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SUMÁRIO 

 

A pandemia da infecção HIV/SIDA continua a representar um dos mais importantes 

problemas mundiais de saúde. Desde os casos iniciais de SIDA descritos em 1981, 

aproximadamente 70 milhões de novos casos de infecção pelo HIV foram diagnosticados 

e mais de 25 milhões de mortes associadas à SIDA foram reportadas.  

Os agentes causadores de SIDA são o HIV-1 e o HIV-2. A infecção pelo HIV-1 é 

caracterizada por uma progressiva e, na ausência de tratamento, irreversível perda dos 

linfócitos T CD4. Esta depleção não pode ser só atribuída a efeitos citopáticos directos do 

vírus, sendo a hiper-activação crónica do sistema imunitário associada à infecção pelo 

HIV um dos principais factores determinantes da progressão da doença. É por isso 

fundamental investigar os mecanismos da imunidade celular que contribuem 

potencialmente para o controlo da hiper-activação imunitária, tais como as células T 

reguladoras (Treg), ou que favoreçam a manutenção das populações linfocitárias 

relevantes, incluindo os linfócitos T específicos para o HIV. A infecção pelo HIV-2, 

apesar da reduzida virémia, associa-se, tal como o HIV-1, a uma progressiva activação 

imunitária ao longo do curso da doença. Contudo, o ritmo de aumento dos níveis de 

hiper-activação imunitária e do consequente declínio dos linfócitos T CD4 é muito mais 

lento na infecção pelo HIV-2 do que na pelo HIV-1. Assim, o HIV-2 é aqui explorado 

como um “modelo” de doença HIV atenuada, com potencialidades únicas para analisar 

aspectos da resposta vírus-hospedeiro que contribuam para controlar ou melhorar os 

efeitos da hiper-activação crónica do sistema imunitário e desta forma modelar a 

imunopatogénese da SIDA.  

As respostas especificas dos linfócitos T CD4 foram aqui investigadas dados os poucos 

dados existentes. As respostas homólogas e heterólogas contra péptidos do Gag foram 



 x  

estudadas em doentes infectados pelo HIV-1 e pelo HIV-2 com graus de depleção dos 

linfócitos T CD4 comparáveis. A frequência e a magnitude das respostas foram 

caracterizadas em termos das citocinas produzidas a nível celular individualizado.  

As duas infecções apresentaram uma frequência semelhante de células T CD4+ capazes 

de reconhecer péptidos homólogos do Gag. Contudo, nos doentes infectados pelo HIV-2 

documentou-se uma melhor capacidade de responder a péptidos heterólogos. É 

importante salientar que quer as respostas homólogas quer as heterólogas se 

caracterizavam por uma maior produção de IL-2 na infecção pelo HIV-2. Além disso, as 

respostas HIV-2 homólogas correlacionavam-se positivamente com os níveis de activação 

dos linfócitos T CD4 e negativamente com a carga viral celular avaliada pelo DNA 

proviral, sugerindo uma potencial relação entre as respostas CD4 especificas para o HIV, 

a activação imunitária e o controlo da replicação viral que pode contribuir para o melhor 

prognóstico associado à infecção pelo HIV-2. 

De entre os múltiplos aspectos da desregulação do sistema imunitário associada à 

infecção pelo HIV-1, a bem reconhecida disrupção das vias da IL-2 e do receptor da IL-2 

tem um interesse particular uma vez que esta citocina tem um papel central quer na 

homeostasia dos linfócitos T quer na função e sobrevivência das células T reguladoras. A 

expressão diferencial da expressão da cadeia α do seu receptor, CD25, constitui um 

importante mecanismo de modulação da função da IL-2. Os indivíduos infectados pelo 

HIV-2 parecem ter a capacidade de contrariar a perda de CD4 associada à activação 

imunitária persistente na ausência de terapêutica antiretroviral (ART). Assim, com o 

objectivo de avaliar o potencial contributo da população CD4+CD25+ para a manutenção 

dos linfócitos T CD4, esta população foi caracterizada em doentes infectados pelo HIV-1 

e pelo HIV-2 não previamente expostos a ART.  
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Apesar do CD25 ter sido originalmente identificado como um marcador de activação T, 

tal como previamente descrito, não foi encontrada qualquer diferença na proporção de 

linfócitos T CD4 expressando CD25 em doentes infectados pelo HIV-1 e controlos 

seronegativos. Em contraste, esta população estava significativamente aumentada em 

indivíduos infectados pelo HIV-2. A divisão da população de células T CD4+CD25+ de 

acordo com os níveis de expressão de CD25, revelou que este aumento era devido à sub-

população de células expressando baixos níveis de intensidade de CD25 (CD25dim). O 

aumento desta sub-população é aparentemente mantido ao longo de toda a história natural 

da infecção pelo HIV-2 uma vez que não se observou qualquer relação com o grau de 

depleção CD4. Importa realçar que estes níveis de expressão de CD25 não estavam 

associados à expressão de outros marcadores de activação nos linfócitos T CD4 em 

ambas as infecções. A caracterização fenotípica detalhada destas células permitiu ainda 

demonstrar que esta sub-população CD25dim, ao contrário da população CD25bright, não 

está enriquecida em células reguladoras. Além disso, documentou-se uma elevada 

frequência de células produtoras de IL-2, IL-4 e IFN-γ, confirmando que esta população 

CD25dim tem uma função predominantemente efectora e não supressora.  

A proporção aumentada de células CD25dim nos linfócitos T CD4 em doentes infectados 

pelo HIV-2 era devido a células com um fenótipo de memória–efectoras (CD45RA-

CCR7-). Como a IL-15 é uma citocina crucial para a homeostasia das células de 

memória-efectoras, os níveis séricos de IL-15 foram quantificados e documentou-se um 

aumento significativo na infecção HIV-2 em comparação com a HIV-1. A IL-15, tal 

como outras citocinas γc, induz a expressão de CD25 em células T CD4. Assim, a 

proporção aumentada de CD25dim observada na infecção pelo HIV-2 pode estar 

relacionada com uma melhor capacidade de manutenção do compartimento de células T 

CD4 de memória-efector. A preservação desta população foi demonstrada ser um factor 
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determinante do ritmo de progressão da doença em modelos símios. Em conclusão, 

identificámos uma expansão única da população CD25dim nos linfócitos T CD4 em 

doentes infectados pelo HIV-2, que poderá contribuir para a melhor manutenção das 

células T CD4 de memória-efectoras e para a menor agressividade da imunopatogénese 

da associada à infecção pelo HIV-2.  

As células T CD4 reguladoras (Treg) têm um papel importante na homeostasia dos 

linfócitos T e no controlo da imunopatologia associada às respostas imunitárias, 

particularmente no contexto de infecções persistentes. A contribuição relativa desta 

população na patogénese da infecção VIH/SIDA não está ainda clarificada. As Treg 

foram avaliadas quer pela expressão de CD25bright quer do factor regulador da transcrição 

Foxp3, e o seu “turn-over” foi estimado utilizando o marcador de células em ciclo Ki67. 

A selecção de “cohorts” de indivíduos infectados pelo HIV-2 e pelo HIV-1 sem 

exposição prévia a ART, bem como doentes com infecção pelo HIV-1 tratados com ART 

com diferentes graus de recuperação imunológica apesar da supressão da virémia 

constitui uma estratégia inovadora para investigar as inter-relações entre Treg, activação 

imunitária e carga viral/antigénica.  

Na ausência de ART documentou-se em ambas as infecções uma aumento da proporção 

de Treg nas populações de linfócitos T CD4 de memória e naïve com a progressão da 

doença, que se associava a um aumento marcado da frequência de células Ki67+ na 

população Treg de memória. Em doentes HIV-1 tratados com ART com fraca 

recuperação imunológica, observou-se uma frequência reduzida de Ki67+ nas células 

Treg. Apesar disso, o estudo longitudinal destes doentes documentou uma expansão 

significativa mantida da população Treg, apontando para uma capacidade aumentada de 

sobrevivência destas células neste contexto clínico em que foi demonstrado um 

compromisso da actividade tímica. Isto é particularmente relevante tendo em conta as 
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evidências suportando um contributo da diminuição da timopoiese na falência de 

reconstituição imunológica nestes doentes.  

Em conclusão, estes dados sugerem uma melhor preservação na infecção HIV/SIDA das 

Treg circulantes naïve e de memória em relação a outras sub-populações T CD4, e 

significativamente contribuem para a melhor compreensão dos processos envolvidos na 

manutenção das células T reguladoras circulantes.   

 

Palavras-chave: HIV/AIDS; HIV-2; Respostas T CD4 específicas para o HIV; CD25; 

Células T reguladoras. 



   



   

SUMMARY 

 

The AIDS pandemic continues to represent one of the most important health-care issues 

world-wide. Since the initial case-reports describing AIDS in 1981, approximately 70 

million cases of HIV infection were diagnosed and more than 25 million AIDS-related 

deaths were reported.  

The viral agents responsible for causing AIDS are HIV-1 and HIV-2. HIV-1 infection is 

characterized by a progressive and, in untreated individuals, apparently irreversible loss 

of CD4+ T-cells. This depletion cannot solely be attributed to direct virus-mediated 

cytopathicity. The progressive hyper-immune activation associated with HIV-infection is 

thought to be a key factor in determining disease progression. It is, therefore, of relevance 

to assess those aspects of cell-mediated immunity that possess the capability to regulate 

hyper-immune activation, such as CD4+ regulatory T cells (Treg) or that contribute to 

increase the maintenance of relevant lymphocyte subsets including HIV-specific T-cells. 

HIV-2 infection, like HIV-1, is characterized by similar levels of hyper immune-

activation throughout the course of the disease, despite reduced levels of viremia. 

However, the rate of increase in the levels of immune activation and the consequent 

progressive decline of the CD4+ T-cell population occur at a much slower rate than in 

HIV-1 disease. Thus, HIV-2 was utilized here as a model of “attenuated” HIV disease to 

provide a system to analyse aspects of HIV-host responses that may control or ameliorate 

the effects of hyper-immune activation currently thought to be a major factor associated 

with HIV-immunopathogenesis.  

In view of the limited data available, HIV-2 specific CD4+ T-cell responses were 

assessed. Homologous and heterologous Gag-specific CD4+ T-cell responses were cross-

sectionally assessed in cohorts of HIV-2 infected and HIV-1 infected patients, matched 
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for CD4 depletion. Frequency and magnitude of the responses were characterized in 

terms of cytokine production at the single-cell level.  

Similar frequencies of CD4+ T-cells able to recognise homologous gag peptides were 

observed in both cohorts. A clear difference in the frequency of CD4+ T-cells able to 

respond to heterologous peptides in HIV-2 infected compared to HIV-1 infected 

individuals was also noted. Of note, HIV-2 specific CD4+ T-cell responses, whether 

homologous or heterologous, were characterized by a better maintained IL-2 response. 

HIV-2 homologous responses alone correlated positively with CD4+ T-cell activation, and 

negatively with proviral load suggesting a potential link between HIV-2 specific CD4+ T-

cell response, immune-activation and viral control, which may in turn relate to the better 

prognosis associated with HIV-2 infection. 

Amongst the many reported aspects of immune dysregulation associated with HIV-1 

infection, the well-documented disruption of the IL-2/IL-2R network is of particular 

interest given that this system is central to both immune regulation and T cell 

homeostasis. The differential expression of CD25 molecule represents an important way 

in which the cellular response to IL-2 can be modulated. Given that untreated HIV-2 

infection features an apparent ability to counter-act CD4 loss in the face of persistent 

immune activation, the CD25+ CD4+ T-cell population was characterized in cohorts of 

therapy naïve HIV-2 and HIV-1 infected individuals, to determine what if any potential 

contribution this population may make to the maintenance of the CD4+ T-cell pool in HIV 

infection.  

