreceptor use
versus a phenotypic assay and correlation with the virological response to
maraviroc: the ANRS GenoTropism study. Antimicrob Agents Chemother.
2010,54:3335

Fang G, Weiser B, Kuiken C, Philpott SM, Rowland-Jones S, Plummer F, et al.
Recombination following superinfection by HIV-1. AIDS. 2004;18:153-9

40.

41,

42,

43,

45,

46.

47.

48.

Page 9 of 9

Brener J, Gall A, Hurst J, Batorsky R, Lavandier N, Chen F, et al. Rapid HIV
disease progression following superinfection in an HLA-B*27:.05/B*57:01-
positive transmission recipient. Retrovirology. 2018;15:7.

Pernas M, Casado C, Arcones C, Llano A, Sénchez-Merino V, Mothe B, et al.
Low-replicating viruses and strong anti-viral immune response associated
with pralonged disease control in a superinfected HIV-1 LTNP elite
controller. PLoS One. 2012;7:231928.

Rosds-Umbert M, Llano A, Bellido R, Olvera A, Ruiz-Riol M, Rocafort M, et al.
Mechanisms of abrupt loss of virus control in a cohort of previous HIV
controllers. J Virol. 2018;93:e01436.

Salvi R, Garbuglia AR, Di Caro A, Pulciani S, Montella F, Benedetto A. Grossly
defective nef gene sequences in a human immunodeficiency virus type 1-
seropositive long-term nonprogressor. J Virol. 1998,72:3646-57.

Michael NL, Chang G, D'Arcy LA, Ehrenberg PK, Mariani R, Busch MP, et al.
Defective accessory genes in a human immunodeficiency virus type 1-infected
long-term survivor lacking recoverable virus. J Virol. 1995;69:4228-36.

Deacon NJ, Tsykin A, Solomon A, Smith K, Ludfard-Menting M, Hocker DJ,
et al. Genomic structure of an attenuated quasi species of HIV-1 from a
blood transfusion donor and recipients. Science. 1995,270:.988-91.

Ritchie A, Cai F, Smith N, Chen S, Song H, Brackenridge S, et al
Recombination-mediated escape from primary CD8+ T cells in acute HIV-1
infection. Retrovirology. 2014;11:69.

Koning F, Badhan A, Shaw S, Fisher M, Mbisa JL, Cane PA. Dynarics of HIV
type 1 recombination following superinfection. AIDS Res Hum Retrovir,
2013,29:963-70.

Chaillon A, Wagner GA, Hepler NL, Little SJ, Kosakovsky Pond 5L, Caballero
G, et al. Dynamics of viral evolution and neutralizing antibody response
after HIV-1 superinfection. J Virol. 2013;87:12737-44,

Blackard JT, Mayer KH. HIV superinfection in the era of increased sexual risk-
taking. Sex Transm Dis. 2004;31:201-4.

Publisher’s Note
Springer Mature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

 fast, convenient online submission

* thorough peer review by experienced researchers in your field

* rapid publication on acceptance

® support for research data, including large and complex data types

® gold Open Access which fosters wider collaboration and increased citations
* maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




9.4.3. Coértes FH, de Paula HHS, Bello G, Ribeiro-Alves M, de
Azevedo SSD, Caetano DG, et al. Plasmatic levels of IL-18, IP-10, and
activated CD8+ T cells are potential biomarkers to identify HIV-1 elite

controllers with a true functional cure profile. Front Immunol. 2018

187



? frontiers
in Immunology

ORIGINAL RESEARCH
published: 11 July 2018
dol: 10.3389/fimmu.2018.01576

OPEN ACCESS

Edited by:

Aurelio Cafaro,
Istituto Superiore di
Sanita, Italy

Reviewed by:

Claudia Cicala,

National Institute of Allergy
and Infectious Diseases
(NIAID), United States
Anthony Jaworowski,
RMIT University, Australia

*Correspondence:
Fernanda H. Cértes
fheloise@ioc.fiocruz.br

Specialty section:

This article was submitted
to Viral Immunoclogy,

a section of the journal
Frontiers in Immunology

Received: 23 February 2018
Accepted: 25 June 2018
Published: 11 July 2018

Citation:

Cortes FH, de Paula HHS, Bello G,
Ribelro-Alves M, de Azevedo SSD,
Caetano DG, Teixeira SLIM,
Hoagland B, Grinsztejn B,

Veloso VG, Guimardes ML and
Morgado MG (2018) Plasmatic
Levels of IL-18, IP-10, and
Activated CD8* T Cells Are
Potential Biomarkers to

Identify HIV-1 Elite Controllers

With a True Functional

Cure Profile.

Front. Immunol. 9:1576.

doi: 10.3389/immu.2018.01676

Check for
updates

Plasmatic Levels of IL-18, IP-10,
and Activated CD8* T Cells Are
Potential Biomarkers to Identify
HIV-1 Elite Controllers With

a True Functional Cure Profile

Fernanda H. Cértes', Hury H. S. de Paula’, Gonzalo Bello’, Marcelo Ribeiro-Alves?,
Suwellen S. D. de Azevedo', Diogo G. Caetano’, Sylvia L. M. Teixeira', Brenda Hoagland?,
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Elite controllers (ECs) are rare individuals able to naturally control HIV-1 replication below
the detection limit of viral load (VL) commercial assays. It is unclear, however, whether
ECs might be considered a natural model of a functional cure because some studies
have noted CD4* T cell depletion and disease progression associated with abnormally
high levels of immune activation and/or inflammation in this group. Here, we propose
the use of immunological parameters to identify HIV-1 ECs that could represent the best
model of a functional cure. We compared plasma levels of six inflammatory biomarkers
(IP-10, IL-18, sCD163, sCD14, CRP, and IL-6) and percentages of activated CD8" T cells
(CD38*HLA-DR*) between 15 ECs [8 with persistent undetectable viremia (persistent elite
controllers) and 7 with occasional viral blips (ebbing elite controllers)], 13 viremic controllers
(VCs—plasma VL between 51 and 2,000 RNA copies/mL), and 18 HIV-1 infected patients
in combined antiretroviral therapy, with suppressed viremia, and 18 HIV-uninfected controls
(HIV-neg). The two groups of ECs presented inflammation and activation profiles similar to
HIV-neg individuals, and there was no evidence of CD4+ T cell decline over time. VCs, by
contrast, had higher levels of IL-18, IP-10, and CRP and a lower CD4/CD8 ratio than that
of HIV-neg (P < 0.05). Plasma levels of IL-18 and IP-10 correlated positively with CD8*
T cell activation and negatively with both CD4/CD8 and CD4% in HIV-1 controllers. These
results suggest that most ECs, defined using stringent criteria in relation to the cutoff level
of viremia (<50 copies/mL) and a minimum follow-up time of >5 years, show no evidence
of persistent inflammation or immune activation. This study further suggests that plasmatic
levels of IL-18/IP-10 combined with the frequency of CD8*CD38*HLA-DR* T cells can be
important biomarkers to identify models of a functional cure among HIV-1 ECs.

Keywords: HIV-1, inflammation, immune activation, elite controller, IP-10, IL-18

INTRODUCTION

HIV controllers (HICs) are HIV-1-infected individuals able to control viral replication in the
absence of combined antiretroviral therapy (cART) (1). According to the level of control, the HICs
are divided into two groups: elite controllers (ECs), individuals able to keep viremia below the limit
of detection of viral load (VL) commercial kits (currently, <40-50 RNA copies/mL), and viremic
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controllers (VCs), individuals able to maintain the plasmatic VL
below 2,000 RNA copies/mL (2). Despite the exceptional control
of viremia, there are controversies as to whether EC might be
considered a natural model of a functional cure.

Some ECs display a progressive loss of CD4* T cell counts and
eventually progress to AIDS over time. The disease progression
in those individuals appears to be mostly driven by persistent
immune activation and inflammation likely associated with
residual viremia (3-5). Consistent with this evidence, some
studies suggest that the cART might lead to a marked decrease
in immune activation and increased CD4* T cell counts in ECs,
reducing the risk of non-AIDS-related events (6-8). Conversely,
other studies describe that elevated levels of T cell activation and
soluble inflammation markers are not associated with a faster
rate of CD4" T cell decline in ECs (9, 10) or that ECs maintain
absolute CD4* T cell counts and T cell activation levels within
the normal range over time (10-12), thus concluding that these
individuals may not have benefited from early cART initiation.

These observations confirm that ECs are heterogeneous with
regard to both virologic (5, 11, 13, 14) and immunologic (2, 3,
10, 12, 15, 16) features. Such heterogeneity may result from the
absence of a standardized classification of ECs mainly in relation
to the cutoff level of viremia (<50-500 copies/mL), minimum
follow-up time (1-10 years), and/or presence of occasional blips
(17). That heterogeneity may also reflect different underlying
mechanisms of natural suppression of viremia across individuals.

The aim of this study was to evaluate different immunologic
parameters in a group of ECs with stringent criteria for a defini-
tion of both the VL cutoff limit of detection (<50 copies/mL) and
the durability of viral suppression (>5 years) to identify those
individuals who could represent the best model of a natural
functional cure. To this end, we compared the plasma levels of
inflammatory biomarkers and T cell activation between ECs with
persistent undetectable viremia, ECs with occasional viral blips,
VCs, cART-treated patients with undetectable viremia and HIV-
uninfected controls. We also assessed the relationship between
CD4" T cell counts, CD4%, CD4/CD8 ratio, levels of CD8* T cell
activation, and levels of soluble markers of inflammation among
HIV-1 controllers.

MATERIALS AND METHODS
Study Subjects and Ethical Issues

Twenty-eight HIV-1 controllers from the Instituto Nacional de
Infectologia Evandro Chagas (INI) were selected for this study
and divided into three groups as described previously in Ref. (14):
(1) persistent elite controllers (PECs), if 100% of VL measures
were below the limit of detection (<50-80 copies/mL) depend-
ing on the commercial method available, along with the clinical
and laboratory follow-up (n = 8); (2) ebbing elite controllers
(EECs), if subjects had occasional (<30% of frequency) episodes
of transient low-level (51-400 copies/mL) viremia (n = 7); and
(3) VCs, if most (>70%) VL determinations were between 51 and
2,000 copies/mL (n = 13). Occasional VL measurements above
the upper limits were accepted along with the follow-up for the
EEC and VC groups. A group of HIV-1 infected individuals on
cART with a VL suppressed for at least 2 years (cART; n = 18)

and a group of HIV-1-uninfected individuals (HIV-neg; n = 18)
were also included as controls. All participants provided written
informed consent, and the ethical committee of Instituto Nacional
de Infectologia Evandro Chagas (INI-Fiocruz) approved the
study (CAAE 1717.0.000.009-07).

CD4+ T Cell Count and VL Measurement

Absolute CD4* T and CD8" T cell counts were obtained using
the Tritest or MultiTest TruCount kit and the MultiSet software
on a FACSCalibur flow cytometer (BD Biosciences, San Jose,
CA, USA). Plasma VL was measured using the Nuclisens HIV-1
RNA QT assay (Organon Teknika, Durham, NC, USA; limit of
detection: 80 copies/mL) from 1999 to 2008, the Versant HIV-1
3.0 RNA assay (bDNA 3.0, Siemens, Tarrytown, NY, USA; limit of
detection: 50 copies/mL) from 2008 to 2013, and the Abbott Real
Time HIV-1 assay (Abbott Laboratories, Wiesbaden, Germany;
limit of detection: 40 copies/mL) since 2013. When available,
absolute CD4* T and CD8" T cell counts and VL data were col-
lected from 1997 to 2017, depending on the HIC study entry.

Markers of T Cell Activation

and Inflammation
Cryopreserved PBMCs were thawed in RPMI 1640 medium,
GlutaMax supplemented (Gibco, Invitrogen, Carlsbad, CA, USA)
containing 10% FBS (R10 medium) (Gibco, Invitrogen, Carlsbad,
CA, USA), then washed using R10 medium and incubated over-
night at 37°C, 5% CO; and controlled humidity. Afterward, the
cells were washed and stained with FVS450 for viability evalua-
tion (BD Biosciences, San Diego, CA, USA) and the following
monoclonal antibodies: anti-CD3 APC-H7, anti-CD4 PECF594,
anti-CD8 APC, anti-CD38 BB515, and anti-HLA-DR PE (BD
Biosciences, San Jose, CA, USA). Then, the cells were washed,
fixed with 1% PFA (Sigma, Germany), and acquired using a BD
FACSAria IIu Flow Cytometer (BD Biosciences, San Jose, CA,
USA). Flow cytometric analysis was performed with Flow Jo
v.10.0.7 (Tree Star Inc., Ashland, OR, USA).

Plasmatic levels of IP-10, IL-18, sCD163, sCD14, CRP, and
IL-6 were measured using commercial ELISA assays (R&D sys-
tems, USA), following the manufacturer’s instructions.