Although CD25 was originally identified as a marker of recent activation, we found, as 

had others, no difference in the proportion of CD4+ T-cells expressing CD25 in HIV-1 

infected individuals and seronegative controls. In contrast, the frequency of this 

population was significantly increased in HIV-2 infected individuals. When CD25+ CD4+ 
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T-cells were subdivided according to degree of CD25 expression, HIV-2 infected patients 

demonstrated an increase in a population of cells expressing low levels of CD25 

(CD25dim). The increased frequency of this subset in HIV-2 infected patients appeared to 

be maintained throughout the natural history of the infection as it was shown to be 

independent of the levels of CD4 depletion. It is also important to note that low-level 

CD25 expression was dissociated from the expression of other activation markers within 

CD4+ T-cells in both HIV-2 and HIV-1 infections. Further phenotypic characterization of 

the CD25dim CD4+ T-cell subset suggested that, unlike their CD25bright counterparts, they 

were not enriched in cells with a regulatory phenotype. Moreover, this population was 

shown to be significantly enriched in IL-2, IL-4 and IFN-γ producing cells, particularly in 

the HIV-2 cohort, further supporting an enhanced effector rather than suppressor role.  

The increased proportion of CD25dim within CD4+ T-cells in HIV-2 infected patients was 

apparently due to cells with an effector memory phenotype (CD45RA-CCR7-). As IL-15 

is an important cytokine for effector-memory homeostasis, its levels were assessed and 

found to be significantly increased in HIV-2 as compared to the HIV-1 cohort. This is of 

particular interest as IL-15 along with other members of the γc using cytokine family is 

able to induce CD25 expression on CD4+ T-cells. The increased proportion of CD25dim 

within the CD4+ T-cell subset observed in HIV-2+ subjects may, thus, be related to the 

better maintenance of the CD4+ effector-memory T-cell compartment as a whole in these 

individuals. An ability to preserve this T cell subset has been shown to determine the rate 

of disease progression in SIV models. In conclusion, we identified a unique expansion of 

CD25dim within CD4+ T-cells in HIV-2 infected individuals, possibly contributing to the 

better maintenance of their CD4+ effector/memory pool and to the less aggressive HIV-2 

immunopathogenesis.  
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Regulatory CD4+ T-cells (Treg) play an important role both in T-cell homeostasis and the 

control of immunopathology associated with immune responses, particularly in the 

context of persistent infections. The relative contribution of this population to HIV/AIDS 

pathogenesis has yet to be clarified. Treg subset imbalances were assessed both in terms 

of CD25bright and of the fork-head box transcription factor Foxp3 expression. Their turn-

over was estimated by the cell-cycle marker Ki67. The selection of cohorts of individuals 

with untreated HIV-2 infection, untreated HIV-1 infection, and treated HIV-1 patients 

that despite the suppression of viremia under antiretroviral drugs (ART) exhibited 

variable degrees of CD4 recovery provided a novel strategy to assess the inter-

relationship of Treg, immune activation and viral/antigen load.  

The proportion of Treg within the memory and naïve CD4+ T-cell populations increased 

with disease progression in both untreated HIV-1 and HIV2 infected individuals, and was 

associated with a marked increase in cycling memory-Treg. In the context of poor 

immunologic recovery under viral suppressive therapy for HIV-1 infection an increased 

frequency of circulating Treg was observed in association with a reduced frequency of 

Ki67+ Treg. Therefore the maintenance of this significantly expanded population suggests 

an increased ability of these cells to survive in this clinical context that has been reported 

to be associated with impaired thymic function.  

Overall, these data suggest a better preservation of circulating naïve and memory Treg as 

compared to other CD4+ T-cell subsets in HIV/AIDS, and provide further insights into the 

processes involved in the maintenance of circulating human Treg. 

 

Keywords: HIV/AIDS; HIV-2; HIV-specific CD4+ T-cell response; CD25; regulatory     

CD4+ T-cells. 



   

CHAPTER 1: 

INTRODUCTION  

 

1. The Human Immunodeficiency Virus 
 

1.1 Emergence and origins  

 

In the early 1980’s the first reports of a newly emerging human disease began to be 

published. Patients typically presented with unusual infections, such as Pneumocystis 

jiroveci (carinii) [1] and rare cancers such as Karposi’s Sarcoma [2; 3]. Two years after 

the initial case reports, the causative agent, a human retrovirus belonging to the lentivirus 

genus was identified [4; 5; 6]. This new virus was eventually given the name Human 

Immunodeficiency virus (HIV) [7]. The discovery of a second, related virus in 1986 [8], 

resulted in the initially described HIV being renamed HIV-1. 

As members of the lentivirus genus, both HIV-1 and HIV-2 belong to the retroviridae 

family of viruses all of which utilize single-stranded RNA as their genetic material. The 

other member of their group is Simian immunodeficiency virus (SIV), which infects 

various non-human primates, with the pathogenecity of the infection apparently 

dependent upon the host-strain relationship [9; 10]. Other groups of this family of 

retroviruses are associated with pathology in other species, e.g. Maedi-Visna virus in 

sheep and goats [11] and Feline Immunodeficiency Virus (FIV) in cats [12].  

 

The origins of HIV-1 and HIV-2, revealed through comparative genomic analysis, lie in 

the zoonotic transmission of SIV to humans. This process has probably occurred several 

times already [13; 14], and may still be ongoing [15].  

HIV-1 is believed to have arisen from cross-species transmission from the chimpanzee 

Pan troglodytes. There are three groups of HIV-1: M, N and O [14; 16; 17], with a very 

recent report identifying a fourth group, putatively named P, resulting from gorilla to 

human transmission [15]. 

The majority of HIV-1 cases result from infection by group M viruses. This group is 

divisible into nine subtypes A-D, F, H, J and K, with inter-subtype genetic differences 

ranging from 15-20% [18]. Of note, subtype B predominates in the Americas, Europe and 
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Australia, and subtype C in sub-Saharan Africa. Novel recombinant strains, such as A/G 

in West Africa, have also been reported [18].  

HIV-2 has around 40-60% sequence homology at the nucleotide level with HIV-1 [19] 

and its genomic structure is very similar, as illustrated in Figure 1. HIV-2 is genetically 

closer to SIVSM, with over 75% nucleotide homology [20], a result of interspecies 

transmissions from the natural host sooty mangabey (Cercocebus atys) [13; 21; 22; 23; 

24]. HIV-2, though lacking subtypes, consists of five groups, of which A and B are the 

most clinically relevant [25; 26].  

 

1.2 Structure of the HIV genome 

 

The organization of the HIV-1 and HIV-2 genomes (Figure 1) follows a basic structure 

that is conserved throughout the Lentiviruses: 

 5’ and 3’ long terminal repeats (LTR) whose sequences are homologous and that serve 

both structural and regulatory functions, flanking the three main structural genes, group 

specific antigen (gag), polymerase (pol) and envelope (env). A varying number of genes 

encoding accessory proteins are also included in lenteviral genomes. In the case of HIV-1 

and HIV-2 there are six: two encoding the regulatory proteins transactivator (Tat) and 

regulator of virion (rev); and four encoding the accessory proteins, negative replication 

factor (nef), virion infectivity factor (vif), viral protein R (vpr) in both viral genomes, and 

viral protein u (vpu) in HIV-1 or viral protein x (vpx) in HIV-2. 

 

1.3 Structure of the mature HIV virion 

 

The basic organization and composition of the HIV virion, as illustrated in Figure 2, is 

common to both HIV-1 and HIV-2, although some basic physical characteristics of viral 

proteins, such as molecular weight (e.g. gp140/160 rather than gp120 in HIV-2), may 

differ [23]. Thus, a basic overview of the HIV-1 virion structure will be provided. 

 



  3 

 

Figure 1: genomic structure of the HIV viruses; modified from “Landmarks of the HIV-1, HIV2 and SIV 

genomes”, HIV molecular immunology 2008 Los Alamos database. 

 

 

Figure 2: the mature HIV-1 virion 

 

The mature HIV-1 virion is surrounded by a host-cell derived lipid bi-layer. This 

envelope is characteristically modified by the insertion of two viral glycoproteins: gp41 
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which spans the envelope, and gp120, which extends beyond the envelope surface. 

Heterodimers of the viral glycoproteins gp41 and gp120 associate to form trimeric 

complexes [27] often referred to as the viral spike [28], the complex structure of which 

has recently been reviewed [29]. It is important to note that the viral envelope can also 

contain several host-cell membrane-proteins such as Major Histocompatability Complex 

(MHC) class I and MHC class II molecules [30; 31], complement control proteins, such 

as CD55 [31], and ICAM-1 [32]. Lining the inner face of the viral membrane is a 

multimeric protein shell constructed from the matrix protein (MA, p17). Located centrally 

within the virus particle is a conical capsid core constructed from the capsid protein (CA) 

p24. Contained within this viral core are two copies of the unspliced viral genome, which 

is stabilized as a ribonucleoprotein complex through interaction with the nucleocapsid 

protein (NC) p7. As well as the diploid viral genome the capsid contains six virally 

encoded proteins: the enzymes protease, reverse transcriptase and integrase; and the 

accessory proteins Nef, Vif, and Vpr. It is also important to note that several host-cell 

encoded proteins, such as Uracil DNA glycosylase [33] Staufen [34] and cyclophilin A 

[35], can be packaged into the mature virion, with only the latter being shown to be of 

importance for viral infectivity [36; 37]. Of note, the incorporation of apolipoprotein B 

mRNA-editing enzyme catalytic polypeptide-like 3G (APOBEC3G), a member of the 

cytidine deaminase family, into newly assembled virions [38] poses a sufficiently severe 

threat to HIV-1 [39], that the virus has evolved a specific countermeasure in the form of 

Vif, recently discussed in a review by Malim and Emerman [40]. 

 

1.4 The HIV life cycle  

 

This is, in general terms, similar for both HIV viruses and can be broadly divided into two 

distinct stages, the early and late phase. The early phase encompasses the processes of 

virion binding and fusion and includes all the subsequent post-fusion events that 

eventually lead to the integration of viral genomic DNA into the chromosomes of the host 

cell. The late phase of the virus life-cycle begins with the initiation of regulated 

expression of the integrated provirus and ends with the budding of new virus particles and 

their subsequent maturation. As the general principles involved are similar for both 

viruses, an overview of the HIV-1 life-cycle is presented below. 
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The early phase of the HIV life cycle: virion binding and fusion 

 

De novo infection of a susceptible target cell requires virion binding and membrane 

fusion, two processes that are intimately associated with the viral glycoproteins gp41 and 

gp120.  

Viral entry is the initial step in the process of HIV-1 infection. Although receptor-

mediated fusion is the primary method utilized by HIV-1 to gain entry into cells, other 

alternative pathways have been reported [41]. 

The HIV-1 Env protein mediates the process of viral entry into cells. Both post-

translational glycosylation of Env and its cleavage, at the cell membrane, into its 

functional moieties gp41 and gp120, are required for viral infectivity [42; 43].                                                                                                                            

The gp41 protein, through interaction of its C terminus with the viral matrix protein, 

anchors the gp41/gp120 heterodimer to the viral envelope [44]. Whereas it is the the 

gp120 protein, which forms the surface unit (SU) of the gp41/gp120 heterodimer, that is 

important for binding specifically to the HIV-1 receptor, CD4, on the surface of target 

cells [45]. The structure of gp120 was solved several years ago [46], with the molecule 

shown to contain nine highly conserved interchain di-sulphide bonds and five 

hypervariable regions (V1-V5). The binding of trimeric gp120 on the virion surface to 

CD4 on the target cell induces a conformational change in the envelope proteins resulting 

in the exposure of the V3 loop [46]. This in turn leads to engagement of one of the two 

main HIV co-receptors, the chemokine receptors CCR5 [47] and CXCR4 [48]. Co-

receptor engagement initiates the process of pore formation [49], through the induction of 

a conformational change in gp41 [50]. Assembled as a trimer on the virion membrane, the 

coiled-coil gp41 protein opens, projecting three peptide fusion domains that penetrate the 

lipid bilayer of the target cell. The fusion domains then form hairpin-like structures that 

draw the virion and cell membranes together to promote fusion, leading to the release of 

the viral core into the cell interior [50]. 