Statistical Analysis

In the evaluation of the sociodemographic, clinical, and labo-
ratorial features among the different groups of HICs, cART, and
HIV-1-uninfected individuals, for continuous numerical variables,
Kruskal-Wallis ANOVA by Ranks tests were used for assessing
the hypothesis that the different samples in the comparison were
drawn from the same distribution or from distributions with the
same median. Likewise, for categorical nominal variables, Fisher’s
exact tests were used in the evaluation of frequencies among the
different groups for assessing the hypothesis of independence
between the groups of individuals and these variables. In addition,
graphical exploratory analyses were performed for continuous
numerical variables for dimension reduction and visualization by
multivariate principal component analysis (PCA), and Spearman’s
rank correlation coefficient analyses were calculated for these
variables. Pairwise comparisons of laboratory variables averaged
among groups of interest were performed by contrasts obtained
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after both bi- and multivariate-linear models fitted by ordinary least
square regressions. P-values were corrected by the Tukey Honest
Significant Difference (HSD) method (18). After all laboratory
variable pairwise comparisons, we conducted a type I error adjust-
ment for multiple comparisons following the Holm-Bonferroni
method (19). Likewise, confounding variables were selected by
bivariate linear models fitted by ordinary least square regressions
and included in multivariate models if any adjusted-P-value <0.2 to
eliminate sample bias. Box-Cox Power family of transformations
(20) was used whenever necessary to normalize laboratory vari-
ables. Before modeling the CD4* T cell counts and the CD4/CD8
ratio kinetics of the HIC individuals, the variables were log- (base
10) and square-root transformed, respectively, and then nested
linear mixed-effect models (21) were fit by maximum likelihood
and had their deviance compared by F-test with Kenward-Roger
approximation. Contrasts were obtained from the fitted model to
compare both CD4* T cell counts and the CD4/CD8 ratio kinetics
means among HIC groups of individuals. Degrees of freedom for
adjusted effects were approximated by the Satterthwaite method
(22). Again, P-values were corrected by the Tukey HSD method
(18). All statistical analysis was performed in software R v. 3.4.3.

RESULTS
Characteristics of the Study Groups

Table 1 summarizes the characteristics of the five study groups
at a time point selected for this study (highlighted in Figure S1
in Supplementary Material). We found no dependence among
the observed frequencies of any of the nominal variables
evaluated (age, gender, level of education, exposure category,
and time since HIV diagnosis) and the study groups, with the
exception of skin color. The median follow-up time of the HIC
groups was 9.02 years (IQR = 6.46). Despite no global difference
among the groups, the PEC group had the highest median CD4*
T cell counts at the inflammation/immune activation assay date
(1,243.5; IQR = 472.8). Some patients started cART due to the

recommendation of the “Departamento de Vigilincia, Prevencao,
e Controle das IST, do HIV/Aids e das Hepatites Virais” from
the Ministry of Health in Brazil, which offer cART to all PLWH.

Most ECs Have Levels of Inflammation
and Immune Activation Similar to HIV-1-
Uninfected Individuals

Chronic inflammation and elevated immune activation are
associated with a faster progression to AIDS and CD4" T cell
depletion (23, 24). Here, we evaluated the concentration of
six plasmatic markers of inflammation/immune activation
and frequency of activated CD8* T cells (Figure 1; Figure S2
in Supplementary Material). Among the HICs, the estimated
mean levels of IL-18 and IP-10 increased as the level of viremia
increased (PECs < EECs < VCs), although the difference between
PECs and EECs was not significant (Figures 1A,B). The esti-
mated mean levels [95% confidence intervals], after adjustment
for gender, race, education, and age, of IL-18 and IP-10 in VC
(524.1 pg/mL [432.4; 634.8]; 136.3 pg/mL [137.3; 225.7]) were
significantly higher than that in HIV-neg (247.3 pg/mL [206.3;
296.2]; 80.7 [63.0; 102.7]), cART (318.6 pg/mL [273.7; 370.6];
95.3 [77.7; 116.5]), and PEC (224.1 pg/mL [177.6; 282.0]; 73.1
[53.1; 99.5]) groups. Both EC groups had levels of IL-18 and
IP-10 that were not different from the HIV-neg or cART groups.
VCs also presented a higher mean level of CRP (4,103.8 ng/mL
[2,319.2; 7,255.9 ng/mL]) than did the PEC group (725.1 ng/mL
[367.1; 1,423.2 ng/mL]) (Figure 1C). The levels of IL-6, sCD14,
and sCD163 were not different among the five groups of individu-
als (Figure S2 in Supplementary Material).

The expression of CD38 and HLA-DR on CD8" T cells has been
broadly used to evaluate immune activation in HIV-1 infection
(3, 10, 23, 25). The VC group presented a higher estimated mean
proportion, 12.2% [10.0; 14.5], of activated CD8* T cells; this
proportion was significantly higher than that of the other groups
(Figure 1D). The PEC (3.0% [1.6;4.7]) and EEC (1.0% [—0.4; 2.6])
groups displayed CD8" T cell estimated mean activation levels that

TABLE 1 | Individuals' characteristics.

HIV-neg (n = 18)
therapy (n = 18)

Combined antiretroviral

Persistent elite Ebbing elite Viremic controller P-value

Age (years) 37.07 (IQR =17.76) 44.22 (IQR = 9.81)
Gender; n (%)
Female 9 (14.1) 7(10.9)
Male 9 (14.1) 11(17.2)
Skin color; n (%)
Black 2(3.1) 1(1.6)
Brown 34.7) 9(14.1)
White 1(17.2) 8(12.5)
Exposure category; n (%) NA
Het/Other MNA 15 (23.4)
MSM NA 3(4.7)
Number of blips [means (IQR)] NA 0(QR =0)

CD4+ T-cell count (cells/pL) 831 (IQR = 372.25) 853 (IQR = 221)

(
(
(
(
0.95 (IGR = 0.69)
(
49 (
(

CD4/CD8 ratio 1.69 (IQR = 0.46)

CD4% 44 (IQR = 3.5) 32. 95 IQR =7.04)
Viral load (copies/mL) NA (IQR = NA) IQR =0)

Time since HIV diagnosis (days) NA 3,988 (IQR = 1,968.75)

controller (n = 8) controller (n =7) (n=13)
40.82 (IQR = 8.49) 45.6 (IQR =18.63)  41.39 (IQR = 9.25) 0.4773
0.2503
5(7.8 69.4) 5(7.8)
3.7 1(1.6) 8(12.5)
0.0259
0(0) 1(1.6) 6(9.4)
6(9.4) 2(3.1) 3(4.7)
2(3.1) 4(6.2) 4(6.2)
0.2135
6(9.4) 7(10.9) 8(12.5)
(3.1) 0() 5(7.8)
0(QR=0) 3(QR=1.9) 12 (QR =8) <0.0001
1,243.5 (IQR = 472.75) 1,027 (IQR = 505) 820 (QR =711) 0.1216
1.44 (1QR =0.92) 1. 17 IQR = 0.41) 1. 06 (IQR =0.831) <0.0001
43.5 (IQR = 9.75) 44 (IQR = 11) 37 (IQR = 6) <0.0001
49 (IQR =0) 9 (IQR = 127.5) 450 (IQR = 549)  <0.0001
1,694 (I0R = 4,348.25) 3, 615 (IQR =2,243.5) 4,162 (QR=2,970)  0.3893

Het, heterosexual: MSM, males who have sex with males; IQR, interquartile range; NA, not applicable
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FIGURE 1 | HIV-1 elite controllers have normal levels of inflammation and CD8* T cell activation. HIV controllers were divided according to the level of viral controller:
persistent elite controller, if 100% of VL measures were below the limit of detection; ebbing elite controller, if subjects had occasional (<30% of frequency) episodes
of transient, low-level (51-400 copies/mL) viremia; and viremic controller, if most (>70%) VL determinations were between 51 and 2,000 copies/mL. The plasmatic
levels of (A) IL-18, (B) IP-10, and (C) CRP were measured by the ELISA test, and (D) the frequency of %CD8*CD38*HLA*DR* was evaluated by flow cytometry.
The time point selected for this study is highlighted in Figure S1 in Supplementary Material. The results are expressed as Log10. Boxplots represent the IQR and
sample median (central solid black line). Red dots and vertical bars represent linear model estimated adjusted means and 95% confidence intervals (Cl 95%).
Comparisons of means among groups were performed by contrasts/differences obtained after both bi- and multivariate-linear models fitted by ordinary least square

comparisons following the Holm-Bonferroni method. *P < 0.05, **P < 0.01.

regressions. P-values were corrected by the Tukey Honest Significant Difference post hoc method, and a Type | error adjustment was conducted for multiple

were not different from the HIV-1-uninfected (0.8% [—0.1; 1.9])
and cART (3.1% [2.1; 4.2]) groups.

ECs Maintain a Normal CD4/CD8
Ratio and CD4%

Studies have reported an association between CD4/CD8 ratio
and T cell activation (26, 27). We observed no difference of CD4/
CD8 ratio (Figure 2A) among the HICs or even with the cART
and HIV-1-uninfected individuals. We also evaluated the CD4%
(Figure 2B), as this marker is considered one of the best predictors
of AIDS-associated events (28); a previous study (10) that divided
ECs based on CD4% demonstrated different levels of immune
activation among the groups. The cART group showed a lower
mean estimated CD4% (34.3% [31.0; 37.5]) than did the HIV-
l-uninfected (45.2% [41.3; 49.1]) and PEC (45.7% [40.7; 50.6])
groups. The VC group also presented a mean adjusted CD4%
<40% (39.1% [34.9; 43.3]), although this was not significantly
lower than the HIV-neg or EC groups.

No Evidence of CD4* T Cell Decline

Over Time in HICs
The CD4* T cell dynamics is an important marker of disease pro-
gression, and different studies have correlated immune activation

with CD4" T cell depletion (24, 29). To analyze the trajectories of
CD4* T cell counts and the CD4/CD8 ratio, we fitted linear mixed-
effects models (Tables S1 and S2 and Figure S3 in Supplementary
Material). The mean CD4* T cell count (log, base 10, transformed)
trajectories were distinct among the groups, but without evidence
of a decline in CD4" T cell counts for any group in 5 years of
follow-up intervals (Figures 3A-C; Table S3 in Supplementary
Material). Despite that, the fitted mean logi,-transformed CD4*
T cell counts of the PEC group presented a clear, continuously
rising tendency after 5 years of follow-up, while for the EEC
group, this rising tendency was limited to 12.5 years, after which
there was a slightly descending fitted mean. Conversely, for the
VC group, the fitted mean described a much more stable pat-
tern, with a slight descent until 12.5 years of follow-up that was
reversed in the other half period. The square root of CD4/CD8
ratios, vCD4/CDS8 (Table S4 in Supplementary Material) was
somewhat different from the fitted mean logy-transformed CD4*
T cell count dynamics (Figure S3A in Supplementary Material).
Although there is also a clear, continuously rising tendency after
5 years of follow-up for the PEC group, for the fitted mean square
root of CD4/CD8 ratios (Figure S3B in Supplementary Material),
we observed a more linear tendency; i.e., straightness. For the EEC
group, the rising tendency for the fitted mean square root of the
CD4/CD8 ratio was shorter than that for the log;,-transformed
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intervals (ranges) after HIV-1 diagnosis for HICs, ebbing elite controller (A), persistent elite controller (B), and viremic controller {C), and the comparison of fitted
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nested linear mixed-effect models fitted by maximum likelihood. Deviance analysis was performed among nested models by F-test with Kenward-Roger
approximation. Slopes/contrasts were obtained from the best fitted models to compare CD4* T cell counts kinetic estimated means and Cl 95% (red dots and
vertical bars) among HIC groups of individuals. Degrees of freedom for estimated effects were approximated by the Satterthwaite method. Boxplots represent the
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95%). Again, P-values were corrected by the Tukey Honest Significant Difference. *P < 0.1, *P < 0.05,

CD4" T cell counts, stopping at 5 years of follow-up, and the
slight descent observed for the log-transformed CD4* T cell
counts was much more evident and continuous for at least the

remaining 3/4 of follow-up time. The more distinct pattern among
HIC groups was clearly the one for the VC group (Figure S3C in
Supplementary Material). We saw a clear continuously descending
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tendency for the fitted mean square root of the CD4/CD8 ratio that
initiated right at the beginning of the observation and continued
for at least 20 years. To show some of these differences along the
follow-up time for both the fitted mean log-transformed mean
CD4" T cell counts and square root of the CD4/CD8 ratio, and
given the small sample size, we decided to test either if there were
instantaneous in/decrements (slopes) within groups in 5-year
intervals (Tables S3 and S4 in Supplementary Material), or if
there were within-group differences between the beginning and
15 years of follow-up time (Tables S5 and S6 in Supplementary
Material). In the former analysis, we found a significant increment
of logy,-transformed mean CD4" T cell counts for the EEC group
at 5 years of follow-up (log,\Count = 0.05 [0.012; 0.088]; Adj-P-
Val = 0.047), which is equivalent of a mean increment of 12.24%
[2.89%; 22.44%] CD4"* T cells. No significant in/decrement was
observed for the PEC or VC fitted log,-transformed CD4* T cell
count meanat 0, 5, 10, or 15 years of follow-up. Also, no significant
in decrement was observed for any HIC group for the fitted mean
square root of the CD4/CD8 ratio. In the second analysis, the
EEC group had a tendency of increase of the loge-transformed
CD4" T cell count (Figures 3A-C; Table S5 in Supplementary
Material) after 15 years of follow-up (logi,FC = 0.136 [—0.005;
0.277]; Adj-P-Val = 0.0584). No difference was observed for the
PEC or VC fitted logy-transformed CD4* T cell count mean
after 15 years of follow-up. The PEC group showed a significant
fitted mean square root of CD4/CD8 ratio increase after 15 years
of follow-up (Figures S4A-C and Table S6 in Supplementary
Material) (Diff. = 0.224 [0.026; 0.423]; Adj-P-value = 0.0289). No
difference was observed for the EEC or VC fitted mean square
root of the CD4/CD8 ratio after 15 years of follow-up (Figures
$4A-C and Table S6 in Supplementary Material). We then decided
to compare both the fitted mean log,-transformed mean CD4*
T cell counts and fitted mean square root of the CD4/CDS8 ratio
among groups (Figures 3D-G). In these analysis, we observed
differences between PECs and VCs after 10 years of follow-up
(logioFC = 0.128 [0.014; 0.241]; Adj-P-Val = 0.0727) and EECs
and VCs (logi,FC = 0.155 [0.044; 0.266]; Adj-P-Val = 0.021)
(Figure 3F; Table S7 in Supplementary Material). Differences
between both PECs and VCs (log,,FC = 0.201 [0.073; 0.329];
Adj-P-Val = 0.01) and EECs and VCs (log;,FC = 0.152 [0.033;
0.271]; Adj-P-Val = 0.0378) were also observed after 15 years
of follow-up (Figure 3G; Table S7 in Supplementary Material).
Once VCs had no evidence of CD4* T cell count decrease, these
results were possibly due to an increase of CD4" T cell counts
in EECs. Using resembling analyses (Figures $4D-G and Table
S8 in Supplementary Material), we observed both a difference
after 10 years of follow-up between the fitted mean square root
of CD4/CDS8 ratios of PECs and VCs (Figure S4F and Table S8
in Supplementary Material) (Diff. = 0.249 [0.054; 0.444]; Adj-P-
Val = 0.036) and a borderline difference between EECs and VCs
(Figure S4F and Table S8 in Supplementary Material) (Diff. = 0.217
[0.024; 0.41]; Adj-P-Val = 0.072). The difference between PECs
and VCs was also observed after 15 years of follow-up (Figure S4G
in Supplementary Material) (Diff. = 0.373 [0.134; 0.611]; Adj-P-
Val =0.009). No differences of the fitted mean square root of CD4/
CDS8 ratios among groups were observed at the beginning or after
5 years of follow-up.

IL-18 and IP-10 Correlate With Cumulative
Viral Load (cVL), CD4/CD8 Ratio, and

CD4%

We analyzed the correlation between c¢VL, CD4%, CD4/CD8
ratio, and markers of inflammation or immune activation.
When considering only EECs and VCs, both IP-10 (p = 0.4830;
P-value = 0.0327) and IL-18 (p = 0.5140; P-value = 0.0176)
presented a moderate positive linear relationship with ¢VL
(Figures 4A,B), and no correlation was observed between CD8*
T cell activation and cVL. When considering all HICs, the HIV-
neg group and cART groups, IL-18 and IP-10 correlated positively
with CD8" T cell activation (p = 0.3310; P-value = 0.0075 and
p = 0.2990; P-value = 0.0162, respectively) and negatively with
CD4/CD8 (p = —0.2840; P-value = 0.00228 and p = —0.3240;
P-value = 0.0094, respectively) (Figures 4C,F) and CD4%
(p=—0.2600; P-value =0.0381 and p = —0.3280; P-value = 0.0081,
respectively) (Figures4D,E,G,H). CD8" T cellactivation presented
a weak correlation with CD4/CD8 ratio and CD4% (p = —0.2950;
P-value = 0.0179 and p = —0.2490; P-value = 0.0474, respectively)
(Figures S5A,B in Supplementary Material). We also observed a
correlation between IP-10 and IL-18 with CD8" T cell activation
(Figures S5C,D in Supplementary Material).

Some ECs Displayed an Immune Profile
Indistinguishable From HIV-1 Uninfected
Individuals

Elite controllers are considered models of HIV control, and their
immunological profiles could give insights to identify biomark-
ers of an HIV functional cure (30). Here, we performed PCA
combining the different immunological characteristics analyzed
among the five groups included in this study (Figure 5). The
VC individuals are the more disperse among the groups and are
totally separated from HIV-1-uninfected individuals and EECs,
and they have almost no superposition with PECs. The cART
individuals have a very limited superposition with HIV-1 nega-
tive individuals, reinforcing the idea that despite prolonged viral
suppression, the most treated individuals do not achieve a normal
immunological profile. Half of the PECs and two EECs grouped
with HIV-negative individuals, highlighting the preserved
immunological profile of these individuals. IL-18 and IP-10
concentration and CD8* T cell activation have the highest con-
tribution to the formation of the first principal component, which
is alone responsible for explaining 39.4% of the data covariance.
The combined analysis of these inflammatory/activation markers
suggests the existence of two subgroups of ECs. One subgroup
(ECv) displayed inflammatory and activation markers within
the normal range, while the other subgroup (EC"e") displayed
inflammatory and/or activation markers that were above the
normal range (Table S9 in Supplementary Material).

DISCUSSION

In this study, we evaluated inflammation, CD8* T cell activation,
CD4%, and CD4*/CD8* T cell dynamics in HICs with long-term
(>5 years) viral control at different levels. We observed that
long-term ECs with undetectable viremia (<50-80 copies/mL)
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(EEC) and viremic controller (VC) groups. Spearman rank correlation of IL-18 vs cumulative viral load (cVL) (A) and IP-10 vs cVL/year (B). Correlation between
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presented an inflammation and activation profile similar to
that observed among HIV-1 negative individuals, in agreement
with previous studies using comparable stringent criteria for EC
definition (10-12). In sharp contrast, we found that a persistent
low-level viremia (80-2,000 copies/mL) is sufficient to drive
elevated chronic levels of immune activation and inflammation
in long-term VCs.

Plasmatic levels of IP-10 and IL-18 correlated with ¢VL control
and CD8" T cell activation in our HICs cohort. There is increasing
evidence of the positive relationship between IP-10 and HIV-1
VL (31-33), and previous studies have demonstrated a higher
level of IP-10 in some ECs than in HIV-negative individuals
(25, 34). Thus, the normal level of IP-10 in our ECs could reflect
an extremely low level of residual viral replication, consistent with
the very low frequency of HIV-1 Gag-specific responses in the

IFN-y ELISPOT assay previously described for some of these ECs
(11). HIV-1-infected individuals present higher levels of IL-18
than do HIV-uninfected individuals (35-37). To the best of our
knowledge, only two previous studies analyzed the IL-18 levels
in HICs (38, 39) but did not compare EC with HIV-1 uninfected
individuals.

Our analyses also support that inflammation and T cell activa-
tion reflects the past cumulative viral replication better than VL
at a single point as we did not observe a direct linking between
the presence of VL blips and higher levels of inflammation and/
or T cell activation in EC. For instance, individual EEC36 was
analyzed during a blip (1,086 copies/mL), but displayed alow ¢VL
(3.17 copies/mL/year) and one of the lowest levels of inflamma-
tion (IP-10 = 89.39 pg/mL and IL-18 = 278.44 pg/mL) and T cell
activation (0.47%). On the other hand, individual EEC18 was
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analyzed at a point with undetectable VL, but displayed a relative
high cVL (8.47 copies/mL/year) and a high levels of inflammation
(IP-10 = 161.73 pg/mL and IL-18 = 362.62 pg/mL) and T cell
activation (2.15%) among EC.

Although the mean levels of inflammatory and activation
markers in our EC cohort were similar to those observed in the
HIV-uninfected group, the combined analysis of the inflam-
matory markers IP-10 and IL-18 and of activation marker
CD8*CD38*HLA-DR* T cells suggest the existence of two sub-
groups of ECs. The subgroup EC"" displayed inflammatory and
activation markers indistinguishable from HIV-uninfected sub-
jects and probably represent the best model of natural functional
cure. The subgroup EC"", by contrast, displayed inflammatory
and/or activation markers that were above the normal range.
Interestingly, the EC*" and EC"¢" subgroups did not match the
PEC and EEC subgroups, suggesting that some EC are able to
maintain normal levels of inflammatory and activation markers
despite occasional blips, while some ECs display high activation
despite persistent undetectable viremia. Further studies using
longitudinal analyses and a higher number of individuals will
certainly contribute to a better definition of these groups.

The pathogenic effect of the high levels of CD8*CD38*HLA-DR*
T cells observed in three PECs, however, should be interpreted
with caution. In sharp contrast to the activation profile typically
observed in HIV-1 infection, the three PEC subjects presenting
the highest expression of HLA-DR in CD8* T cells also showed
very low expression of CD38. Notably, HIV-1 specific CD8"
T cells expressing only HLA-DR present a better functional
profile (higher frequency of IFN-y*IL-2*-producing cells, higher
proliferative and cytotoxic capacities) than those expressing both
HLA-DR and CD38 (16, 40, 41). Although we only evaluated
CD38 and HLA-DR expression in the bulk CD8* T cells, these
observations suggest that the high levels of CD8*HLA-DR*
T cells detected in some PECs may reflect a more functional anti-
HIV CD8* T cell condition, instead of a harmful non-specific
immune activation. However, more analyses are necessary to test
this hypothesis, as compare CD107a, IFN-y, and IL-2 expression,
with a HIV-1 specific stimulus, between CD8"HLA-DR* and
CD8*HLA-DR T cells in these patients.

Some studies have reported CD4* T cell depletion in some
HICs (3-5, 42, 43), although the frequency of this phenomenon
greatly varies among the different cohorts evaluated, mainly
due to the criteria of HIC definition and the number of subjects
evaluated. Leon et al. (42), using the criteria of VL <50 copies/mL
(ECs) and <2,000 copies/mL (VCs) for at least 1 year, identified
475 HICs and showed a significant CD4* T cell decline in 48% of
them. By contrast, a study including 217 HICs from the ANRS
C021 CODEX (43) with VL <400 copies/mL and at least 5 years of
HIV-1 diagnosis found that only 5% experienced immunological
progression. We detected no evidence of CD4* T cell depletion
in any of the long-term HIC groups evaluated in our study. This
suggests that CD4" T cell depletion may be a rare phenomenon in
HICs maintaining viral suppression for more than 5 years, even
for VCs and EC"¢" subgroups.

Beyond the CD4* T cell decrease, one of the characteristics
of HIV-1 infection is CD8" T cell increase, resulting in a lower
CD4/CD8 ratio and CD4% over time (44). The CD4/CD8 ratio

predicts the time to AIDS in HIV-1-infected untreated individu-
als (26), and a low CD4/CDS8 ratio (0.51-0.80) is associated with
an increased risk of losing virological control in HIC individuals
(45). The CD4% is also one of the best predictors of AIDS-related
events, even after therapy start (34), and it was highlighted that
ECs with CD4% >40% had normal levels of T cell activation
and reduced expression of exhaustion markers compared with
ECs presenting CD4% <40% (10). All ECs included in our study
displayed a median CD4/CD8 ratio >1 and a median CD4%
>40%, except for one PEC individual. Half of the VC subjects,
by contrast, displayed a CD4/CD8 ratio <1 (47%) and CD4%
<40% (86%). Thus, although we detected no evidence of CD4*
T cell depletion in the HIC groups evaluated in our study,
persistent low-level viremia in VC appears to be associated with
CD8* T cell increase and consequently lower CD4/CD8 ratio
and CD4% over time.

Our study has some limitations. First, the small number of
HICs evaluated may have imposed a limitation on our capacity
to detect significant differences between groups, although that
limitation was compensated by the more stringent criteria of
HIC definition and long-term follow-up. Second, an ultrasensi-
tive VL assay could permit a better characterization of the
accumulative residual viremia in our ECs and its relationship
with markers of inflammation and immune activation. Finally,
we classified the group as EC* and EC"#" based in only one
point, a longitudinal study could help to minimize transient
fluctuations in the levels of inflammation and T cell activation
within each individual and to identify better plasmatic biomarkers
of functional cure in ECs.

Taken together, our results confirm that the use of more
stringent criteria for EC classification, combined plasmatic levels
of IL-18 and IP-10, and a frequency of CD8'CD38*HLA-DR*
T cells could help to identify individuals with true preserved
immune integrity, which is essential in the search for correlates
of a functional cure in HIV-1 infection. The lack of CD4* T cell
depletion in all long-term ECs analyzed here raises the question
about the benefits of cART for this population, especially for
those EC subjects with normal immune activation and inflam-
mation profiles. This study reinforced the notion that initiation
of cART in ECs should be evaluated individually and supports
the importance of EC follow-up with elevated plasmatic levels of
IL-18, IP-10, and activated CD8" T cells to identify those ECs at
most risk for disease progression.
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Abstract

Objectives: To investigate the impact of early combined antiretroviral therapy (cART) on inflammation biomarkers
and immune activation during acute and early chronic HIV-1 infection.

Methods: We included 12 acute (AHI), 11 early chronic (EcHI), and 18 late chronic HIV-T-infected (LcHI) individuals
who were treated with cART and 18 HIV-1-uninfected (HIV-neg) individuals. Plasmatic levels of inflammation biomark-
ers, CD8TCD38THLA-DR™ T cell frequencies, CD4 T cell counts, CD4/CDS8 ratio, total HIV-1 DNA and plasmatic viral load
were evaluated. Mann-Whitney test, Pearson and Spearman correlation, and linear regression models were used for
statistical analyses.