Of note, gp120 can also interact with the protein DC-SIGN which is expressed on the cell 

surface of dendritic cells [51]. Although this does not lead to productive infection of the 

DC-sign bearing cell, it may be important in dissemination of the virus and trans-infection 

of CD4+ lymphocytes [52]. 

 

 

The early phase of the HIV life cycle:  post-fusion events 
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These comprise of a series of sequential events, listed below, that eventually result in the 

integration of genomic viral DNA into the host cell genome. All of these events are 

dependent upon the interaction of virally encoded-proteins and a variety of host-cell 

factors, recently reviewed by Lehmann-Che [53]. 

 

Step 1 uncoating of the viral core 

Step 2 reverse-transcription complex (RTC) formation 

Step 3 Reverse transcription 

Step 4 pre-integration complex (PIC) formation 

Step 5 transport of the PIC into the host cell nucleus 

Step 6 Integration of genomic viral DNA. 

 

The exact molecular processes underlying these events have yet to be definitively 

described, although some of the physical characteristics of specific complexes have been 

described [54; 55]. It is also clear that activities such as reverse transcription and 

integration are dependent upon specific viral enzymes, reverse transcriptase and integrase 

respectively, which has led to their selection as targets for therapeutic intervention. 

 

The late phase of the HIV-1 life cycle:  proviral transcription 

 

The integrated form of HIV-1, called the provirus, is approximately 9.8 kilobases in 

length [56]. Its transcriptional activity is in part determined by the chromosomal 

environment [57] and regulated by cis-acting elements within the 5’LTR region. This 

region of the provirus is similar in structure to other eukaryotic transcriptional units and 

also contains transcriptional enhancers able to bind the transcription factors nuclear factor 

after cellular activation (NFAT) [58] and nuclear factor[kappa]B (NF-κB) [59]. The 

nuclear re-localisation of these factors is associated with T-cell activation, thus providing 

a link between viral transcription and the activation state of the cell. It is important to note 

that differences in the number and type of transcriptional enhancers in the 5’LTR of HIV-

2 have been reported [60; 61].  

Successful transcription is dependent upon the viral accessory protein Tat. This protein 

binds to the transactivation response element (TAR) on the nascent mRNA strand and 
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recruits several host-cell factors, leading to the successful elongation of the transcript 

[62]. 

Transcription of the viral genome produces a number of HIV-specific transcripts subject 

to varying degrees of splicing [63]. Cotranscriptional processing yields the multiply-

spliced RNA’s that code for Nef, Tat and Rev. Their export to the cytoplasm is dependent 

on the cellular nuclear-export machinery. However, unspliced and singly-spliced viral 

mRNA’s, which codes for the structural proteins of the virus, are retained within the 

nucleus. The viral accessory protein Rev is able to facilitate their export into the 

cytoplasm through binding the Rev Response element contained within unspliced viral 

mRNA [64].  

 

The late phase of the HIV-1 life cycle: viral assembly 

 

Translation of singly-spliced mRNA yields both Gag and the Gag-pol polyprotein. 

Following their myristillation they localize to cholesterol- and glycolipid-rich membrane 

microdomains at the cell surface [65]. There they recruit both the viral and host-cell 

encoded constituents required to generate a new virus [66].  

 

The late phase of the HIV-1 life cycle: budding and maturation 

 

This is thought to involve one of two potential mechanisms, recently reviewed by Gomez 

and Hope [67]. One makes use of the multivascular body system, whilst the other 

involves direct budding from membrane. The particular system utilised may be cell type 

dependent with the latter being classically observed in infected CD4+ T-cells [68]. 

The maturation process occurs after viral budding and results in the structural 

rearrangement of the virion contents in such a way as to yield the mature virion particle 

[66]. 

 

2. HIV infection: Epidemiology and Natural history 

 

2.1 Evolution of the pandemic 

 

The initial reports of a novel syndrome involving a variety of rare infections and cancers 

[1; 2; 3] and associated with immunodeficiency [1; 69] gave no real suggestion of the 
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seriousness of what was to come. With reports of patients with a similar spectrum of 

infections in an ever-widening demographic [2; 70; 71; 72; 73; 74; 75; 76; 77; 78], it soon 

became obvious that this immunodeficiency syndrome, subsequently given the name 

AIDS, could potentially prove an important health-care issue. 

 

Nearly thirty years after these events, and some 25 years following the identification of 

the eitiologic agents [4; 5; 6; 8] and its subsequent naming as HIV [7], the AIDS 

pandemic continues to represent one of the most important health-care issues world-wide. 

Between 1981 and 2007, approximately 65 million cases of HIV-1 infection were 

diagnosed and 25 million AIDS-related deaths reported. More importantly both the 

numbers of new infections (2.7 million) and AIDS deaths (2 million) in 2007 were very 

similar to those reported in 2001 [79], suggesting that although the pandemic may be 

relatively stable, it is still very far from eradication.  

In terms of geographic spread HIV-1 is found all over the world, although the rates of 

prevelance vary from region to region, with sub-Saharan Africa forming the epicentre of 

the pandemic. As for HIV-2, there seems to be a much tighter geographic restriction, with 

the majority of infections being restricted to West Africa. Outside of this region HIV-2 

tends to localize to those European countries with colonial links to this region of Africa, 

France [80] and in particular Portugal, which has the highest HIV-2 prevalance in Europe, 

with 3% of the notified cases of HIV infection (both asymptomatic and/or AIDS) between 

1983 and 2005 attributable to HIV-2 [81]. It is also important to note that significant 

HIV-2 seroprevalence in several other ex-Portuguese colonies, has been reported [82; 83; 

84]. 

 

2.2 The natural history of HIV infection 

 

The main routes of HIV transmission were identified early in the epidemic, and are 

similar for both HIV-1 and HIV-2. Horizontal transmission can occur through exposure to 

contaminated body fluids, normally via sexual contact, and via contaminated blood and 

its products. Vertical, mother to child transmission defines a third route. This process can 

happen pre-partum, during delivery, or through the breast feeding of newborns. It is 

important to note that the route of transmission does not seem to impact on the course of 

the subsequent infection [85; 86]. 

 



  9 

Transmission risk seems to be determined by two factors; the infectiousness of the “index 

case” and the susceptibility of the host.  

 

Although it may vary from body fluid to body fluid, the amount of circulating virus in an 

infected individual would appear to be the most important determinant of infectiousness, 

with respect to both horizontal [87] and vertical transmission [88]. The fact that HIV-2 

infection, which is characterized by low to undetectable viremia [89; 90; 91], is also 

associated with lower efficacy of  both horizontal [91; 92] and vertical transmission [93] 

directly supports this hypothesis. The reduced transmissibility of HIV-2 is also thought to 

underlie its previously mentioned geographic restriction.  

 

An individual’s susceptibility to infection is determined by a number of variables. The 

presence of other infections [94; 95] has shown to have a direct impact, and, amongst the 

many host factors that modulate this process, genetic polymorphisms in the genes that 

encode the host proteins used by HIV as its co-receptors have been clearly demonstrated 

to have important effects. 

 

Target cells, viral tropism and its relation to HIV susceptibility and rate of disease 

progression 

 

As already stated in the previous section of this introduction, both HIV-1 and HIV-2 need 

to bind to, and fuse with, a target cell for productive infection to occur. This process is 

mediated by virally-encoded glycoproteins and defines the cell tropism of the virus, and, 

in turn, the immunopathology associated with HIV infection. 

The primary receptor of both viruses is the CD4 molecule [23; 96]. As CD4+ T-cells and 

Macrophages express this molecule they represent potential targets for HIV infection [97; 

98]. Following the initial interaction between virus-and host cell conformational changes 

in the viral glycoprotein occur exposing a second binding site that mediates the 

interaction between the virus and one of several co-receptors. This second interaction 

ultimately results in virus-cell fusion. 

 

The two main co-receptors for HIV-1 were identified as CCR5 [47] and CXCR4 [48], 

both chemokine receptors belonging to the 7 transmembrane (7TM) spanning, G-protein 

coupled receptor family.  
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CCR5 is constitutively expressed on effector/memory CD4+ T-cells, where as CXCR4 

expression is restricted to the naïve subset of CD4+ T-cells [99]. Various subsets of the 

monocyte/macrophage lineage can also express one or other or both of these chemokine 

receptors, although cell type and activation state determine the pattern of expression 

[100]. Though initially described as chemoattractants, chemokines have also been shown 

to have important immunoregulatory functions, reviewed recently by Wong and Fish 

[101]. CCR5 is degenerate in terms of chemokine binding and its ligands include CCL3 

(Macrophage Inflammatory Protein 1 alpha; MIP-1α), CCL4 (Macrophage Inflammatory 

Protein 1 beta; MIP-1β) and CCL5 (Regulation upon Activation Normal T cell Expressed 

and Secreted; RANTES). However, only one ligand (stromal derived factor 1α; SDF-1α) 

for CXCR4 has so far been identified.  

 

HIV tropism is currently defined according to which co-receptor a particular viral isolate 

utilizes in addition to CD4, although an alternative nomenclature, designed to distinguish 

co-receptor preference from target cell tropism, has been proposed [102]. Monotropic R5 

and X4 viruses use either CCR5 or CXCR4 respectively, whereas R5X4 viruses can use 

both [103]. R5 viruses are generally associated with transmission and the early phase of 

infection [104] whereas a switch to X4 viruses is associated with, but not absolutely 

required for progression to AIDS during late stage disease in HIV-1 infected individuals 

[104; 105; 106; 107]. 

 

The situation is less clear cut for HIV-2. Not only have primary isolates of this virus been 

shown to utilize a broader range of chemokine receptors than HIV-1 [108] but some have 

also been shown to be able to infect target cells in a CD4-independent, co-receptor 

dependent manner [109; 110]. Despite these in vitro observations, data suggest that CCR5 

and CXCR4 also serve as the main co-receptors for HIV-2 in vivo [111; 112; 113]. Of 

note, primary isolates of a particular co-receptor tropism do not appear to dominate, either 

during the asymptomatic [114; 115] or symptomatic phases of HIV-2 infection [109; 112; 

114]. 

As previously mentioned, some of the host-genetic determinants of susceptibility to 

infection have been shown to be related to polymorphisms in chemokines and their 

receptors. The classic example is that of a 32 base-pair deletion (∆32) in the CCR5 locus 

that leads to a loss of function of the receptor, and almost total protection from infection 

in homozygous mutants [116; 117]. Although the rare individuals homozygous for the 
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∆32 mutation that become infected do not seem to progress differently to wild-type 

counterparts, there is some evidence that individuals heterozygous for this mutation may 

have a slower rate of disease progression [118]. In contrast, an increased density of CCR5 

on CD4+ T-cells is associated with high viral loads and increased disease progression 

[119]. Other mutations in CCR5 have been reported, but are very rare in the general 

population [120; 121]. Data from HIV-2 infected individuals demonstrated that the levels 

of CCR5 on CD4+ T-cells were similar to that observed for HIV-1 infected individuals, 

matched for disease stage, suggesting that the slower rate of disease progression 

associated with HIV-2 infection is unrelated to coreceptor availability [113]. 