Results: IP-10, Il-18, and sCD163 were significantly elevated at pre-ART in the AHI and EcHI groups, showing a
significant reduction after 6 months of cART in the AHI group, achieving similar levels to the HIV-neg group. For the
EcHI group, the IP-10 and sCD163 levels were also significantly reduced an M6-ART; however, IP-10 levels remained
higher than in the HIV-neg group, and na significant reduction of IL-18 levels was observed. The CD8™ T cell activation
levels were elevated in the AHI and EcHI groups at pre-ART and showed a significant reduction on M6-ART, but they
were similar to levels seen for HIV-neg only after 12 months of cART. At pre-ART, IP-10 levels but not IL-18 levels were
positively correlated with HIV-1 viral load in the AHI group.

Conclusions: Early initiation of cART in HIV infection can reduce systemic inflammation, but the earlier normalization

of the inflammation markers was only observed when cART was initiated in the acute phase of infection. A slower
dynamic of reduction was observed for CD8™ T cell activation.
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Introduction

High systemic immune activation has a pivotal role in
HIV-1 pathogenesis [1]. Studies have associated the ele-
vated immune activation with CD4" T cell depletion and
progression to AIDS [2-7]. During primary HIV-1 infec-
tion (PHI), viral loads can reach values higher than one
million HIV-1 RNA copies/mL, and a significant decrease
in CD4" T cell counts occurs [8, 9]. A high production
of pro-inflammatory cytokines, called a “cytokine storm’,
arises in response to virus replication [10]. A controlled
initial pro-inflammatory immune response may be ben-
eficial, as observed in natural SIV hosts, which displayed
significant increases in plasma cytokines and interferon-
stimulated gene (ISG) expression, normalized four weeks
after infection [11]. However, in the context of HIV-1
infection, the pro-inflammatory response remains ele-
vated after the end of the acute phase, and most indi-
viduals without cART develop progressive immune
dysregulation, culminating in AIDS [8].

The cART has had an enormous impact on mortal-
ity and morbidity in HIV-1 infection [12-14]. Studies in
the cART era have demonstrated a shift in the causes of
death and morbidities in HIV-1-infected individuals, with
a proportional increase of non-AIDS-related events, such
as cardiovascular, liver, and renal diseases, when com-
pared with AIDS-related events [15-20]. Also, a higher
prevalence of age-related noninfectious comorbidities
was observed in HIV-1-infected individuals than in the
general population [21]. Alongside this, a strong asso-
ciation between inflammation and AIDS and non-AIDS-
events became evident [22-24]. Several biomarkers of
inflammation have been associated with disease progres-
sion and mortality in HIV-1 infection [25]. Among these
markers, IL-6 and CRP were associated with an increased
risk of AIDS [23] or death [22, 24]. IL-6 levels, at time of
seroconversion, also predicted HIV-1 disease progression
[26]. The markers of monocyte activation sCD14 and
sCD163 are associated with a higher risk of death [27—
29]. And, during the PHI, CRP levels were significantly
higher in HIV-1 infected individuals than in HIV-1 unin-
fected individuals [5]. Other biomarkers elevated during
PHI were IP-10 and IL-18, with an association between
IP-10 and a faster disease progression [30, 31]. Contin-
ued IL-18 and sCD14 elevation were also associated with
clinical cART failure [32].

Although cART reduces immune activation and
inflammation [5, 22], these remain higher in HIV-1-in-
fected individuals than in HIV-1-uninfected individuals,
even after long-term viral suppression [33]. Studies have
shown the benefits of initiation of cART during the acute
or early infection [2—4, 6, 7]. The early therapy decreases
immune system damage and the establishment of a large
viral reservoir [6, 7]. HIV-1 infected patients who started
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cART during PHI presented an earlier immune reconsti-
tution (CD4* T cell count> 500 cells/mm?, CD4% > 30%,
and CD4/CD8 ratio>1) than cART in chronic patients
[34]. Moreover, early cART decreases T cell activation
[3, 7, 35] and markers of inflammation [3, 5]. Moreover,
early ART is associated with a lower risk of development
of non-AIDS morbidities [36, 37], and the study with the
ANRS VISCONTI cohort demonstrated the possibility of
a functional cure in individuals starting ART in primary
infection [38].

In the present study, we compared the impact of cART
on the levels of immunological markers between primary
HIV-1 infected Brazilian individuals, who initiated cART,
during the acute (Fiebig I-V) and early chronic phases
(Fiebig VI). We evaluated CD4" T cell counts, CD4/
CDS8 ratio, CD4™ and CD8™ T cell activation before (Pre-
ART) and six (M6 ART) and 12 months (M12 ART) after
cART initiation. We also evaluated plasmatic markers of
inflammation and monocyte/macrophage activation at
Pre-ART and M6 ART and total HIV-1 DNA at M6 and
M12. We hypothesized that earlier cART would normal-
ize levels of biomarkers associated with disease progres-
sion and death in HIV-1 infection.

Materials and methods

Study population and ethical statement

Study participants were recruited at the Instituto
Nacional de Infectologia Evandro Chagas (INI), Rio de
Janeiro, Brazil. The inclusion criteria include those who
were over 18 years of age and with documented sero-
conversion within the previous 6 months. Recruitment
occurred among those who sought INI or community-
based out-of-health care units for HIV testing or care
with HIV diagnostic tests suggesting acute HIV infection.
Documentation of seroconversion could be the follow-
ing: (a) a negative result for a third-generation HIV rapid
test, followed by reactive HIV Ag/Ab combination assay,
or a detectable HIV RNA on pooled HIV RNA testing
subsequently confirmed with an individual HIV RNA
test; (b) a reactive HIV serology and a documented HIV
negative serology within the prior 6 months or a reactive
western blot lacking p31 (pol) reactivity. The exclusion
criteria were the following: lacking plasma or peripheral
blood mononuclear cells (PBMC) on the baseline or M6
ART visits until March, 15th 2016 or less than 10 mil-
lion cells on the PBMC samples. Of the fifty patients ini-
tially included, two did not confirm HIV infection, one
abandoned the treatment, one withdrew from the study
early, and 23 were excluded, as shown in Fig. 1; thus, the
remaining 23 patients were included. The patients were
categorized into Fiebig stages, as described in Fiebig
et al. [39]. Briefly, Fiebig I was characterized by the pres-
ence of HIV-1 RNA in plasma samples (Abbott RealTime
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50 Patients suspected of an
acute/recent HIV infection between
August/2013 and 15/March/2016

4 patients were excluded:
1 abandoned study

1 early withdrawal
2 HIV infection not confirmed

Follow-up for 46 patients

23 patients were excluded:

- 5 without plasma or PBMC
samples at Pre-ART

- 4 patients due to the non-
confirmation of recent HIV-1
infection in HIV-1 limiting antigen

(LAg) avidity EIA

- 5 with < 108 PBMC

- 7 did not complete M6 ART visit
- 2 patients excluded due to the
use of PEP in Pre-ART

l

l

11 Acute cART (AHI) for patients
with Fiebig |-V

12 Early chronic cART (EcHI) for
those with Fiebig VI

Fig. 1 Flowchart for the selection of study participants

HIV-1) together with a fourth generation ELISA nega-
tive (Enzyme Linked Fluorescent Assay BioMérieux HIV
DUO Ultra Assay); Fiebig II by a HIV-1 RNA detectable
in plasma and the fourth generation ELISA with antigen
positive and antibody negative; Fiebig III by a HIV-1 RNA
detectable in plasma and a reactive HIV-1 antibody assay
(by a 3rd generation assay with detection of IgG and/or
IgM anti-HIV-1 or an antibody detection in the 4th gen-
eration BioMérieux ELISA HIV DUQ Ultra Assay)
but a Western Blot (Western Blot Cambridge Biotech
HIV-1 negative (defined by the absence of HIV-1 specifc
bands); Fiebig IV reactivity profile is identical to that pre-
sent in the stage III, but with undetermined pattern in
Western Blot (presence HIV-1 specific bands, but do not
meet the criteria for the interpretation of reactive West-
ern Blot, which is defined by the presence of two of the
following three bands: p24, gp41 or gp120/160); Fiebig V
reactivity profile is identical to that verified in stage 1V,
but with a reactive Western Blot result (defined by the
presence of two of the following three bands:p24, gp41
or gpl20/160); Fiebig VI by reactivity profile is identical
to that observed in the stage V, but with the complete
WB reactivity pattern, including the p31 band. After,
they were divided into two groups: (a) starting cART in
acute HIV-1 infection (AHI) for patients with Fiebig I-V

(n=11) and (b) starting cART in early chronic HIV-1
infection (EcHI) for those with Fiebig VI (n=12). We
also included late chronic treated HIV-1 infected patients
(n=18), with more than 5 years of HIV-1 viral load sup-
pression by cART (LcHI), and HIV-1 uninfected indi-
viduals (HIV-neg, n=18). All patients gave informed
consent, and the INT Ethical Review Board approved this
study.

Sample collection and preparation

Blood samples were collected before cART initiation
(Pre-ART), after six (M6 ART) and 12 months (M12
ART) of cART in EDTA and sodium heparin containing
tubes. Peripheral blood mononuclear cells (PBMCs) were
isolated from whole blood by Histopaque-1077 (Sigma-
Aldrich, USA) density gradient centrifugation and kept in
liquid nitrogen until use. Plasma aliquots were stored in a
— 80 °C freezer until use.

HIV-1 limiting antigen (LAg) avidity EIA

To confirm the recent HIV-1 infection status, EDTA-
plasma specimens of all patients were subjected to a
quantitative limiting antigen (LAg) avidity enzyme
immunoassay (Sedia™ HIV-1 LAg-Avidity EIA, Sedia
Biosciences Corporation, USA).
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CD4* and CD8* T cell count and plasma viral load
determination

Absolute CD4" and CD8" T cell counts and %CD4 were
obtained using the MultiTest TruCount-kit and the Mul-
tiSet software on a FACSCalibur flow cytometer (BD Bio-
sciences, USA). Plasma HIV-1 viral loads were measured
using the Abbott RealTime HIV-1 assay (Abbott Labora-
tories, Germany). For two AHI patients, data of CD4% T
cell counts were not available for the Pre-ART visit.

Enzyme-Linked Immunosorbent Assay (ELISA)

The plasmatic concentrations of IP-10/CXCL10, IL-18,
IL-6, sCD14, sCD163, and CRP were determined in
EDTA-plasma samples by ELISA according to the manu-
facturer’s protocol at Pre-ART and M6 ART (R&D Sys-
tems, USA). For statistical analyses, points above the
detection limit were replaced by the highest value in the
assay. To evaluate in more detail the IP-10 and IL-18 lev-
els in the AHI group, we also analyzed samples collected
after 1, 2, and 3 months of cART initiation.

Flow cytometry

Cryopreserved PBMCs from preART, M6 ART, and
M12 ART were thawed and rested overnight. Then, the
PBMCs were stained with anti-CD3 APC-H7, anti-CD4
PECF594, anti-CD8 APC, anti-CD38 PerCPCy5.5 and
anti-HLA-DR PE to determine the percentage of acti-
vated CD4" and CD8" T cells by flow cytometry (all
antibodies were purchased from BD Biosciences). The
Fixable Viability Stain 450 (FVS 450-BD Biosciences,
USA) was used to exclude nonviable cells. Samples were
acquired using a BD FACSAria™ IIu flow cytometer (BD
Biosciences, USA), and analyses were performed with
Flow]Jo software v.10.0.7 (Tree Star, USA). For three EcHI
and one AHI patients, PBMCs from Pre-ART presented
viability below the levels accepted for testing.

Quantification of HIV-1 total DNA in PBMCs

Total cellular DNA was extracted from 1 x 107 cryopre-
served PBMCs from Pre-ART and M12 ART visits using
the QlAamp DNA Mini Kit (Qiagen, Germany). The
Generic HIV® DNA Cell Kit (Biocentric, France) was
used to quantify the cell-associated HIV-1 DNA, fol-
lowing the manufacturer’s recommendations. The lower
limit of detection was 40 HIV-1 DNA copies/10° cells.

HIV-1 subtyping

All HIV-1 pol (PR/RT) sequences were submitted to
REGA HIV-1 Subtyping Tool. And them pure HIV-1 sub-
types and circulating recombinant forms identified were
confirm by Maximum-likelihood (ML) phylogenetic trees
that were reconstructed with the PhyML 3.0 program
[40] using the most appropriate nucleotide substitution
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model selected using program jModeltest v. 3.7 [41] and
the approximate likelihood-ratio test (aLRT) was used to
estimate the confidence of the branching on the tree. For
unique recombinant forms we performed the bootscan
analysis implemented in Simplot v3.5.1 software with the
following parameters: 300nt window, 20nt increments,
NJ method under Kimura’s two-parameter correction
with 100 bootstrap replicates [42].

Statistics

The Kruskal-Wallis test and Fisher’s exact test were used
for the comparison of continuous variables and cate-
gorical variables, respectively, between groups. CD4t T
cell absolute counts and CD4/CD8 ratio, inflammatory
and activation markers were analyzed using the Mann—
Whitney test to compare variables between two groups
and Wilcoxon matched pairs test to compare variables
between Pre-ART, M6 ART and M12 ART intragroup.
Correlations were performed using the Pearson test or
Spearman test according the normality of the data. Lin-
ear regression models were used to evaluate factors (age
and group) associated with cytokine levels at pre-ART
and M6 ART. Statistical analyses were performed using
GraphPad v6.0 (Prism Software, USA) and R software.

Results

Characteristics of the study population

Fifty-nine individuals were included in this study,
divided into four groups: AHI, EcHI, LcHI, and HIV-neg
(Table 1). The groups with PHI (AHI and EcHI) com-
prised the youngest individuals (median age 30.6 [inter-
quartile range (IQR): 27.7, 39.5] for AHI, 28.3 [IQR 26.7,
29.9] for EcHI), and the LcHI group comprised the old-
est individuals (median age 44.2 [IQR 40, 49.8]). We also
found a different sex distribution among the groups; the
HIV-neg group had 50% women, and the EcHI and AHI
groups were composed exclusively men, all men who
have sex with men (MSM). The HIV-1 viral load of the
AHI group was significantly higher than that of the EcHI
group at Pre-ART (median of 5.9 log [IQR 4.8, 6.5] in
AHI, 4 log [IQR 3.7, 4.9] in EcHI and 1.6 log [IQR 1.6—
1.6] in LcHI). After 6 months of cART, most individuals
with PHI had undetectable viral load, except two EcHI
(VL=94 and 96 copies/mL) and one AHI (VL =280 cop-
ies/mL). At 12 months of cART, all PHI subjects had an
undetectable viral load, except one that has suppressed
on M6 and presented a blip of 460 copies/mL at M12,
The CD4" T cell counts were higher in the HIV-neg
group (median 831 cell/mm? [IQR 757.2, 1129.5]) and the
LcHI group (median 853 cell/mm?® [IQR 762, 983]) and
lower in the EcHI group (median 566 cell/mm?® [IQR 389,
666.5]) and the AHI group (median 634 cell/mm?® [IQR
484.2, 885.5]). To EcHI and AHI individuals the HIV-1
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Table 1 Demographic and clinical characteristics of study participants

HIV-neg (n=18) LcHI (n=18)

Age

Median (IQR) 37.1 (31.6,49.3) 442 (40;49.8)
Gender (%)

Female 9(50) 7(389)

Male 9 (50) 11(61.1)
HIV-1 viral load

Log,, median (IQR) NA 16(161.6)

CD4+T cell count

Cells/mm?®, median (IQR) 831(757.2,1129.5) 853 (762,983)

EcHI (n=11) AHI (n=12) Total (h=59) Pvalue
0.001
28.3 (26.7,29.9) 306 (27.7:39.5) 34.5 (27.9:46.5)
<0001
0(0) 0(0) 16(27.1)
11(100) 12(100) 43(729)
<0.001
4(3.7,4.9) 59 (4.86.5) 3.5 (1.64.9)
0.001
566 (389,666.5) 6534 (484.2,885.5) 784 (648;909)

Analyses with age, HIV-1 viral load and CD4™" T cell count were performed using the Kruskal-Wallis

To EcHI and AHI we analyzed the pre-ART visit and for LcHI a pos-cART visit (median of 5 years after cART initiation)

Analyses with gender were performed using Fisher’s exact test

LeHI late chronic HIV-1 infection; EcHI early chronic HIV-1 infection; AHI acute HIV-1 infection; NA not applicable; IQR interquartile range

subtypying was performed and the subtype B was the
prevalent (Additional file 1: Table S1).

The avidity enzyme immunoassay results confirmed
all AHI and EcHI individuals included in the study as
recently HIV-1 infected, considering the window of
130 days established for this test.

cART initiation during acute infection can normalize CD4*
Tcells

We compared the CD4™ T cell absolute counts and the
CD4/CD8 ratio between individuals who started cART

in Fiebig I-V (AHI) and Fiebig VI stages (EcHI) with
HIV-neg individuals (Fig. 2). The AHI group had CD4"
T cell counts (median=838 cells/pL; IQR=610-971)
similar to the HIV-neg group (median=831 cells/pL,
IQR=742-1227) 6 months after cART initiation, while
the EcHI group, even after 12 months of cART (CD4
median= 670 cells/uL, IQR =582-926), did not normal-
ize CD4" T cell counts (P=0.0139) compared with the
HIV-neg group (Fig. 2a). However, when we analyzed the
CD4/CD8 ratio (Fig. 2b), both groups with recent HIV-1
infection presented lower CD4/CD8 ratios than the
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HIV-neg group after 6 and 12 months of cART. Moreo-
ver, we included a group of individuals who started cART
in the late chronic phase (LcHI) and, despite a long time
in cART with viral suppression and CD4" T cell counts
similar to the HIV-neg group, this group also presented a
lower CD4/CDS8 ratio than HIV-neg.

IP-10 and IL-18 levels reduced after 6 months of cART

in acute individuals

We evaluated six plasmatic markers of inflamma-
tion (IP-10/CXCL10, IL-18, IL-6, sCD14, sCD163,
and CRP) before cART and 6 months after cART ini-
tiation (Fig. 3 and Additional file 1: Figure S1). These
markers were chosen based in the following criteria:
having a pro-inflammatory action, elevated levels in
acute or chronic HIV-1 infection or being associ-
ated to AIDS progression or mortality [22, 25, 26, 28,
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30, 31, 43]. [P-10 and IL-18 (P<0.0001 for EcHI and
AHI) and sCD163 (P=0.0049 for EcHI and P=0.0019
for AHI) were higher at pre-ART in both groups of
PHI individuals than in the HIV-1 uninfected group.
After 6 months of cART, IP-10 levels were significantly
reduced in EcHI (P=0.0351) and AHI (P=0.0049)
groups when compared with the pre-ART levels. How-
ever, only the AHI group reached similar levels to those
presented by the HIV-neg group. Moreover, IP-10 was
higher in the LcHI group (P<0.0001) than the HIV-
neg group (Fig. 3a). In the AHI group, cART was also
able to reduce significantly (P=0.0005) the IL-18 lev-
els 6 months after cART initiation compared with pre-
ART levels and reached similar levels to those observed
in HIV-1 negative individuals (Fig. 3b). Despite the sig-
nificant reduction of sCD163 levels after 6 months of
cART in the EcHI group (P=0.0186), but not in AHI,
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compared to the pre-ART levels, both groups presented
levels similar to the HIV-1-uninfected group at this
visit. This marker was higher in the LcHI group than in
the HIV-neg group (P=0.0060) (Fig. 3c). We observed
higher sCD14 levels in the EcHI group after 6 months
of cART than in the HIV-neg group (P=0.0214) and
the pre-ART point of the group (P=0.0068) (Fig. 3d).
No significant differences were observed in CRP and
IL-6 among the studied groups (Additional file 1: Figure
S1). We also evaluated IP-10 and IL-18 levels after 1, 2
and 3 months of cART initiation in the AHI group and
observed that after 2 months, IP-10 and IL-18 reached
levels that were not different from HIV-neg individuals
(Additional file 1: Figure S2).

In analyses adjusted by age and group, at the pre-ART
visit, the levels of IP-10 (P<0.0001 for EcHI and AHI),
IL-18 (P=0.0005 for EcHI and P<0.0001 for AHI) and
sCD163 (P=0.0001 for EcHI and P=0.0056 for AHI)
remained higher than those in the HIV-1-neg group.
After adjustment, we found a slightly higher level of IL-6
in the AHI group than the HIV-1-neg group at the Pre-
ART visit (P=0.0418).

CD8* and CD4* T cell activation reach levels that are
comparable with HIV-1 uninfected individuals

after 12 months of cART initiation during primary infection
We observed a progressive decrease in CD8' T cell acti-
vation after cART initiation in both groups of individu-
als recently infected with HIV-1 (Fig. 4a). A significant
decline in the frequency of activated CD8" T cells was
observed comparing pre-ART and M6 ART visits in both
groups. However, CD8" T cell activation was similar to
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the HIV-neg group only after 12 months of cART. The
CD4™" T cell activation, as observed to CD8* T cells, only
reached similar values to the observed in HIV-1-unin-
fected individuals after 12 months of cART. In the AHI
group, we did not observe a decrease at M6, but after
12 months after cART the levels of CD4" T cell activation
were similar to the observed in HIV-neg group. In the
analyses adjusted by age and group at the pre-ART visit,
the frequency of activated CD8" T cells remained higher
than the HIV-neg group for both the EcHI (P=0.0264)
and AHI (P<0.0001) groups, data not shown.

IP-10 correlates with HIV-1 viral load at the pre-ART visit
Among the PHI individuals (AHI and EcHI groups), viral
loads showed a strong positive correlation with IP-10
at pre-ART visit (P=0.0006 and r=0.6610) (Fig. 5).
In the adjusted analysis, this correlation remained sig-
nificant (P=0.0019), and we found a significant asso-
ciation between sCD14 and viral load (P=0.0012) after
age adjustment (Additional file 1: Table S2). No correla-
tion was found between IL-18 or sCD163 and viral load
among the PHI individuals. We also evaluated the total
HIV-1 DNA in PBMCs of AHI individuals at the pre-
ART visit and found no correlation with T cell activation
or markers of inflammation.

CD4/CD8 ratio correlates with inflammatory and activation
markers

CD4/CD8 ratio have been pointed as a more accurate
marker of immune dysfunction than absolute CD4t T
cell count [44]. Negative correlations between CD4/
CD8 ratio and IP-10 (P=0.0112 and r=—0.5416), [L-18
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(P=0.0068 and r=—0.5713) and CD8" T cell activation
(P=0.0124 and r=—10.6000) were also observed (Addi-
tional file 1: Fig S3). No correlation with sCD14, sCD163,
IL-6 or CRP with CD4/CD8 ratio was observed.

Discussion

This is the first study evaluating inflammation and T cell
activation in Brazilian recent HIV-1 infected individu-
als. In this longitudinal study, we found that cART ini-
tiation in the HIV-1 acute infection had a higher impact
on inflammation reduction and CD4% T cell recovery
than cART initiation in early chronic phase. IP-10, IL-18,
sCD163, and CD8" T cell activation were elevated in
early infected individuals from a Rio de Janeiro, Bra-
zil when compared with the HIV-neg group. However,
among the inflammatory markers, only IP-10 presented a
positive correlation with the HIV-1 viral load.

There is clear evidence of the benefits of the early ini-
tiation of cART [2-7], and the WHO currently recom-
mends the immediate cART initiation in individuals with
a positive HIV-1 diagnosis, which is a recommendation
followed by Brazil since 2013 [45]. The primary goals of
this strategy are the following: to preserve the immune
system, to avoid the early development of AIDS and
non-AlDS related diseases and to reduce HIV-1 trans-
mission. Although the CD4™ T cell count is no longer a
criteria to define the moment of cART initiation, it is still
a valuable marker of immune reconstitution in individu-
als starting cART and is also routinely used in clinical
follow-up in settings were viral load monitoring is poor.
Here, we observed an earlier normalization of CD4" T
cell counts in the group that started cART during the Fie-
bigs I-V acute phase (AHI). After 12 months of cART, the
group that started cART only in the early chronic phase
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remained with lower CD4" T cell counts than the HIV-
neg group. Studies have explored the CD4/CDS8 ratio as
a marker of persistent immune activation and inflamma-
tion, even after long-term suppressive cART [46-48]. A
large study conducted with more than 400 MSM showed
that 56% inverted the CD4/CDS8 ratio around 3 months
after seroconversion [49]. In contrast with the normali-
zation of CD4" T cell counts in the AHI group after
6 months of cART, we observed a lower CD4/CD8 ratio
in both the AHI and EcHI groups than in the HIV-neg
group even at 12 months of cART. A previous study
demonstrated that an altered CD4/CD8 ratio remains
after 2 years of ART in individuals who started ART in
acute infection, even during the Fiebig I stage [4]. In our
study, the inverted CD4/CD8 ratio is mainly explained
by the high CD8" T cell counts (data not shown). Once
cART suppressed viral loads after 6 months of treat-
ment, it is probably that other factors, possibly the per-
sistent inflammation and immune activation, than only
the viral loads, affect the CD8" T cell compartment.
Indeed, we found negative correlations between the
CD4/CD8 ratio and IP-10, IL-18, and CD8* T cell activa-
tion. Microbial translocation also correlated with CD8"
T cell counts [50], and in our study, we found no higher
levels of sCD14, a monocyte activation marker also
used as a microbial translocation marker [51], in both
AHI and EcHI groups when compared to the HIV-neg
group at the pre-ART visit. An unexpected increase in
sCD14 at M6 was observed in EcHI group, which could
be explained by the later cART initiation in this group
compared with AHI, allowing a more extensive dam-
age in the gut mucosa. In contrast, we did not observe a
higher level of this marker in LcHI group, composed by
individuals with more than 5 years in cART, compared
to HIV-neg group, this could indicate that a longer time
of cART is necessary to decrease sCD14 to similar levels
to the observed in HIV-neg individuals. A previous study
[5] demonstrated that sCD14 levels remained higher in
individuals treated during acute HIV infection than in
HIV-uninfected individuals after 2 years, even though
this group, after 12 months of treatment, presented lower
sCD14 levels compared to individuals who started cART
in the chronic phase.