Of note, duplication of the CCL3L1 gene, a ligand of CCR5 was shown to be associated 

with protection from transmission [122], emphasizing the utility of targeting chemokine 

receptors as means of inhibiting HIV transmission.  

 

Course of HIV infection 

 

The course of HIV infection follows a similar pattern in most infected individuals. It can 

be roughly divided into three phases (discussed in more detail below): the acute phase, 

that lasts a matter of weeks, an asymptomatic phase that last several years and a final 

phase in which infected individuals succumb to infection by a variety of opportunistic 

infections (OI’s) and/or develop rare cancers, and as such meet the centre for disease 

control (CDC) criteria for AIDS (Figure 4). 
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Figure 3: Overview of the natural history of HIV infection: in terms of the commonly 

used prognostic markers: plasma viremia, CD4+ T-cell depletion and immune activation. 

 

The severity of an individual’s infection can generally be characterized in terms of the 

time to progression to AIDS. Highly variable disease progression rates between 

individuals infected with HIV-1 are well recognized and can be categorized as rapid 

(10%-15%, time to AIDS 2-4 years) and typical or intermediate progression (80%, time 

to AIDS 6-10 years), and late or long term non-progression (5%, AIDS free for more than 

ten years, and perhaps indefinitely) [123]. The situation for HIV-2 infected patients is 

similar, with rare, but documented cases of rapid progression [124; 125]. In the majority 

of HIV-2 infected individuals the asymptomatic phase is generally longer than for their 

HIV-1 infected counterparts [126].  

  

The three distinct phases of HIV infection: acute/early infection 

 

The acute phase of infection, corresponding to the first few weeks following successful 

transmission, is associated with rapid viral replication in actively infected cells resulting 

in widespread dissemination of the virus, and increasing viremia that can reach peak 

levels of several million viral copies, higher than any other stage of the disease [127].  A 
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concomitant depletion of both circulating and mucosal CD4+ T-cells and expansion of 

CD8+ T-cells occurs, leading to an inversion of the CD4+/CD8+ ratio. Of note, the recent 

discovery of an early and massive depletion of mucosal CD4+ T-cells in HIV-1 infected 

individuals [128], has had a major impact upon the understanding of the process of 

disease progression in HIV-1 infected  individuals. 

 

In HIV-1 infected individuals the acute phase of infection is generally accompanied by a 

series of symptoms, such as lymphadenopathy, mononucleosis-like syndrome, night 

sweats and generalized rash, often grouped together under the term “acute phase 

syndrome”. This syndrome is often not appropriately diagnosed [129], however, there is 

some evidence that the presence of seroconversion symptoms can relate to a more rapid 

rate of disease progression [130]. Of note there are no documented cases of this syndrome 

in HIV-2 infected individuals.  

 

The period spanning the acute phase, and the months that follow is referred to the primary 

HIV infection (PHI), during which viremia levels drop and stabilize at a value referred to 

as the viral “set-point”. Concomitantly with this, CD4+ T-cell numbers rebound, but often 

to below preinfection levels. This value is referred to as the CD4+ T-cell set-point. The 

levels of immune activation at this stage of disease are also referred to as the immune 

activation “set-point”. Both CD4+ T-cell and, in particular, viral “set-points” have 

prognostic value in both HIV-1 [131; 132] and HIV-2 infections [133; 134; 135]. The 

immune activation “set point” has also been shown to have prognostic value in HIV-1 

[136]. The reduction of viral load is closely related to the expansion of HIV-specific 

CD8+ T-cells, the breadth and magnitude of this response being directly correlated with 

the degree of viral control and inversely with the rapidity of disease progression [137; 

138; 139]. This is not to say that other aspects of adaptive immunity such as HIV-specific 

CD4+ T-cell responses [140] do not have a role. Moreover, various aspects of innate 

immunity acting prior to the emergence of the HIV-specific adaptive immune response 

are also thought to have a role in the control of viral replication [141]. Of note 

seroconversion also occurs during this period, although the role of virus-specific 

antibodies in the establishment of the viral set-point is unclear [142]. 

 

 

 



  14 

The three distinct phases of HIV infection: asymptomatic infection 

 

The asymptomatic phase is characterized by gradually increasing viral load and a 

decrease in the CD4+ T-cell count over time in both HIV-1 and HIV-2 infected 

individuals, although the rate of CD4+ T-cell loss is lower in HIV-2 infected individuals 

[143; 144], and the viremia may remain low to undetectable [90; 91; 143]. Mucosal CD4+ 

T-cells remain stable but still at very low frequencies in HIV-1 infected individuals [145]. 

Immune activation remains high during this phase, as do levels of circulating anti-HIV 

antibodies and HIV-specific CD8+ T-cells. However, despite an outward appearance of 

relative calm, this phase of disease is characterized by a wide-ranging immune 

dysregulation that will be described below. 

 

 The three distinct phases of HIV infection: late stage HIV infection and AIDS 

 

The final stage of HIV infection is precipitated by the eventual collapse of the host 

immune system, and subsequently the rapid decline of CD4+ T-cells and concomittant 

increase of viremia. Exactly what causes this collapse is unclear and it likely may vary 

from one infected individual to another. As previously discussed a switch of viral co-

receptor usage has been suggested as a precipitating event, although this phenomenon is 

not a prerequisite for progression. AIDS in HIV-1 and HIV-2 infected individuals can be 

defined clinically either by the appearance of OI’s such as CMV retinitis, Pneumonia, or 

in terms of peripheral CD4+ T-cell count, with less than 200 CD4+ T-cells/µl currently 

being a diagnostic criteria of the Centres for disease control (CDC).  

Late stage HIV infection is also associated with increased viremia, but to levels on 

average two logs lower than those observed in HIV-1 infected individuals at a similar 

stage of disease [143].  

 

2.3 HIV therapy 

 

Antiretroviral therapy (ART) is often referred to as highly active antiretroviral therapy 

(HAART) in light of its ability to severely impact viral replication in appropriately treated 

fully compliant individuals. In first world countries it has had an important and obvious 

impact upon both morbidity and mortality of HIV-1 infected individuals [146; 147]. The 

situation in the third world is more complex, given the prohibitively high cost of the 
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standard multi-drug regimens. However, over the last few years steps have been taken 

towards providing ART in resource-limited settings [148].  

 

Despite the success of ART it must be noted that it has several limitations, not least the 

selection for drug-resistant viral mutants. Long-term use of ART has been related to 

several side-effects of varying severity, recently reviewed by Hofman and Nelson [149]. 

Moreover its ability to correct some characteristic features of HIV-infection is 

questionable, with data to suggest it has limited ability to reverse the large-scale depletion 

of mucosal CD4+ T-cells [150].   

 

Another problem for the current therapeutic regimes is there inability to target the pool of 

latently infected cells, referred to as the viral reservoir, within an infected individual. 

Their existence was first suggested when individuals undergoing structured treatment 

interruption (STI) of ART for 4 to 6 weeks, experienced rebound of plasma viremia, to 

levels equivalent to those measured prior to the initiation of therapy [151].  

 

As latently infected cells remain transcriptionally silent they are resistant to therapies that 

target replicating virus. It is hoped that the development of therapies that prevent the 

establishment of this pool, such as the anti-integrase drug Raltegravir, currently in clinical 

trials [152], together with the use of immunotherapeutic treatment to purge the pool of 

latently infected cells [153] may help address this problem.  

 

2.4 Viral Latency 

 

Latent HIV infection results from the persistence of infected cells whose genome contains 

stably integrated, transcriptionally silent HIV provirus. This process has been shown to 

result in the creation of a pool of latently-infected cells, resulting in the generation of viral 

reservoirs. This pool mainly consists of rare, latently-infected resting CD4+ memory T-

cells [154; 155; 156] as well as monocytes [157] and myeloid dendritic cells (mDCs) 

[158].  

Differences in the ability of HIV-2 and HIV-1 to establish a pool of latently infected cells 

have not been established, although there is data suggesting that dendritic cells (DC’s) are 

a poor substrate for HIV-2 infection [159]. The recently described ability of HIV-2 vpx to 
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facilitate viral replication in both macrophages [160] and DC’s [161] may also reduce the 

contribution of these cell types to any pool of latently infected cells in HIV-2. 

The persistence of a latent viral reservoir even following long-term anti-retroviral therapy 

has serious implications for the use and efficacy of current therapeutic regimens [154; 

162; 163]. 

 

2.5 Models of HIV infection 

 

A variety of model systems has been developed over the course of the pandemic and will 

be briefly summarised below  

 

Animal models 

 

The use of different animal models to study HIV infection and disease progression has 

yielded important insights into the course of this disease, as well as providing vital test 

beds for vaccine development. 

 

The finding that Macaques, who are not natural hosts of SIV, would on infection develop 

a disease that followed a similar, if somewhat more rapid, disease course as HIV infected 

individuals [164] has provided the research community with a viable and important 

animal model for the study of HIV.  

The subsequent discovery that some species of monkeys that are natural hosts of SIV, 

such as Sootey Mangabeys infected with SIVSM and African green monkeys infected with 

SIVAGM failed to develop AIDS-like symptoms, despite sharing some characteristics of 

HIV-infected humans has provided yet another system to study HIV immunopathogenesis 

[165; 166]. Of note, SIVAGM infection of several species of Asian macaques, such as the 

rhesus macaque, causes immunodeficiency and an AIDS–like syndrome [167; 168] and 

visa versa. Thus, the study of SIV infected macaques and comparative analyses of 

pathogenic and non pathogenic SIV infections have provided important models for the 

study of HIV pathogenesis 

 

The use of knock-out mice strains that allow efficient long-term engraftment of a human 

immune system, such as BALB/c-Rag2-/-
γc

-/-, may provide researchers with a humanized 

mouse model [169]. This has obvious benefits compared to the previously described 
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monkey models, not only in terms of cost, but also because several of the current monkey 

species utilized for HIV research are endangered.  

So far it has been demonstrated that humanized mice can be infected with HIV and that 

the infected mice subsequently develop a disease with similar characteristics to HIV 

infection in humans [170]. This system has already been used to investigate certain 

aspects of HIV immunopathogenesis [171]. 

 

Finally, although a non-primate Lentivrus, the study of Feline immunodeficiency virus 

(FIV) infection in cats, has the potential to provide insights into those aspects of the 

immune response related to shared aspects of immunopathogenesis [172].  

 

Human systems 

 

With regard to human systems, these have mainly consisted of the study of rare 

individuals with a demonstrably different rate of disease progression following HIV-1 

infection (the previously mentioned Rapid Progressors and Long term non-progressors 

(LTNP)) and those individuals who, despite repeated exposure to HIV, fail to become 

infected, the so-called “exposed but uninfected individuals”.  

Rapid progressors represent a particular group of individuals who progress to AIDS in a 

very short time. The underlying reasons can be both virological, as in the case of an 

individual infected with a particularly virulent drug-resistant virus [173], or relate in part 

to host genetics, exemplified by the increased rate of disease progression of HIV-1 

infected individuals possessing HLA-B35. [174] and is likely a combination of the two. 

The corollary of the rapid progressors is the diverse group of individuals considered 

LTNP’s. They are generally defined as individuals with stable CD4+ counts, with low or 

undetectable viremia [175]. A subset of these individuals appear to be able to maintain 

both CD4+ T-cell frequency and control viremia in the absence of therapeutic intervention 

[176], and are termed “elite controllers”. As might be expected this subset of individuals 

has become the focus of a great deal of research, although this is hampered by their very 

low frequency within the general patient population. No single unifying factor has yet to 

be identified, although some observations, unique to these individuals have been reported 

[177].  
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Exposed but uninfected individuals are individuals who, despite repeated exposure to HIV 

remain seronegative. The reasons for this are complex, with a variety of host factors being 

implicated. The only host genetic factor definitively associated with protection from 

infection is the previously described ∆32 mutation in the CCR5 chemokine receptor, with 

individuals homozygous for this mutation being by and large protected from HIV 

infection [118]. The numerous other host factors that may play a role have been recently 

reviewed by Miyazawa and colleagues [178]. 

 

HIV-2 infection 

 

HIV-2 infection, as briefly mentioned already, is characterized by a slower rate of disease 

progression than that of HIV-1 [126], with a limited impact upon the mortality of most 

infected individuals [126; 179]. The rate of CD4 depletion in HIV-2 infected individuals 

is slower than that observed for their HIV-1 infected counterparts [143; 144] and viremia 

remains low to undetectable in most individuals [89; 90; 91; 143]. The low viremia is 

believed to be the underlying reason for the lower transmission rates of HIV-2 [91; 92; 

93] and, consequently, its fairly restricted geographical distribution, as well as the 

difficulty in isolating virus from samples obtained from HIV-2 infected individuals. 

Immune activation however, is as high in HIV-2 infection as in HIV-1, when individuals 

are matched for degree of CD4 depletion [180; 181]. Despite this, HIV-2 infection can be 

seen as a naturally occurring attenuated form of HIV-1 infection and as such offers a 

unique and valuable model for the study of many aspects of HIV immunopathogenesis.  

It is important to note that the often made comparison between HIV-2 infected 

individuals and HIV-1 infected LTNP, is somewhat inaccurate. This is mainly because 

CD4+ T-cell depletion, although occurring at a slower rate in HIV-2 infection as 

compared to progressive HIV-1 infection, is still continuous: 49 cells/µl per year for HIV-

1 vs. 9 cells/µl per year for HIV-2, as estimated by Drylewicz et al [143]. Nevertheless a 

distinct establishment of chronic infection is suggested by the absence of an “acute phase 

syndrome” in both HIV-2 infected individuals and HIV-1 infected EC [182], further 

highlighting the possible role of the degree of virus dissemination in determining the 

subsequent rate of disease progression.  

 

Also of note, HIV-2 infected patients often respond poorly to ART, and there is strong 

evidence for the emergence of drug-resistance in these treated individuals [183], despite 
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the low levels of circulating plasma viremia, believed to be indicative of lower rates of 

viral replication [184]. 

 

3. HIV Immunopathogenesis 

 

The process of HIV immunopathogenesis is multifactorial, with the relative importance 

and degree of inter-relationship of its many aspects yet to be fully defined. At its centre 

lies not only the virus, but also the response of the immune system to it. This response 

can be broadly subdivided into two categories.  

 

HIV-specific immunity : this includes the innate and adaptive response to HIV infection 

together with the recently described cell-intrinsic immunity that has seemingly evolved to 

target retroviral infections in general. 

 

Immuno-homeostasis: this refers to, in terms of HIV infection at least, the various 

processes that are involved in counteracting the CD4+ T-cell depletion classically 

associated with this disease.  

 

3.1 HIV-specific immunity 

 

This is a general term used here to cover the various immune responses that are activated 

or induced as a result of HIV infection. They can be broadly divided into two, potentially 

overlapping categories, the innate immune response that is activated by HIV infection and 

the adaptive immunity that is subsequently induced as an attempt by the host to control 

the infection. It is important to note that despite the varied and wide-ranging immune 

response that targets HIV, in most individuals at least, it cumulatively fails in preventing 

both the establishment of infection and the subsequent clearance of the pathogen.  

 

Innate immunity  

 

Much emphasis has been recently dedicated to the investigation of cell intrinsic anti-viral 

proteins. These serve as a molecular defence system that host cells have evolved to 

combat retroviral infections per se, but that also has efficacy against HIV-1 in particular, 

and are currently considered an important component of the innate immune response. The 
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two most widely studied aspects as regards HIV-1 are the apoB mRNA editing catalytic 

subunit (APOBEC) family member APOBEC3G (also known as CEM15), and the 

tripartite motif protein 5 (TRIM5) protein TRIM5α alpha.   

APOBEC3G has been shown to increase mutation rates to intolerably high levels during 

HIV reverse transcription through its intrinsic ability to convert cytosine to uracil [185]. 

On the other hand TRIM5α appears to act at a more immediate post entry step through its 

interference with the process of viral uncoating [186] and is believed to be of particular 

importance in determining species tropism of primate Lenteviruses [187]. 

Another, more established aspect of innate immunity that may have a role to play in the 

control of HIV-1 is the Natural Killer (NK) cell subset. There is some evidence to suggest 

these cells may be relevant in the initial phase of infection [141], although their overall 

importance is still the subject of debate [188]. Likewise, plasmocytoid dendritic cells 

(pDC) were thought to represent  an important component of the anti-HIV-1 innate 

immune response, at least during the early phase of infection, through their release of the 

anti-viral cytokine IFN-α [189], that has been demonstrated to have a potent impact upon 

HIV replication [190]. However, their precise role in HIV/AIDS is currently in a state of 

revision [191]. With regards to HIV-2, NK cells have been suggested to have a role in the 

innate immune response against the virus [192]. 

 

Adaptive immunity  

 

Both B-cell and T-cell adaptive immunity have long been studied in terms of their 

contributions to HIV-specific immunity.  

 

The role of B-cells in the control of HIV-1 infection is unclear, as, despite the intense 

selective pressure imposed by neutralizing anti-HIV antibodies, the virus seems capable 

of evading the HIV-specific antibody response with ease [193; 194]. No clear role for 

improved humoral immunity in the slower progression associated with HIV-2 infection 

has been established [195]. 

 

HIV-specific CD8+ T-cells have a well-established role in HIV/AIDS 

immunopathogenesis.  CD8+ T-cells, as a result of the process of thymic selection, 

recognise their cognate antigen in the context of major histocompatability complex 

(MHC) class I molecules expressed on the surface of cells. CD4+ T-cells, however, 
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recognise their cognate antigen in the context of MHC class II molecules. According to 

the classical models of antigen processing and presentation, MHC class I molecules 

present antigenic peptides derived from the cytosol, whereas  MHC class II molecules 

present antigenic peptides derived from exogenous sources [196]. However, non-classical 

pathways of antigen presentation pathway, such as autophagy, allow for the presentation 

of cytosol-derived peptides in the context of MHC class II [197]. Thus both CD8+ and 

CD4+ T-cell responses have the potential to be involved in the control of HIV in infected 

hosts. In this light, it is important to mention that it has been clearly demonstrated in 

model systems, that fully competent antigen-specific CD8+ T-cell responses require 

“help” to be provided by antigen-specific CD4+ T-cells. This help may be provided 

directly, by the production of cytokines susch as IL-2 [198] or indirectly through the 

licensing of Antigen presenting cells [199]. Moreover CD4+ T-cell help is also thought to 

be of great importance for the establishment of fully functional antigen-specific CD8+ T-

cell memory [200; 201]. 

 

The initial characterization of the HIV-specific T-cell response was made possible by the 

advent of such technologies as the ELIspot assay, which enables quantification of 

antigen-specific cytokine producing T-cells [202]. Intracellular cytokine staining (ICS) 

can also serve this purpose [203]. These assays allow the measurement of the magnitude 

of the response. The number of antigens from a given viral protein, and/or the number of 

viral proteins that elicit a response is referred to as the breadth. An advantage of the ICS 

assay is its ability to provide functional information about the response of specific cells to 

their cognate antigen. Originally this was limited to one or two functions, but, through the 

use of multi-chromatic flow cytometry, the simultaneous analysis several different 

antigen-specifc T-cell functions is now possible [204]. This has led to the concept of the 

quality of a given response, defined in terms of polyfunctionality. All three parameters 

have been of use in defining the relative importance of both CD8+ and CD4+ T-cell 

responses in the control of HIV replication as well as providing information on how those 

responses may be impaired. 

 

The importance of CD8+ T-cell responses in controlling viral replication was clearly 

demonstrated by experimental depletion of CD8+ T-cells SIV-infected Macaques [205]. 

In HIV-infected humans the situation is less clear, as there is a lack of a definitive 

correlation between CD8+ T-cell response and viral load [206; 207; 208; 209; 210]. In 
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terms of the breadth of the response, it has been shown that  HIV-specific CD8+ T-cell 

responses can be mounted against the entire HIV-1 proteome [210; 211]. However, it is 

also apparent that Nef and in particular Gag [212; 213] represent highly immunogenic 

regions of the HIV proteome. The evidence to suggest that HIV-specific CD8+ T-cells can 

be detected even at very late stages of disease [214], has led to the suggestion that 

measuring the breadth and magnitude of the HIV-specific response alone may not be the 

best way to analyse the efficacy of HIV-specific responses [210]. The recent reports 

providing evidence that polyfunctionality is the best correlate of the ability of HIV-

specific CD8+ T-cell responses to control viral replication [215; 216] suggest this may be 

the most informative parameter to asses.  

The phenomenon of CD8-driven viral escape provides further evidence of the impact of 

HIV-specific CD8+ T-cell responses upon the virus. This process, studied in detail in the 

SIV model system [217] involves the selection of viruses that contain mutations within or 

close to known immunodominant epitopes [218]. However, immune escape apparently 

comes at a fitness cost [219] with reversion to wild-type being observed on transmission 

to haplotype mismatched individuals [220]. 

The mechanisms by which HIV-specific CD8 mediate their anti-viral function, as 

reviewed by Gulzar and Copeland [221], are thought to involve the classic lytic pathways, 

such as perforin-mediated killing, and/or the release of soluble factors such as IFN-γ as 

well as a novel factor referred to as cell associated-factor (CAF) [222]. 

 

It is important to note that CD8+ T-cell function and differentiation is related to the 

availability of  IL-2 [223; 224], and that IL-2 associated proliferation [225] is associated 

with better maintenance of anti-viral effector function [226]. 

 

Little differences in the HIV-1 specific and HIV-2 specific CD8+ T-cell response, in 

terms of frequency and magnitude, have been observed [227; 228; 229; 230].  It would 

also appear that as for HIV-1, the majority of HIV-2-specific CD8+ T-cell responses are 

focussed on Gag, with several immunodominant peptides being recently described [231]. 

 

A important role for antigen-specific CD4+ T-cell responses in the control of HIV-1 

infection has also been reported [140; 232; 233; 234]. This importance may reflect their 

ability to provide “help” to HIV-specific CD8+ T-cells, possibly through the maintenance 

of this population via the provision of IL-2 [235]. Other than this, there is data to support 
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direct cytotoxic activity of HIV-specific CD4+ T-cells in HIV-infected patients [236; 

237]. Of note recent reports find no evidence of CD4-driven viral escape [238; 239], 

which may reflect the fact that the longevity of HIV-specific CD4+ T-cells is 

compromised, most likely through their direct infection by HIV [240; 241; 242]. 

Moreover, progressive functional defects of CD4+ T-cells in HIV-1 infected individuals, 

in particular a progressive loss of  responsiveness associated with reduced  proliferative 

capacity as a whole have long been established [243; 244], with HIV-specific CD4+ T-

cells in particular being effected [245]. This impairment of proliferative capacity appears 

to be linked with a viremia-induced loss of IL-2 production [246]. Moreover, the reported 

dissociation between IFNγ production and proliferative capacity [247] emphasises the 

importance of analysing several functions of these cells simultaneously. The strong 

association between the loss of delayed type hypersensitivity (DTH), an indicator of 

CD4+ T-cell function, and disease progression [248] highlights the link between loss of 

CD4+ T-cell function and ongoing control of HIV replication.  