Early cART initiation reduces inflammation and
immune activation [3, 4, 6, 7]. IP-10 was one of the
markers of inflammation elevated in a pre-ART visit in
AHI and EcHI individuals, significantly reducing after
6 months of cART in both groups, although EcHI indi-
viduals did not achieve normal values. This marker was
associated with an increased risk of HIV-1 acquisition,
faster disease progression, and high plasmatic viral loads
[31, 52]. IP-10 binding CXCR3 and CD4*"CXCR3™" T cells
are the main targets of HIV-1 infection. Thus, it is likely
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that a high level of IP-10 contributes to the elevated viral
replication by attracting target cells that subsequently
induces further IP-10 production [53]. After 2 months
of treatment the levels of IP-10 in AHI group reached
similar levels to the observed in HIV-1 neg-group. At
this time, most individuals presented undetectable or
very low (<100 copies/mL) viral load, except for one
individual (1311 copies/mL), who presented pre-ART
viral load >10 million copies/mL. We also found a high
level of IL-18 at the pre-ART visit in this group. After
2 months of cART, these levels in the AHI group were
similar to that observed in the HIV-neg group, following
the same dynamics observed for IP-10. IL-18 is produced
in response to inflammasome activation, as reviewed by
Dinarello et al. 2013 [54]. The inflammasome is activated
in response to several stimuli, including LPS, and HIV-1
can activate inflammasome [55, 56]. The comparison of
our results of IP-10 and IL18 levels with other studies is
limited by variations in assay and characteristics of study
population, as age and coinfections. However, in a gen-
eral way, we founded studies which showed higher [3, 6,
30, 57], lower [43], and similar [31] values of IP-10, and a
similar level of IL-18 when compared with a French study
[30].

Studies have demonstrated a decrease in T cell acti-
vation, mainly CD8" T cell activation, after cART ini-
tiation during the acute phase of HIV-1 infection (3,
35]. Here, we observed an earlier decrease in markers
of inflammation than in T cell activation. However, we
detected an earlier normalization of CD8% T cell activa-
tion after cART initiation than that reported by two pre-
vious studies, which demonstrated higher levels of this
marker, even after 12 [7] or 24 months [35], than those
observed in HIV-1-uninfected individuals. In both stud-
ies, the median of CD8™ T cell activation was higher than
that observed here, which could explain the longer time
required for CD8" T cell activation normalization. More-
over, as observed to markers of inflammation, other fac-
tors, as coinfections, may also explain the differences.

The HIV-1 subtype B was the prevalent in our study
groups of recent infected individuals, followed by B/C
and B/F recombinants. When we compared HIV-1 sub-
type B versus non-B individuals, we founded no differ-
ences in inflammation or T cell activation markers. One
individual from EcHI group was infected by HIV-1 sub-
type D, which have been associated with a faster disease
progression [58]. However, this individual presented
viral load and CD4" T cell count comparable with group
median, and the same was observed to markers of inflam-
mation and T cell activation.

Our study has some limitations that should be high-
lighted. The first limitation is the small size of our cohort.
Indeed, the identification of individuals in the acute or
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early phase of HIV-1 infection is a major challenge. Sec-
ond, our groups of recently infected individuals were
composed exclusively by MSM, different from the LcHI
and HIV-neg groups. Moreover, we only quantified the
total HIV-1 DNA levels, with no differentiation between
2-LTR and integrated DNA and no functional assay was
performed to test the size of the competent reservoir. A
longer follow-up certainly will help to achieve a better
understanding of the dynamics of immune activation,
inflammation, and immune reconstitution after the early
cART initiation.

Alltogether, our results reinforce that early cART ini-
tiation during HIV infection can reduce systemic inflam-
mation, but the earlier normalization of the markers
related to this phenomenon was only observed when
cART is initiated in the acute phase. We suggest that
IP-10 was the best marker to evaluate inflammation on
recent HIV-1 infection, once it was elevated at pre-ART
visit and showed a positive correlation with plasmatic
viral load. CD8' T cell activation presented a different
reduction dynamic when compared to IP-10 and IL-18,
and it only reached normal levels one year after cART
initiation.

Additional file

- ~

Additional file 1: Figure $1. Plasmatic markers of inflammation. CRP

(a) and IL-6 (b) were measured by ELISA. P values were calculated using
the Mann-Whitney test. All values < 0.05 were considered statistically
significant. HIV-neg, HIV-1 uninfected individuals; LcHI, late chronic HIV-1
infection; EcHI, early chronic HIV-1 infection; AHI, acute HIV-1 infection;
M6 ART, 6 months after cART start after cART start. Figure S2. Decreasing
dynamics of inflammatory markers among acute treated HIV infected indi-
viduals. IP-10 (a) and IL-18 (b) were measured by ELISA at different time
points after cART start. P value were calculated using the Mann-Whitney
test. All values < 0.05 were considered statistically significant. HIV-neg,
HIV-1 uninfected individuals. Figure $3. Correlations between markers

of inflammation activation with CD4/CD8 ratio at pre-ART visit. IP-10 and
CD4/CD8 ratio (a), IL-18 and HIV-1 CD4/CD8 ratio (b), CD8 activation and
CD4/CD8 ratio (c). P and r values were calculated using the Spearman test.
All values < 0.05 were considered statistically significant. Table $1. HIV-1
subtypes. Table §2. Age adjusted analyzes of the association between
sCD14 levels and HIV-1 viral load at pre-ART visit.
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Abstract

Background: Ongoing intra-host HIV-1 evolution has been shown in individuals that naturally suppress the viremia
to low levels (HIV controllers) by the analysis of the RNA in plasma compartment. Detection of evolution at the DNA
proviral compartment in HIV controllers, however, has been more challenging and the precise correlation between
the systemic viral suppression level and rate of reservoir's reseeding in those individuals is not fully understood. In this
sense, we examined the proviral DNA quasispecies by single genome amplification of the env gene in a cohort of 23
HIV controllers from Brazil, divided in three groups, according to the level of systemic viral suppression: (1) elite con-
trollers with persistent undetectable viral load (PEC, n = 6); (2) elite controllers with occasional episodes of transient
(51-400 copies/mL) viremia (EEC, n = 7); and (3) viremic controllers with persistent low-level (80-2000 copies/mL)
viremia (VC, n = 10).

Results: The HIV-1 diversity of the PBMC-associated proviral quasispecies in EC was significantly (P < 0.01) lower than
in VC, but not significantly different between PEC and EEC groups. We detected a considerable variation in the aver-
age pairwise nucleotide distance and proportion of unique sequences in the HIV-1 proviral quasispecies of PEC and
EEC. Some PEC and EEC displayed highly homogenaous proviral populations with large clusters of identical sequences,
while others exhibited relatively diverse proviral populations with a high proportion of unique sequences comparable
to VC subjects. The long-term (10-15 years) follow-up of the HIV-1 proviral populations revealed a complete evolu-
tionary stasis in one PEC and measurable divergence rates in one EEC [3.1 (1.2-5.6) x 107> substitutions/site/year and
oneVC[2.9(0.7-5.1) x 103 substitutions/site/year].

Conclusions: There is no simple relationship between systemic viral suppression and intra-host proviral diversity

or rate of reservoir's reseeding in chronically infected HIV controllers. Our results demonstrate that very divergent
patterns of intra-host viral diversity and divergence could be detected in the setting of natural suppression of HIV-1
replication and that ongoing evolution and reseeding of the PBMC proviral reservoir occurs in some elite contrallers.

Keywords: HIV-1, Elite controllers, Viremic controllers, Reservoir, Diversity, Evolution, Reseeding

Background patterns among individuals. Most HIV-1 infected indi-
The natural history of human immunodeficiency virus  viduals, termed typical progressors (TP), display high
type-1 (HIV-1) infections may display very divergent plasma viral loads and progress to AIDS without treat-
ment after 5-10 years of infection [1]. Some individu-
als, termed long-term non-progressors (LTNPs), display
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control of viral replication maintaining at very low levels
during chronic infection [2]. Among HIV controllers, the
viremic controllers (VC) suppress the viremia to levels
<2000 HIV-1 RNA copies/mL and the elite controllers
(EC) to levels <50-80 HIV-1 RNA copies/mL.

Intra-host HIV-1 evolution in TP follows a consistent
pattern of temporal changes in viral diversity and diver-
gence during the course of infection, that affect both pro-
viral DNA populations in peripheral blood mononuclear
cells (PBMC) and viral RNA populations in plasma [3].
According to that pattern, infection is usually initiated
by a relatively homogeneous viral population (with less
than 1% envelope [emv] diversity) that diversifies dur-
ing the asymptomatic phase, reaching a peak of popula-
tion diversity (up to 10% at the env gene) and divergence
before leveling off or decrease towards the AIDS phase. A
roughly similar pattern of intra-host HIV-1 evolution was
described for LTNPs and HIV controllers in the plasma
compartment [3]. LTNPs display HIV-1 RNA populations
that continuously evolve during chronic infection and
reach an overall diversity comparable to that observed in
TP [4]. Several studies also demonstrate ongoing evolu-
tion and divergence of HIV-1 RNA sequences from most
EC [5-12], although the mean diversity of plasma popu-
lations in EC is significantly lower than that observed for
TP at chronic infection [8].

The HIV-1 diversity and divergence pattern of PBMC-
associated proviral sequences from LTNPs and HIV con-
trollers, however, differed strikingly from that observed
in the plasma virus. In some LTNPs, DNA proviral pop-
ulations are composed of a complex mixture of archival
(dating close to the patient’s seroconversion time) and
recent (dating close to the sampling time) variants [13]
and displayed no temporal structure in the changes of
diversity and divergence during chronic infection [14].
In all chronically infected EC and some VC, DNA pro-
viral populations are extremely homogenous (with less
than 2% env diversity), mostly composed by ancestral
sequences and with no measurable divergence over time
[5, 9, 10, 12, 15-19]. A recent study demonstrates that
most proviral sequences detected in PBMC from HIV
controllers are largely representative of archival variants
probably integrated during primary infection and prop-
agated by clonal expansion of the memory CD4" T cell
latent reservoir, although rare proviral clones of recent
origin could be detected in some patients [12].

These observations suggest that the virus is evolving
in HIV controllers, but most evolving plasma viruses do
not replenish the PBMC reservoir and the majority of
PBMC-associated proviral sequences detected in chroni-
cally infected HIV controllers represent ancestral vari-
ants. The precise correlation between the systemic viral
suppression level and the rate of reservoir’s reseeding in
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HIV controllers, however, is not fully understood. Fur-
thermore, previous studies may have failed to detect
proviral sequence replenishment and ongoing evolution
in HIV controllers because of the narrow follow-up time
(usually 2-6 years). To answer these questions, we per-
formed a cross-sectional analysis of the DNA proviral
quasispecies diversity at the env gene in 23 HIV control-
lers with different levels of systemic viral suppression and
we also recover the long-term (10-15 years) pattern of
changes of HIV-1 proviral populations in the setting of
low/undetectable viremia.

Methods

Study subjects

A cohort of 23 HIV controllers, defined as subjects
infected with HIV-1 for at least 5 years and maintaining
RNA viral loads of <2000 copies/mL without antiret-
roviral therapy, has been followed-up at the Instituto
Nacional de Infectologia Evandro Chagas (INI), Rio de
Janeiro, Brazil. These subjects were classified in two cat-
egories according to the plasmatic viral load (VL) during
follow-up [20]: (1) elite controllers (EC) if most (=70%)
plasma VL determinations were below the limit of detec-
tion for the respective available assay (<50-80 copies/
mL) (n = 13) and (2) viremic controllers (VC) if most
(>70%) VL determinations were between 80 and 2000
copies/mL (n = 10). The EC were further subdivided in
two subgroups [21]: persistent elite controllers (PEC) if
100% of VL measures were below the limit of detection
(n = 6) and (2) ebbing elite controllers (EEC) if subjects
had occasional (<30% of frequency) episodes of transient
low-level (51-400 copies/mL) viremia (n = 7). Patients
were followed at least once every 6-12 months to per-
form infection-monitoring tests such as RNA viral load
quantification and CD4" T lymphocyte count. In each
visit, PBMC were obtained by Histopaque-1077 (Sigma,
USA) density gradient and stored in liquid nitrogen until
use. The present work was approved by the Brazilian
National Human Research Ethics Committee (CONEP
14430/2011) and all subjects gave written informed
consent,

CD4™ T cell counts and plasma HIV-1 RNA quantification

Absolute CD4% T cell counts were obtained using the
MultiTest TruCount-kit and the MultiSet software on a
FACSCalibur flow cytometer (BD Biosciences San Jose,
CA). Plasma VL were measured according to the Brazil-
ian Ministry of Health guidelines, with methodologies
being updated overtime to improve sensitivity: Nuclisens
HIV-1 RNA QT assay (Organon Teknika, Durham, NC,
limit of detection: 80 copies/mL) from 1999 to 2007; the
Versant HIV-1 3.0 RNA assay (bDNA 3.0, Siemens, Tar-
rytown, NY, limit of detection: 50 copies/mL) from 2007
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to 2013; and the Abbott RealTime HIV-1 assay (Abbott
Laboratories, Wiesbaden, Germany, limit of detection: 40
copies/mL) from 2013 to 2016.

HIV-1 DNA extraction and single genome sequencing
Cryopreserved PBMC were thawed, washed and imme-
diately after, the total genomic DNA was isolated with
addition of the DNAzol® Reagent (Invitrogen, USA)
as described [22]. To limit template resampling, single
genome amplification (SGA) was performed by limit-
ing dilution nested PCR at a concentration of DNA that
would produce less than 40% of positive PCR reactions,
providing a >70% probability that a positive PCR origi-
nates from a single molecule [23]. A fragment of nearly
600 bp of the HIV-1 env gene (including the C2-C4
regions of gp120) was amplified by PCR using AmpliTaq
Gold® 360 DNA Polymerase (Applied Biosystems, USA)
as described [17]. The final PCR products were purified
using the Illustra GEX PCR DNA purification kit (GE
Healthcare, USA) and directly sequenced using the ABI
BigDye Terminator v.3.1 reaction Kit (Applied Biosys-
tems, Foster City, CA) in an ABI PRISM 3100 automate
sequencer (Applied Biosystem). Chromatograms were
assembled into contigs using the SeqMan 7.0 software
(DNASTAR Inc., Madison, WI). Sequences resulting
from low-quality chromatograms, from chromatograms
with double peaks (indicative of more than one template
per sequencing reaction), or showing APOBEC3G/E-
mediated hypermutation as determined using Hypermut
software [24] were discarded.