 

In terms of HIV-2 infection specific CD4+ T-cell responses have been shown to be of 

better quality, and associated with preserved proliferation [249], although this may in part 

reflect the link between IL-2 production and proliferative capacity, as reported by 

Isayerre et al [250]. 

 

3.2 Immuno-homeostasis 

 

The archetypal characteristic of HIV infection is the depletion of CD4+ T-cells. Following 

an initial drop and rebound this process occurs progressively in the periphery, whereas in 

the mucosal sites, especially the gut, it is a very early and severe post-infection event that 

is never really resolved during the course of infection [145]. The processes underlying 

this depletion and the infected host’s attempts to counterbalance it have been the subject 

of much debate. Here the focus will be placed on the possible mechanisms involved in the 

replacement of CD4+ T-cells during HIV infection 

 

It has been suggested that the homeostasis of naïve and memory CD4+ T-cells are 

independently co-ordinated [251]. The possible mechanisms involved in the maintenance 

of these populations during HIV infection will be discussed sequentially.  
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The replenishment of the naïve pool is likely to rely on two main factors, de novo 

production of these cells by the thymus and homeostatic proliferation of long-lived naïve 

cells, mediated by homeostatic cytokines such as IL-7 [252]. HIV infection may 

potentially interfere with both of these pathways. Firstly, there is evidence to support a 

role for direct HIV infection of thymocytes, with thymic tropic isolates being isolated 

from “Rapid progressors” [253]. Further evidence suggests a direct impact of HIV-1 

infection on thymic function, [254]. Moreover, bone-marrow pathology associated with 

HIV infection may have a deleterious effect on progenitor populations necessary for the 

maintenance of the capacity of the thymus to produce CD4+ T-cells [255].  

Secondly, responsiveness to IL-7 has shown to be impaired in HIV-1 infection, both at 

the level of IL-7 receptor (IL7-R) expression [256] and downstream of the receptor 

engagement [257]. With respect to HIV-2 infection recent reports suggest that thymic 

function is less effected [258], and that, through the maintained expression of IL7-R, the 

naïve CD4+ T-cells may have a better preserved homeostatic proliferative capacity [259]. 

The observation in the SIV model that failure to recruit naïve CD4+ T-cells into the CD4 

memory pool results in an increased rate of disease progression [260] highlights this as a  

potentially important mechanism by which naïve CD4+ T-cells are lost. The processes 

mentioned above would ordinarily serve to repopulate this niche. Moreover it emphasizes 

that the memory CD4+ T-cell pool is also subject to significant depletion, and that the 

mechanisms in place to cope with the depletion are possibly stretched to their limit. 

 

The generation of CD4+ T-cell memory is believed to yield two populations of memory 

CD4+ T-cells, central memory (TCM) and effector memory (TEM). These populations were 

initially defined on the basis of their expression of the lymph node homing molecules, 

CCR7 and CD62L [261] and subsequently shown to have different immediate effector 

function and proliferative capacities [262]. TEM cells are able to home to the mucosal 

surfaces of the body, particularly the gut, through their expression of CCR5 and other 

chemokine receptors. This makes this population an ideal substrate for HIV infection. 

However on activation these cells are preprogrammed to die, so, although they can 

provide a source for viral expansion, their loss should not directly impact on the steady 

state numbers of CD4+ T-cells [181]. However, their TCM counterparts, proliferate on 

activation and serve to regenerate both the TCM and TEM pool [262]. As such, the loss of 

this population would be predicted to have a much more marked impact on CD4+ T-cell 

maintenance, as suggested by studies in SIV models [263; 264; 265]. Moreover, a recent 
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study of HIV “Elite controllers” demonstrated a better preservation of the CD4+ TCM pool, 

further supporting a role for this population in the maintenance of the memory pool in 

HIV-1 infected individuals [266].  

 

Secondary lymphoid organs have been suggested to play an important role in the 

maintenance of both naïve and memory CD4+ T-cells. It is important to note that HIV 

infection is associated with marked, changes in the structure of lymphoid tissues that 

occur early and are progressive throughout the course of infection [267]. This is thought 

to have a major impact upon the homeostasis of CD4+ T-cells, through the disruption of 

the lymphoid tissue architecture [268] and  “normal” cytokine environment [269] that are 

believed to be necessary for normal T-cell homeostasis [270]. Little is known about the 

impact of HIV-2 on lymphoid tissues, but there is some evidence to suggest that the virus 

replicates in these tissues [271], and may be of equivalent cytopathic capacity as HIV-1 

within them [272].  

 

Another key process in HIV/AIDS immunopathogenesis can be broadly described as 

immune dysregulation. This covers a multitude of immune defects that may affect the 

immune system in general, and/or certain tissues and/or cell-types in particular.  Of all the 

manifestations of immune dysfunctions associated with HIV-1 infection, hyper-immune 

activation appears to be the most relevant in determining the disease course.  

 

3.3 Immune Activation 

 

The hyper-immune activation associated with HIV infection is characterized by 

heightened levels of a variety of proinflammatory cytokines such as IL-6 [273] and TNF-

α [274], both in circulation and in lymphoid tissues [269], and also manifested as 

increased expression of activation markers on such diverse populations as B-cells [275] 

monocytes [275] and T-cells. With regard to the latter, it has been shown that increased 

expression of CD38 on T-cells is a better predictor of disease progression than viral load 

[136; 276], irrespsective of disease stage [277]. Studies of naturally infected Sootey 

Mangabeys and African Green Monkeys, that typically remain disease free, have revealed 

similarities to pathogenic SIV infection in Macaques, such as massive mucosal depletion 

of CD4+ T-cells [278; 279] and high level viremia [9; 10]. However, immune activation 
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occurs only transiently in these monkeys [166], providing further evidence for the 

important role of immune activation in HIV pathogenesis. 

There are several candidate factors that may contribute to this state of immune activation, 

recently reviewed by Sodora and Silvestri [280], and it seems likely that they may all act 

in unison to drive the process. A role for the virus itself is indicated by the fact that 

successful ART is able to reduce levels of immune activation, and, in contrast, maintained 

levels of T-cell activation in treated individuals may relate to a poor treatment response 

[281]. In a recent review Lederman and Margolis questioned the major contribution of 

lymphocytopenia-induced homeostatic proliferation to HIV-associated immune activation 

[282], as well as suggesting that recent data [283] indicate that immune activation may be 

more closely related to bystander mechanisms than peptide recognition. However a recent 

report challenges these premises [284], suggesting that CD4+ and CD8+ T-cell 

proliferation is differentially related to viral load and CD4 depletion.  

 

One recently proposed explanation for the cause of Immune activation that has gained a 

lot of support is related to the mucosal damage associated with HIV infection [285]. This 

model, recently referred to as the microbial translocation theory [286] suggests that HIV-

induced enteropathy results in increased gut permeability and subsequent bacterial 

translocation. This term refers to the process whereby microbial products leak from the 

gut lumen into the surrounding mucosa. Several studies have shown a link between 

increased levels of microbial products, such as Lipopolysaccharide (LPS) [287] and 

bacterial DNA [288], and increased activation levels. Furthermore, a study in chronically 

infected African Green Monkeys, natural hosts of SIV that only have limited evidence of 

bacterial translocation [279], showed that LPS treatment resulted in a burst of viremia and 

increased CD4+ T-cell activation [289]. This supports an abilty of LPS to directly drive 

immune activation and, as a result, viral replication in the treated animals [289]. The 

situation in humans does not appear to be as clear-cut. A recent African cohort study was 

not able to demonstrate an association between increased levels of LPS and parameters of 

disease progression [290]. However, another report demonstrated increased plasma LPS 

levels in individuals with idiopathic CD4 lymphocytopenia [291].  

The recent data from a chronic model of SIV infection suggests that HIV-mediated 

depletion of T helper 17 (Th17) results in the loss of the ability to control Salmonella 

infection, and results in the subsequent systemic dissemination of bacterial products 

[292], supporting a direct role of the virus in this process.  
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It is possible that increased levels of circulating bacterial products could result in immune 

activation through activation of immune cells via pattern recognition receptors (PRR’s) 

such as the Toll-like receptors (TLRs), whose sensitivity and expression levels appear to 

be increased on peripheral blood mononuclear cells in chronic HIV infection [293]. 

Irrespective of the factors driving it, one way in which immune activation could be 

controlled is through the actions of the regulatory CD4+ T-cell subset. A description of 

this T-cell subset and their potential role in HIV/AIDS immunopathogenesis will follow. 

 

3.4 Regulatory CD4+ T-cells, a brief overview 

 

The preservation of immune tolerance to self must be regulated in such a way as to ensure 

that the ability to respond to foreign antigens is not sacrificed, and visa versa.  

Immune tolerance is maintained through a combination of the deletion of autoreactive 

thymocytes during T-cell ontogeny [294] and several mechanisms of peripheral tolerance 

[295]. 

The idea that the regulation of immune homeostasis may also involve a distinct subset of 

T-cells with intrinsic regulatory function is not new [296]. Data in support of their 

existence came from model systems, in which the necessity of continued thymic function 

for the maintenance of self-tolerance was demonstrated [297; 298]. Subsequently the 

subset of T-cells mediating this control was shown to correspond to CD4+CD25+ T-cells 

in mice [299] and humans [300], being specifically enriched within the CD25bright subset 

in the latter [301].  

These thymically derived regulatory T-cells sometimes referred to as natural regulatory 

T-cells (nTreg) have been widely demonstrated to be able to suppress the proliferation of 

their CD4+CD25- counterparts. The specific mechanisms involved in these processes have 

yet to be fully defined, and have been the subject of a recent and comprehensive review 

[302]. The exact processes involved in the generation and maintenance of nTreg are also 

the subject of intense research [303]. The discovery of a naïve Treg population [304; 305] 

has led to the suggestion that these cells may be precursors of the more frequently 

observed activated/memory Treg population [306]. Of note nTreg are thought to be 

distinct from the IL-10-producing T regulatory 1 (Tr1) [307] and the Transforming 

Growth Factor Beta (TGF-β) producing T helper 3 (Th3) cell types [308] described prior 

to their discovery. 
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nTreg have been shown to express a variety of markers in addition to CD25, but none 

appear to be exclusive to this population, even those such as cytotoxic T-lymphocyte 

antigen 4 (CTLA-4) [309] and glucocorticoid-induced tumour necrosis factor receptor 

(GITR) [310] that are thought to be directly related to their function. The discovery that 

mutations in the gene encoding Foxp3, a Forkhead/winged-helix transcription factor, 

were the underlying cause of the lymphoproliferative and autoimmune disorders observed 

in Scurfy mice [311] and the immune dysregulation, polyendocrinopathy, enteropathy, X-

linked syndrome (IPEX) disorder in humans [312], provided evidence for a truly Treg-

specific marker.  

It is now clear that Foxp3 is critical for both Treg function and development in mice and 

humans [313; 314; 315]. The reports that forced expression of this protein in CD4+CD25- 

T-cells was sufficient to convert these cells into Treg, both in terms of phenotype and 

function [314; 315], has led to the idea that Treg may be induced in the periphery, as part 

of the normal consequences of an antigen-specific response. Although data exists to 

support this idea [316], the exact mechanics have yet to be fully elucidated and are 

extremely complex [317]. Nevertheless, peripheral induction of Treg would appear to 

require stable and maintained Foxp3 expression [318], probably through the epigenetic 

modification of its locus [319], a process which may be reliant on the presence of 

particular cytokines, such as TGFβ [320; 321].  