HIV-1 subtyping

Env sequences from HIV controllers were aligned with
HIV-1 subtype reference sequences using ClustalW and
then manually edited, yielding a final alignment cover-
ing positions 7008-7650 relative to the HXB2 refer-
ence genome. Maximum-likelihood (ML) phylogenetic
trees were reconstructed with the PhyML 3.0 program
[25] using the most appropriate nucleotide substitution
model selected using program jModeltest v. 3.7 [26], the
SPR branch swapping heuristic tree search algorithm,
and the approximate likelihood-ratio test (aLRT) [27] for
branch support.

Prediction of coreceptor usage and CCR5 genotyping

The V3 region of env sequences was translated using
MEGA7 [28] and viral tropism was predicted using
Geno2pheno (http://coreceptor.bioinf.mpisb.mpg.de/cgi-
bin/coreceptor.pl) with a false positive rate (FPR) cutoff
of 5% [29]. The presence of the A32 variant in CCR5 was
assessed by PCR amplification/agarose gel electrophore-
sis as previously described [21].
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Analyses of viral diversity and divergence

The complexity of proviral quasispecies was character-
ized using two indices: the mean nucleotide diversity
(m) and the normalized Shannon entropy (Hgy). The
n measures the average number of nucleotide differ-
ences between any two sequences of the quasispecies
obtained at the same time point and was calculated using
MEGA?7 [28] as described previously [17]. The Hgy pro-
vides a measure of haplotype (mutant) frequencies and
was calculated by using the R package, Vegan [30], after
rarefaction of samples to the small sample size (n = 10)
for bias correction of sample size differences [31]. The
divergence rate of proviral env sequences was estimated
for three patients (one PEC, one EEC and one VC) with
available sequences sampled between 5 and 15 years ago
[17]. ML phylogenetic trees were reconstructed for each
patient as described above and linear regression analy-
sis of the root-to-tip distances against sampling time
were performed using program Tempest [32] to verify
the temporal structure of the datasets. The intra-host
viral evolutionary (divergence) rate was then directly
estimated from the sampling date of the sequences for
those datasets with a good temporal structure using pro-
gram BEAST v1.8 [33]. Analyses were performed using
the most appropriate nucleotide substitution model for
each patient, a relaxed uncorrelated lognormal molecular
clock model [34] with a CTMC rate reference prior [35]
and a Bayesian coalescent tree prior [36]. Three MCMC
chains were run for 1 x 107 generations and then com-
bined. Effective Sample Size (ESS) and 95% Highest Prob-
ability Density (HPD) values were inspected using Tracer
v1.6 (http://tree.bio.ed.ac.uk/software/tracer/) to assess
the convergence and uncertainty of parameter estimates.

Statistical analysis

Statistical analyses were performed using GraphPad v6
(Prism Software, USA). The Mann—Whitney test was
use to compare the quasispecies diversity, the time since
HIV-1 diagnosis and the CD4* T cell counts between
subjects groups. Tests were considered significant if the
P value was <0.05.

Results

Epidemiological, clinical and virological characteristics

of HIV controllers

The main clinical and epidemiological characteristics of
our HIV controllers’ cohort are shown in Table 1. Female
gender (61%) was more frequent than male (39%), 70%
of the patients identified themselves as heterosexual and
22% as men who have sex with men (MSM), while infor-
mation regarding exposure behavior was not available
for 9%. A higher proportion of females (77 vs 40%) and
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Table 1 Clinical and epidemiological characteristics of HIV controllers

Patient Birth date Gender Exposure Last HIV negative  First HIV positive ~ Median HIV RNA Median CD4* T cells
(year) category test (year) test (year) VL (range) (IQR)

PECO2 1963 Female HET ND 1997 <LD 1272(1128-1425)
PEC52 1971 Female HET ND 1997 <LD 1391 (1343 14617)
PEC30 1983 Male HET ND 2009 <LD 842 (669-968)
PEC35 1980 Female HET 2004 201 <D 859 (767-943)
PEC38 1976 Female Unknown ND 2011 <LD 1080 (1020-1230)
PEC39 1944 Female Unknown ND 2011 <LD 1411 (1072-1640)
EEC09 1969 Male MSM ND 2001 <LD (<LD-388) 932 (807-1069)
EEC11 1967 Fermale HET 1989 1995 <LD (<LD-580) 1127(1007 301)
EEC42 1954 Fermnale HET 1992 1993 <D (<LD-341) 1(924-1118)
EECT7 1950 Female HET ND 2000 <LD (<LD-96) 1874 (1674-2132)
EEC18 1933 Female HET ND 2001 <D (<LD-300) 694 (667-809)
EEC19 1968 Male HET ND 2006 <LD (<LD-73) 889 (820-973)
EEC36 1976 Fernale HET 2005 2010 <|D (<LD-61) 945 (937-1157)
VC04 1965 Fernale HET ND 2008 557 (108-4407) 779 (689-811)
VC05 1964 Male HET ND 1991 241 (55-800) 1254 (1101-1410)
VC06 1978 Male MSM 1999 2000 69 (<LD-405) 1093 (960-1215)
VC14 1970 Female HET 1996 1999 106 (55-782) 702 (688-757)
VC15 1974 Fernale HET ND 2001 855 (510-2052) 699 (681-825)
VC16 1967 Male MSM ND 1998 240 (<LD-1683) 556 (532-608)
VC23 1971 Male HET 2004 2008 6528 (139-1842) 635 (569-671)
V(31 1963 Male MSM 2006 2006 1558 (587-10,026) 733 (654-814)
V(32 1978 Male MSM 2004 2005 153 (<LD-722) 641 (564-709)
V(43 1973 Female HET ND 2008 232 (66-864) 850 (775-911)

MSM men who have sex with men, ND not determined, VL viral load (copies/mL), LD limit of detection, IQR interquartile range, median CD4" T cell (cells/uL)

heterosexuals (69 vs 40%) was observed in the EC group
than in the VC group. Participants had a median age of
49 years (IQR: 41-53 years old) and had documented
HIV infection for a median of 11 years (IQR: 6-15 years).
The EC and VC groups have a similar median age (52 vs
46 years, respectively) and median documented time of
HIV infection (9 vs 10 years, respectively) at sampling
time (Additional file 1: Figure S1A, B). None of the HIV
controllers exhibited AIDS-related conditions and the
CD4"' T cell counts were =500 cells/pL. during follow-
up (Fig. 1). Most of them (83%) also had documented
HIV-infection for over 8 years, thus being classified as
LTNPs. EC, however, displayed a higher median CD4™"
T-cell count than VC at sampling time (1202 vs 735
cells/pL, respectively) (Additional file 1: Figure S1C). No
significant differences in clinical and epidemiological

characteristics were observed between PEC and EEC
subgroups (data not shown).

A cross-sectional analysis of the HIV-1 proviral qua-
sispecies in the 23 HIV controllers was performed by
SGA of the env gene at between 5 and 20 years after
HIV-diagnosis (Fig. 1). Similar median numbers of env
clones per sample were obtained in EC (16, IQR: 14-18)
and VC (18, IQR: 14-21) groups, as well as in PEC
(15; IQR: 14-16) and EEC (17; IQR: 15-21) subgroups
(Table 2). ML phylogenetic analysis revealed that env
sequences from most individuals (n = 20, 87%) clustered
by subject in highly supported (bootstrap >95%) mono-
phyletic lineages (Fig. 2), thus supporting infection by a
single variant. For three individuals (EEC09, VC06 and
VC32), however, the env sequences branched in two
independent monophyletic clades (Fig. 2), indicating

I'd
(See figure on next page.)

Fig. 1 Clinical follow-up of the 23 HIV-1 controllers. Plasma RNA viral load (copies/mL, circles) and CD4™ T cell counts (cells/uL, squares) values over
time (years) are shown on the feft and right Y axis respectively. RNA viral loads below or above the detection limit are colored black and red, respec-
tively. The limit of detection of RNA viral load varied over time according to the methodology used. Shaded areas indicate the time points selected

in this study (gray) and previously (green) [17] for the DNA quasispecies analysis. Patient identification is shown in the upper feft corner of each graph
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Table 2 Virological characteristics of HIV controllers
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Patient Number of env Subtype HIV-1 tropism?
clones
PEC02 14 B 100% R5
PEC52 16 B 100 X4
PEC30 11 B 55% R5
PEC35 19 F1 100% R5
PEC38 15 A 100% R5
PEC39° 14 B 100% R5
EEC09 12 B 100% R5
21 F1 100% R5
EEC11® 13 B 100% R5
EEC42 16 B 100% R5
EEC17 10 B 100% R5
EEC18 20 B 95% R5
EEC19 17 B 100% R5
EEC36 21 B 100% R5
VCo4 24 C 100% R5
VC05 14 B 100% R5
VCoe? 24 B 100% R5
5 B 100% R5
VvCi14 12 F1 100% R5
VC15 14 B 100% R5
Va6 21 B 95% R5
VC23 20 C 100% R5
V(31 15 B 100% R5
V(32 17 B 100% R5
2 F1 100% R5
V(43 17 B 70% R5

® Heterozygous patients for A32 CCR5 allele

dual infection. The subject VC06 was double infected by
two HIV-1 subtype B variants, while individual EEC09
and VC32 were double infected by HIV-1 subtypes B and
F1 variants. A second sample from these three individu-
als was analyzed confirming the previous result (data
not shown). Overall, subtype B (74%) was the most fre-
quent HIV-1 variant detected in our cohort, followed by
subtypes F1 (13%), C (9%), and A1 (4%) (Fig. 2; Table 2).
Prediction of coreceptor usage showed that most indi-
viduals (78%) presented only R5-tropic viral clones, two
individuals (one EEC and one VC) presented a low fre-
quency (5%) of X4-tropic clones, two individuals (one
PEC and one VC) displayed a high frequency (30-45%)
of X4-tropic viruses, and one PEC had only X4-tropic

m (%) Hsy Proportion of unique
sequences (%)
4.4 0.72 57
0.1 0.36 18
45% X4 29 088 81
0.1 0.23 21
39 0.80 60
4.2 097 93
05 - 45
0.2 0.59 38
0.2 0.57 38
1.9 1.00 100
46 0.94 50
5% X4 2.7 087 75
06 0.26 23
1.9 0.82 62
48 1.00 100
59 093 86
2.1 0.92 70
0.02 - 60
4.4 0.99 96
4.4 1.00 100
5% X4 44 1.00 100
2.5 1.00 100
6.4 098 93
35 098 94
0.2 - 100
30% X4 4.1 096 88

viral clones (Table 2). None of the subjects with high
frequency of X4-tropic viruses is homozygous/heterozy-
gous for the CCR5/A32 genotype (Table 2). Hypermu-
tated proviral sequences were detected at a very low
frequency (<5%) in only two individuals (Fig. 2).

Diversity of proviral quasispecies in HIV controllers

To address the potential relationship between systemic
viral suppression level and reservoir’s reseeding among
the 23 HIV controllers of our cohort, we calculated m and
Hygy, indices that measure the average pairwise nucleo-
tide distance and the mutant frequencies (proportion of
unique sequences) in the set of aligned sequences of each
individual, respectively. For double-infected patients,

(See figure on next page.)

Fig. 2 ML phylogenetic tree of env sequences from HIV-1 controllers and HIV-1 subtype reference sequences. Branches were colored according to
the subtype assignment as shown in the legend at bottom left. The individual's identification is displayed on the right side of the clusters. Sequence
clusters from dual infected individuals (EEC09, VC06 and VC32) are indicated by shaded boxes. Bootstrap support for each individual cluster is shown.
Black circles point to the reference sequences and asterisks highlight the sequences with APOBEC3G-mediated G to A hypermutations. Horizontal
branch lengths are proportional to the bar at the bottom indicating nucleotide substitutions per site
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only sequences of the prevalent HIV-1 variant were con-
sidered. VC displayed quite diverse (it > 2%) and complex
(Hgy > 0.90) proviral quasipecies that were mostly (>70%)
composed by unique sequences (Table 2; Additional
file 2: Figure S2). The overall mean m and Hgy estimated
for HIV-1 quasispecies in the VC group were significantly
higher than those estimated for the EC group (P < 0.01),
despite the fact that the time since HIV-diagnosis was
comparable among groups (Fig. 3). This supports that the
PBMC reservoir of VC display higher rate of evolution
and reseeding than that of EC.

A closer inspection of the EC group, however, reveals
that both diversity and complexity of HIV-1 quasispe-
cies extensively varied among subjects (Table 2; Fig. 3).
The combined analysis of m and Hgy allow us to detect
two divergent patterns of intra-host viral diversity within
the EC group (Fig. 4; Additional file 2: Figure S2). The
first group (G1) comprises five EC (two PEC and three
EEC) that present highly homogenous (i < 1%) proviral
quasispecies with large clusters of identical sequences
(Hgy < 0.6). The second group (G2) comprises eight
EC (four PEC and four EEC) showing relatively diverse
(m = 2%) proviral populations with high proportion

a 8 P =0.0083
6- ® e
E 4 l.-..
L]

A :
I

0 = -
PEC/EEC vC
PEC
EEC
e VC
b P = 0.0006
1.09 *; ::f-
= 05/
0.0 T T
PEC/EEC vC

Fig. 3 Mean nucleotide diversity (m, a) and normalized Shannon
entropy (Hey, b) of proviral env quasispecies from EC and VC. The
colors of the circles represent the different levels of systemic viral sup-
pression in HIV-1 controllers as indicated in the legend. Dotted and
continuous gray lines represent the median and interquartile ranges,
respectively. P values were calculated using the Mann-Whitney test
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Fig. 4 Identification of divergent patterns of intra-host viral diversity
among EC subjects. The normalized Shannon entropy (Hey, y axis)

of each subject’s proviral env quasispecies was plotted against the
corresponding mean nucleotide diversity (, x axis). The colors of the
circles represent the different levels of systemic viral suppression in
HIV-1 controllers as indicated in the legend. Dashed circles identify the
two main patterns of intra-host viral diversity: proviral quasispecies of
individuals from group 1 (G1, dashed orange line) displayed low diver-
sity (< 1%) and a high proportion of identical sequences (Hgy < 0.6);
proviral quasispecies of individuals from group 2 (G2, dashed green
line) exhibited larger diversity (m > 2%) and a higher frequency of
unique sequences (Hey > 0.7)

of unique sequences (Hgy > 0.7), comparable to those
observed among VC subjects. Similar median values of
n and Hgy, were estimated for EC with or without detec-
tion of occasional viremia above the limit of detection
(Additional file 3: Figure $3). Quasispecies diversity and
complexity were also not correlated with time since HIV
diagnosis in EC (Additional file 4: Figure S4).

Rates of evolution of proviral quasispecies in HIV
controllers

The pattern of intra-host viral diversity observed in
EC-G1 is consistent with amplification of viral reservoir
mostly by clonal expansion of infected memory CD4™"
T cells; whereas the pattern observed in EC-G2 and VC
patients supports a continuous reseeding of the proviral
reservoir. To confirm that hypothesis, we investigated
the long-term evolution of the PBMC proviral compart-
ment in three individuals from groups EC-G1 (PEC52),
EC-G2 (EEC42) and VC (VCO05) by combining the env
proviral sequences obtained in the present study with
those obtained from the same patients 10—13 years ago
and that were described previously [17]. ML phylo-
genetic trees were reconstructed for each patient and
the root-to-tip distances were plotted against sampling
time. Despite the very long follow-up time (13 years),
proviral env sequences of patient PEC52 were mostly
identical and with no evidence of increasing root-to-tip
distance over time (Fig. 5), thus confirming absence of
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reseeding and evolution of the PBMC reservoir in this
patient. All proviral env sequences from patient EEC42
and most (70%) env sequences from patient VC05 sam-
pled at the most recent time-point, by contrast, were
different from those sampled 11-12 years earlier and
with clear evidence of evolution (increasing root-to-
tip distance over time) (Fig. 5). To estimate the intra-
host HIV-1 evolutionary rate in subjects EEC42 and
VCO05, env sequences from different time points were
analyzed using the BEAST program. For each cluster
of identical sequences, only those env sequences sam-
pled at the earliest time point were retained to reduce
the impact of latency on intra-host evolutionary rate
estimations. According to these analyses, the mean
intra-host evolutionary rate of proviral env sequences
estimated for patient EEC42 was 3.1 x 1072 subst/site/
year (95% HPD: 1.2-5.6 x 1073 subst/site/year) and for
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patient VC was 2.9 x 1072 subst/site/year (95% HPD:
0.7-5.1 x 1072 subst/site/year).

Discussion

In this study, we examined the DNA proviral quasispe-
cies diversity at the env gene in 23 chronically infected
HIV controllers with different levels of systemic viral
suppression. Most HIV controllers included in our
cohort were females (61%) and this percentage was
higher for EC (77%) than for VC (40%). This may be a
consequence of the greater frequency of women seeking
health services for routine and preventive exams than
men, enabling the diagnosis of HIV even in the absence
of symptoms [37], and/or may reflect gender-specific
differences in the plasma HIV-1 RNA levels [38—40].
Although no HIV controllers exhibited AIDS-related
conditions and had CD4% T cell counts >500 cells/pL
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during follow-up, EC (1202 cells/pL) displayed a signifi-
cantly higher median CD4™ T cell counts than VC (735
cells/pL) at sampling time, supporting the relevance of
persistent low-level viremia on the long-term CD4% T
cell decline [20, 41].

Analysis of proviral env sequences from HIV control-
lers revealed a diverse molecular epidemiologic profile
with detection of HIV-1 subtypes B (74%), F1 (13%), C
(9%) and A1 (4%). While subtypes B, F1 and C are com-
mon HIV-1 clades circulating in Brazil [42], subtype Al
has been only described in one case [43]. Three indi-
viduals (one EC and two VC) were dually infected with
strains of the same (B) or different (B and F1) subtypes,
resulting in a prevalence of dual HIV-1 infection (13%)
comparable to that previously estimated in a Span-
ish cohort of LTNP-EC (20%) [44]. Prediction of core-
ceptor usage further revealed a significant frequency
(30-100%) of X4-tropic clones in proviral quasispe-
cies of two PEC and one VC. Reanalysis of proviral env
sequences from EC and VC already published [12, 16,
18] showed that high frequency (>30%) of X4-tropic
clones is a rare phenomenon, being detected in only
one out of 25 subjects analyzed (data not shown). These
results demonstrate that natural suppression of HIV-1
viremia below 2000 copies/mL can be achieved in the
context of either single or dual HIV-1 infections, regard-
less of the subtype and coreceptor usage of infecting
virus.

The HIV-1 proviral population continuously diversi-
fies during untreated asymptomatic infection, although
the rate of diversification greatly varies among individu-
als. In TP with RNA viral loads above 10,000 copies/mL,
env gene diversity increases at a mean rate of 1%/year and
reaches a peak (i1 = 6-10%) after 5-10 years post-infec-
tion [3]. High levels of erv proviral diversity (m = 4-8%)
have been also described in samples taken 10-15 years
after HIV diagnosis from LTNPs with plasma viremia
between 2000 and 10,000 copies/mL [4, 16, 17, 19, 45].
Much lower levels of env proviral diversity (m = 0.1-6%),
by contrast, were detected here in samples taken between
5 and 20 years after HIV diagnosis from HIV controllers
(RNA viral load lower than 2000 copies/mL). This is con-
sistent with previous studies [15-19] and with the notion
that no viral diversification is expected when the host
immune response greatly reduces the HIV-1 replication
limiting the selection of escape mutants [46].

A closer inspection of the quasispecies diversity in
different HIV controller groups here studied, however,
revealed a more complex scenario. Particularly, the mean
env diversity of proviral quasispecies in EC subjects var-
ied over a large range (0.1-4.6%) and two distinct patterns
of intra-host viral diversity were observed in that group.

Page 10 of 13

While some EC subjects (EC-G1) displayed highly homo-
geneous proviral populations (i1 < 1%) mainly composed
by large clusters of identical sequences (Hgy < 0.6), other
EC subjects (EC-G2) showed more diverse (i1 > 2%) pro-
viral populations comprising high proportions of unique
sequences (Hgy > 0.7), comparable to those observed
in VC subjects. Thus, contrary to initial expectations,
the presence of a highly homogenous PBMC-associated
HIV-1 proviral population is not a common characteris-
tic of all EC subjects and no linear correlation could be
observed between proviral quasispecies diversity and sys-
temic viral suppression in HIV controllers.

Analysis of the long-term evolution of proviral popula-
tions revealed that the distinct patterns of intra-host viral
diversity observed in HIV controllers might reflect differ-
ent driving forces for the maintenance of the viral reser-
voir. Proviral env sequences of individual PEC52 (EC-G1
group) taken over a period of 13 years were mostly iden-
tical and displayed no evidence of divergence over time,
demonstrating that most PBMC-associated proviral
sequences detected in this chronically infected HIV
controller represent ancestral variants that persist for
>10 years of infection. This pattern supports the notion
that the proviral reservoir, in some EC subjects, is mostly
maintained by the clonal expansion of CD4" T lympho-
cytes. Those cells were probably latently infected at the
initial stage of infection, culminating in the absence of
evolution and the preservation of a highly homogenous
proviral population, similar to those observed in the
majority of acutely infected patients [47—54].

In sharp contrast to patient PEC52, proviral popula-
tions of subjects EEC42 (EC-G2 group) and VCO05 (VC
group) displayed an increasing divergence and a partial
or complete replacement of sequence variants over time.
Although the mean env intra-host divergence rate here
estimated for HIV controllers (~3 x 1073 subst/site/year)
was much lower than that previously estimated for TP
(~10 x 1072 subst/ site/year) [3], the pattern observed is
fully consistent with a continuous reseeding of the PBMC
proviral reservoir in those HIV controllers. While several
studies already demonstrate ongoing evolution and diver-
gence of HIV-1 RNA sequences from the plasma com-
partment in VC and EC [5-12], this is the first study to
quantify the intra-host divergence rate of DNA proviral
sequences in the setting of undetectable viremia. These
observations demonstrate that the HIV-1 in VC and in
some EC is not only evolving, but also that the PBMC
reservoir is continuously being resseded at a low, but
measurable, rate leading to the partial or complete sub-
stitution of ancestral variants over time.

The divergent patterns of genetic diversity and evolu-
tion of proviral populations from EC here observed may
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be due to: (1) different levels of systemic suppression,
(2) diverse mechanisms of natural control of HIV-1 rep-
lication, and/or (3) differences in the transmitted virus
populations. Although a previous study conducted by
our group demonstrated that rare episodes of detectable
viremia in EC are associated to higher levels of systemic
immune activation and a stronger HIV-1 specific immune
response [21], pointing to lower levels of systemic viral
supression in EEC than in PEC, we found no significant
difference in the quasispecies diversity between both EC
subgroups. It is possible that EC-G1 subjects display more
efficient control mechanisms, capable of limiting new
rounds of infection, particularly in the lymph nodes, than
those present in EC-G2 subjects. Finally, it is also possi-
ble that the high proviral diversity detected in some EC
was not due to intra-host evolution, but was present since
the beginning of infection. Indeed, it was demonstrated
that a substantial fraction of subjects (20—30%) displayed
heterogeneous (2-5% env diversity) proviral populations
in PBMC before seroconversion, most likely resulting
from transmission of multiple HIV-1 variants [47-54].
If differences observed arise from multiple underlying
mechanisms, definition of homogenous EC subgroups
could become increasing challenging as more subjects are
characterized.

Conclusions

These results reveal that very divergent patterns of intra-
host viral diversity and divergence could be detected in
the setting of natural suppression of HIV-1 replication,
suggesting that HIV-1 may evolve differently in every
patient. We found no simple relationship between sys-
temic viral suppression and intra-host proviral diversity
or rate of reservoir’s reseeding in chronically infected
HIV controllers, although the influence of some poten-
tial confounding factors such as the transmission of mul-
tiple HIV-1 variants in some EC cannot be ruled out.
Our study also demonstrates that ongoing evolution and
reseeding of the PBMC proviral reservoir is possible in
some EC. The long-term longitudinal follow-up of more
EC patients will be important to elucidate the major driv-
ing forces of the different intra-host evolutionary patterns
here detected as well as their impact on the long-lasting
control of HIV-1 replication and disease progression.

Page 11 0of 13

Additional files

Additional file 1: Figure S1. Median of the Age (A), time since HIV diag-
nosis (B) and CD4+ T cell count (C) of HIV-1 controllers at the sampling
point. The colors of the circles represent the different levels of systemic
viral suppression in HIV-1 controllers as indicated in the legend. Dotted
and continuous gray lines represent the median and interquartile ranges,
respectively. P values were calculated using the Mann-Whitney test

Additional file 2: Figure S2. ML phylogenetic trees of HIV-1 proviral env
sequences obtained by SGA from PBMC of EC-G1, EC-G2 and VC subjects.
Each tree represents the sequences from an individual. Presence of black
and white circles in subjects EECO9, VC06 and V(372 is indicative of dual
infection. Trees were rooted at the midpoint. Horizontal branch lengths
are drawn to scale with the bar at the bottom indicating nucleotide sub-
stitutions per site, Sequences with G-to-A hypermutations were removed
from this analysis.

Additional file 3: Figure 53, Mean nucleotide diversity (m, A} and nor-
malized Shannon entropy (Hsy) (B) of proviral env quasispecies from PEC
and EEC. The colors of the circles represent the different levels of systermnic
viral suppression in HIV-1 controllers as indicated in the legend. Dotted
and continuous gray lines represent the median and interquartile ranges,
respectively, P values were calculated using the Mann-Whitney test,

Additional file 4: Figure 54. Mean nucleotide diversity (r, A) and
normalized Shannon entropy (Hey, B) of proviral env quasispecies from
PEC and EEC plotted against time since HIV diagnosis. The P value of
linear regression analysis is indicated in each plot. The colors of the circles
represent the subject classification according to the pattern of intra-host
viral diversity (G1 and G2) described in Figure 4, as indicated in the legend
at the right.
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