 

3.5 Regulatory CD4+ T-cells in HIV immunopathogenesis 

 

The role of regulatory T-cells (Treg) in HIV infection has been extensively and regularly 

reviewed over the last few years [322; 323; 324; 325; 326; 327; 328]. When surveying the 

large amount of experimental data in the literature it can be seen that a consensus has yet 

to be reached. The reasons for this are manifold and include the variety of markers used 

to identify this population in infected individuals, how their frequency is determined 

(absolute number vs. percentage within distinct cell populations), the tissues examined 

(blood vs. lymphoid tissues), and the heterogeneity of the study cohorts (combination of 

individuals with and without ART). Moreover, some reports have suggested dissociation 

between the expression of certain Treg markers [329], and differential expansion of 

particular Treg subsets [330; 331]. It is also possible that the reported reduction in Treg 

frequency in the blood [332; 333; 334; 335; 336; 337] reflects an altered tissue 
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distribution associated with HIV infection [333; 338; 339], a process suggested to be 

driven by the virus itself [339; 340]. 

 

Studies utilizing the pathogenic and non-pathogenic models of SIV infection yielded 

further, but still somewhat contradictory, information. One report demonstrated the 

maintenance of peripheral Treg in the non-pathogenic SIVSM-Sootey Mangabey model as 

compared to the pathogenic infection of Rhesus Macaques, which resulted in severe 

depletion of Treg in the blood, inversely correlating with immune activation and viral 

load [341]. Other data showed differences in the rate and magnitude of Treg expansion in 

Rhesus macaques infected with SIV or CMV, with both parameters being increased in the 

former [342]. Severe depletion of Treg from the gut Lamina propria, but not blood or 

lymph nodes was noted in the acute phase of pathogenic SIV infection [343], with 

expansion, or loss of Treg being reported in the spleen and gut [344] or lymph nodes 

[345], respectively.  

 

However, conceptually it is clear that these cells have a role to play in the process of HIV 

immunopathogenesis, either through their ability to control the hyper-immune activation 

associated with HIV disease progression, or as a result of Treg-mediated suppression of 

HIV-specific responses and in this way contribute to the subsequent establishment of viral 

persistence. 

 

It is expected that changes in the frequency and/or functionality of Treg could impact 

upon an HIV-infected individual’s ability to control the HIV-associated hyper-immune 

activation, one of the main determinants of HIV progression, since several autoimmune 

diseases featuring increased levels of immune activation amongst their symptoms have 

been shown to be associated with a reduction in these parameters [312; 346; 347].  

This idea is supported in part by the observation of an inverse correlation between levels 

of immune activation and Treg frequency in the blood [331; 336]. The observed reduction 

of Treg in the periphery in these studies however, may be due to alterations in cell-

trafficking mentioned above, a process believed to be driven directly by the virus [339; 

340]. Thus, it is the redistribution of Treg to the tissues rather than their active depletion 

in the periphery, which may be more closely related to increases in immune activation, 

possibly through the suppression of HIV-specific responses, a hypothesis discussed in 

more detail below.  
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The fact that Treg express both HIV co-receptors [348] means that they are potential 

targets for HIV infection. Studies from a murine model of HIV infection provide evidence 

that Treg can represent a potential substrate for viral replication [171]. Earlier work 

suggested that in vitro induced Treg were targets for infection [332] by HIV-1, with some 

evidence to support this being provided by the SIV model system [342]. More recently 

naïve Treg precursors were shown to be susceptible to HIV infection [349], which would 

tie in with data suggesting that this particular subset of Treg are depleted in HIV infected 

individuals [330]. However, other studies suggest that Treg are not preferentially infected 

[350], and the idea that they are expanded as a result of interaction with the virus or its 

products also argues against this theory [339; 340]. Moreover, it is still has yet to be 

conclusively shown whether Foxp3 itself would suppress [351] or enhance [352] HIV 

replication within infected Treg.  

 

An expansion of Treg has been observed in a number of chronic viral infections, such as 

HCV in humans [353], and Friend virus infections in mice [354]. This process is believed 

to contribute to subdue anti-viral immune responses and allow the establishment of a 

persistent infection.  

Several groups have reported on the ability of Treg to impair both SIV-specific [341; 342; 

355] and HIV-specific T-cell responses [335; 350; 356; 357; 358; 359]. Two further 

reports detail associations between increased frequency of Treg and T-cell dysregulation 

associated with HIV infection, such as a shift towards a Th2 phenotype [360] and the 

impairment of the tuberculin skin test reaction [361]. Taken together these data would 

suggest that Treg are contributing to HIV immunopathogenesis through the disruption of 

HIV-specific responses.  

However, data obtained during primary HIV infection [362], and the comparison of 

pathogenic and non-pathogenic SIV model systems [166] suggest the situation may not be 

so straight-forward. These data support the idea that an immediate expansion of Treg may 

be beneficial through the control of hyper immune activation, and subsequent reduction 

of the activation set-point. This is supported by data that show that Treg can actually 

promote early protection from viral infection in a mouse model [363]. Moreover, data 

from a cohort of HIV exposed but uninfected individuals suggests that the maintenance of 

a lower than normal frequency of activated CD4+ T-cells in these individuals is associated 

with an increase in Treg frequency [364]. They postulate that the reduction in the pool of 

CD4+ T-cells able to support HIV replication may contribute to the protection from HIV-
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infection. Thus Treg may have a role in the prevention of HIV infection, under certain 

circumstances. 

Data from Kinter et al suggested that, although Treg blunted HIV-specific responses, they 

were also associated with “favourable clinical markers of disease status” [350]. This idea 

of a dual modality of Treg in HIV immunopathogenesis fits nicely with a model proposed 

by Holmes et al, based on their published and unpublished data in a murine model of HIV 

infection, and discussed in a recent review [322]. They propose that the differing effects 

of pharmacological depletion of Treg in this system prior to HIV infection (which 

resulted in reduced numbers of productively infected cells and lower plasma viremia) and 

during chronic HIV infection (which resulted in increased viral replication and levels of 

immune activation) support the idea that Treg contribution to, or control of, HIV 

immunopathogenesis is determined by the phase of the disease.  

With respect to the effect of ART on Treg, it would appear that increased frequencies of 

peripheral Treg are maintained following [365; 366], and for several years after [367], the 

initiation of ART. There is also some evidence to suggest that Treg frequencies in the 

lymphoid tissues normalize under ART [333; 338].  

One final point is that the better understanding of the exact role of Treg in HIV infection 

may help identify suitable targets for immunotherapeutic intervention, at least in the 

context of this disease. 
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CHAPTER 2: 
 

AIM AND WORK PLAN 
 

The overall objective of this work was to further explore those aspects of the immune 

response to HIV infection that may potentially serve to control the complex process of 

HIV/AIDS immunopathogenesis.  

As HIV-2 infection can be viewed as a model of attenuated HIV infection, the assessment 

of HIV-specific responses, and the frequency of regulatory CD4+ T-cells within this 

setting may provide important information about their relative roles in the process of 

HIV/AIDS pathogenesis.  

 

The first step was to assess if and how HIV-specific CD4+ T-cell responses could directly 

contribute to the control of HIV immunopathogenesis by comparing their characteristics 

and relationship with markers of disease progression and/or hyper-immune activation in 

HIV-1 and HIV-2 infections, which are known to have distinct rates of disease 

progression.  

There is increasing evidence to support a major role of HIV-1 specific T-cell responses in 

the control of viral replication. However, it is also apparent that these responses 

ultimately fail to contain the virus in the large majority of untreated HIV-infected 

individuals. It would also appear that it is not simply a question of the magnitude of the 

response, but is probably more closely related to the “so-called” quality of it as well. 

As described in the Chapter 3, the frequency and magnitude of Gag-specific CD4+ T-cell 

responses were assessed, at the single cell level by flow cytometry, in peripheral blood 

mononuclear cells obtained from HIV-1 and HIV-2 infected individuals matched for the 

degree of CD4 depletion. The ability of these cells to respond to both homologous and 

heterologous peptides was assessed. Analysis of responsiveness to heterologous peptides, 

i.e. the ability of HIV-2 individuals to respond to HIV-1 peptides and visa versa, provides 

a strategy to indirectly evaluate the comparative flexibility of HIV-specific CD4+ T-cell 

responses in both HIV-1 and HIV-2 infected individuals. The quality of each individual’s 

response was characterized in terms of the cytokines produced. Correlative analysis 

between responses and CD4 depletion, T-cell activation and proviral burden were carried 
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out in attempt to assess if and how the HIV-specific CD4+ T-cell responses are related to 

the process of HIV immunopathogenesis.   

 

The impact of regulatory T cells (Treg) on the course of HIV immunopathogenesis has 

yet to be adequately clarified, with evidence to support both beneficial and detrimental 

roles for these cells in this process. The first described marker of human Treg was high 

level of expression of CD25 (CD25bright) on CD4+ T-cells. Thus, the differential 

expression of CD25 upon CD4+ T-cells allows the identification of different CD4+ T-cell 

subsets. The analysis of CD25 expression in cohorts of HIV-1 and HIV-2 infected 

individuals revealed a unique expansion of a population of CD4+ T-cells expressing low 

levels of CD25 during HIV-2 infection.  The phenotypic and functional data pertaining to 

this subset is presented in the Chapter 4. 

 

The Treg population was identified in both HIV-1 and HIV-2 infected individuals by the 

high level of expression of CD25 as well as by the expression of the Treg associated 

transcription factor, Foxp3, both at the mRNA and protein levels. The measurement of the 

cell-cycle marker Ki67 was carried out, in order to obtain information on the turnover of 

this population in both diseases. Correlative analysis of regulatory T-cell frequency and 

several parameters associated with disease progression, including CD4 depletion and 

levels of viremia, were performed in order to determine whether the Treg population’s 

relationship with these markers of disease progression and HIV immunopathogenesis 

differed in HIV-1 and HIV-2 infection. These results are described in the Chapter 5. 
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CHAPTER 3 
 

 

 

Gag-specific CD4+ T-cell frequency is inversely correlated with 

proviral load and directly correlated with immune activation in 

HIV-2, but not HIV-1 infection.  
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Abstract  

 

HIV-2 infection, unlike HIV-1, is normally characterized by slow rates of CD4 depletion 

and low to undetectable viremia. We found that the frequency of gag-specific CD4 T-

cells featured strong positive correlations with the expression of markers of CD4 

activation and a negative correlation with PBMC-associated proviral load in HIV-2 

infection, in contrast to HIV-1. Moreover, HIV-2 infected individuals exhibited a greater 

ability to respond to HIV-1 gag peptides (heterologous responses). Our data suggest a 

potential link between better quality of HIV-2 specific CD4 response and viral control, 

which may in turn relate to the better prognosis associated with HIV-2 infection. 
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Introduction 

 

Infection with Human immunodeficiency virus type 2 (HIV-2) is associated with slow 

disease progression and, in the majority of infected adults, a limited impact on mortality 

(11, 17, 21). CD4 depletion occurs at a much slower rate in HIV-2 than in HIV-1 disease 

(5, 11). Despite plasma viremia remaining low to undetectable throughout HIV-2 

infection (1, 13, 20), levels of proviral DNA have been shown to be similar in both 

infections (20, 22). A possible explanation for the phenotypic differences of these two 

diseases is that they reflect better control of viral replication by virus-specific immune 

responses in HIV-2 positive individuals.  

Although no major differences in the frequency of HIV-specific CD8+ T-cells have been 

reported in HIV-1 and HIV-2 positive individuals (2, 4, 8, 9, 12, 14), HIV-2 specific CD8 

T-cells have been shown to recognize a broader range of viral proteins (27), and to have a 

higher functional flexibility (15).  

HIV-2 specific CD4+ T-cells have been less well characterized (6, 7, 18, 19, 27). Of note, 

a recent West African cohort study showed an association between strong HIV-2-specific 

CD4+ T-cell responses and non-progression (6).  

Here, we show for the first time that the frequency of HIV-2 gag-specific CD4 T-cells 

correlated positively with CD4 activation, and negatively with proviral load, raising the 

possibility that immune activation in HIV-2 infection is more closely related to a more 

efficient CD4 response better able to control viral replication.  

Here, we show for the first time that the frequency of HIV-2 gag-specific CD4 T-cells 

correlated positively with CD4 activation, and negatively with proviral load, raising the 

possibility that immune activation in HIV-2 infection is more closely related to a more 

efficient CD4 response better able to control viral replication.  
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Methods 

 

We investigated homologous and heterologous Gag-specific CD4+ T-cell responses in 19 

HIV-2 positive and 19 HIV-1 positive individuals living in Portugal and assessed their 

relationship with markers of disease progression. The cohorts were matched for CD4 

depletion, and all individuals were antiretroviral therapy naïve, and without evidence of 

ongoing opportunistic infections or tumours. Their epidemiological and clinical features 

are detailed in Table 1. Research was approved by the Ethical Committee of the 

Faculdade de Medicina da Universidade de Lisboa.  

 

  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1:  HIV-2 and HIV-1 cohort characterization 

  HIV-2 cohort   HIV-1 cohort  

     
Number (male/female)  19 (11/8)  19 (5/14) 

Age 

(years) 
 

47±3.2 

[26-62] 
 

41±2.3 

[21-68] 

Ethnicity 

(Caucasian/other) 
 8/11  12/7 

CD4+ T cell count 

(cells/µl) 
 

686±79 

[188-1436] 
 

667±113 

[133-2174] 

% CD4+ T cells  
30±3 

[14-46] 
 

27±3 

[5-52] 

Viremia 

(RNA copies/ml) 
 

<200 in 18/19 

[200-4006] 
 

8.6x104± 4.1x104 

[50-55 x104] 

Proviral DNA 

(copies/106 PBMC) 
 

367±107 

[20-1296] 
 

473±173 

[61-2016] 

% HLA-DR + 

within CD4 
 

3.02±0.95 

[0.16-2.66] 
 

3.17±0.62 

[0.26-9.8] 

% HLA-DR +CD38+ 

within CD4  
 

2.01±0.66 

[0.07-8.45] 
 

2.23±0.45 

[0.13-2.75] 

     
Results are expressed as Mean±SEM [range]. Two group comparisons were 
made using unpaired t tests or Mann-Whitney as appropriate. No statistical 
differences were found except for viremia, p=0.0005, after applying the 
appropriate assay cut-off value to individuals with undetectable viral load.  
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Responses were assessed in terms of frequency and magnitude at the level of cytokine 

production. The polyfunctionality of an individual’s response was also assessed by 

determining the contribution of each cytokine-producing HIV-specific-CD4 subset to 

their total response. The following peptide sets were used: twenty-mers, overlapping by 

10 residues, spanning residues 1-386 of HIV-2 ROD Gag (prepared by MRC UK) and 

fifteen-mers, overlapping by 11 residues, spanning the equivalent region of HIV-1 HXB2 

gag (AIDS Reagent Program, National Institutes of Health).  

Peptide sets were combined in two separate pools, such that the concentration of each 

peptide within a pool was 400µg/ml. These mixtures were used at a final concentration of 

2µg/ml/peptide in all experiments. 1x106 thawed PBMC were resuspended in 1ml of 

RPMI supplemented with 2% Penicillin/Streptomycin (Gibco-Invitrogen, Carlsbad, CA.), 

2% L-glutamine (Gibco-Invitrogen) 10% Human AB serum (Sigma-Aldrich), and 1µg/ml 

anti-CD28 (BD Biosciences), and cultured for 6 hours alone or together with the HIV-1 

or HIV-2 gag-peptide pools with the addition of 10µg/ml of Brefeldin-A (Sigma-Aldrich) 

after one hour of culture. Intracellular cytokine staining (ICS) was performed within 24 

hours of cell fixation as previously described (26).  

Results were expressed as percentages of cytokine-positive within total CD4+ T-cells after 

background subtraction (anti-CD28 stimulation alone). PMA (Sigma-Aldrich) + 

Ionomycin (Calbiochem, Merck Biosciences, Nottingham, UK) stimulation in the 

presence of Brefeldin-A (Sigma-Aldrich) was used as a positive control (26). Each 

peptide pool was tested against thawed PBMC from nine seronegative controls to 

establish an average background response for each cytokine, alone or in combination, and 

cut-offs were set accordingly (range: 0-0.06%). Responses ≤ the corresponding assay cut-

off were assigned a value of 0.  
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Results and Discussion 

 

The number of individuals able to mount homologous responses was the same in both 

cohorts (15/19, 79%). The total magnitude of these responses was similar for both groups, 

which was reflected in comparable frequencies of each of the cytokine producing subsets 

(Figure 1A). In terms of polyfunctionality, similar numbers of homologous responders in 

both groups had multifunctional gag-specific CD4 responses, though more HIV-2 

positive than HIV-1 positive individuals had specific CD4 able to produce all three 

patterns of cytokines (Figures 1B & 1D). Of note 6/15 HIV-2 positive homologous 

responders had IL-2 single-positive CD4 T-cells as their only detectable HIV-specific 

response, compared to only 1/15 within the HIV-1 cohort.  

Overall, we observed similar frequencies of CD4 T-cells able to recognise homologous 

gag peptides in HIV-1 and HIV-2 cohorts matched for CD4 depletion. In agreement with 

previous reports (2, 6), the cytokine profile of HIV-2 responders was dominated by IL-2 

production alone or in combination with other cytokine-producing subsets, whereas in the 

HIV-1 cohort more responders had single IFN-γ producing specific CD4 T-cells forming 

part or all of their response. 

In contrast, on assessment of heterologous responses, we found more HIV-2 individuals 

responded to HIV-1 peptides (9/11, 82%) than HIV-1 individuals to HIV-2 peptides 

(5/10, 50%). The magnitude of this response was significantly higher in the HIV-2 than 

the HIV-1 cohort (p=0.0483; Figure 1A). 
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Figure 1. Homologous and heterologous responses to gag peptides 

HIV-specific CD4+ T-cell responses were assessed by cytokine production at the single cell level after short 

term culture with gag overlapping peptides and results shown as the proportion of total CD4+ T-cells. 

Responses of HIV-2 individuals against HIV-2 gag peptides (Homologous) and against HIV-1 gag peptides 

(Heterologous) are shown as well as the corresponding responses of an HIV-1 cohort. The total percentage 

of specific-CD4+ T-cells able to recognise homologous or heterologous peptide sets in each cohort 

(horizontal hatch bars) is illustrated in A. The frequency of IL-2 single positive (open bars), IFN-γ single 

positive (grey bars) and the double positive IL-2+IFN-γ+ (black bars) specific CD4 T-cells are also 

illustrated. Bars indicate the mean±SEM. Intercohort differences were assessed using unpaired t or Mann-

Whitney tests as appropriate using GraphPad Prism version 4.00 (GraphPad Software Inc., SD, USA). *: 

p<0.05. The heterogeneity of the specific CD4 responses in terms of cytokine production is further defined 

for each responsive individual with respect to homologous and heterologous responses (HIV-2 cohort: B 

and C, respectively; HIV-1 cohort: D and E, respectively). HIV-2 responders are identified by upper case 

letters A-S, and HIV-1 responders by lower case letters a-s. Each bar represents the total response for a 

given individual, with the relative contribution of cytokine producing HIV-specific-CD4+ subsets indicated 

as above.  
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The heterologous response of the HIV-1 cohort was also significantly reduced compared 

to its homologous response (p=0.0122), which was largely due to the reduced frequency 

of IL-2 single-positive CD4 (p=0.0105; Figure 1A). Of note, none of the HIV-1 positive 

heterologous responders had detectable IFN-γ+IL-2+ CD4 (Figure 1A & 1E). Within the 

HIV-2 cohort the polyfunctionality of response of heterologous responders was similar to 

that observed for homologous responders (Figure 1B & 1C). However, HIV-1 positive 

heterologous responders’ cytokine profiles were almost exclusively dominated by IFN-γ 

single-positive CD4 (5/5 vs 4/9 in the HIV-2 cohort, Figure 1E). The ability of a given 

individual, independent of type of HIV infection, to mount a heterologous response was 

not dependent upon a detectable homologous response and vice versa.  

In summary, we detected a clear difference in the frequency of CD4 T-cells able to 

respond to heterologous peptides in HIV-2 positive compared to HIV-1 positive 

individuals, and, moreover, in contrast to HIV-2, the frequency and magnitude of 

heterologous responses in the HIV-1 cohort was also significantly reduced as compared to 

those of the homologous responses. It is unlikely that the latter is related to the differing 

lengths of the HIV-1 (15mer) and HIV-2 (20mer) peptides as both types of peptide have 

been shown to be equally efficient at revealing specific CD4 responses (16).  

Moreover, the polyfunctionality of heterologous responses was similar to that observed 

for homologous responses in both cohorts. Our data revealing responses to heterologous 

peptides in both HIV cohorts contradict an earlier report (27). However, this probably 

reflects differences in the cell population assessed, CD8-depleted PBMC versus CD4 T-

cells in our study, and the read out, IFN-γ ELISPOT assays versus the intracellular 

cytokine staining used here. Moreover, other studies have shown that PBMC isolated 

from HIV-2 positive individuals respond to simian immunodeficiency virus recombinant 

proteins and peptide pools, both in terms of proliferation (18, 19) and cytokine production 
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(2). Overall these data suggest that HIV-2-specific CD4 responses may also feature a 

similar degree of flexibility to that reported for their CD8 counterparts (15).   

 

Next we assessed the possible correlations between HIV-specific response and virological 

parameters. Plasma viremia was assessed by RT-PCR (detection limits: HIV-2, 200 RNA 

copies/ml as described (24); HIV-1, 50 RNA copies/ml; Roche Molecular Systems, 

Branchburg, NJ), and PBMC-associated proviral load was assessed by quantitative real-

time PCR, as we have previously described (22).  

No correlation was found between the magnitude of HIV-specific CD4 responses within 

the HIV-1 cohort and viremia (Table 2). The aviremic status of the majority (18/19) of 

HIV-2 positive individuals precluded this analysis. However, in striking contrast to the 

HIV-1 cohort, a significant negative correlation between the magnitude of the 

homologous IFN-γ producing CD4 response and proviral DNA was observed (Table 2).  

The negative correlations we report here between PBMC-associated proviral load and the 

frequency of HIV-2-specific CD4 T-cells in the HIV-2 cohort suggest that these 

responses may be able to indirectly/directly target infected cells more efficiently. 

Interestingly, HIV-2 specific cytotoxic T-lymphocyte activity has previously been shown 

to inversely relate to proviral DNA in a Gambian cohort (3), further supporting the idea 

that the immune response in general may be more effective in controlling virus 

replication/dissemination in HIV-2 infection. 



 

 

 

 

 

 

Table 2: Correlation between frequency of gag-specific CD4 responses and possible surrogate markers of HIV disease progression. 

  HIV-2 cohort   HIV-1 cohort  

  Homologous response  Heterologous response  Homologous response  Heterologous  response 

   
Total 
(p, r) 

 
IL-2 SP 

(p, r) 

 
IFN- γγγγ SP 

(p, r) 

 
IL-2 +IFN-γγγγ+ 

(p, r) 

  
Total 
(p, r) 

 
IL-2 SP 

(p, r) 

 
IFN- γγγγ SP 

(p, r) 

  
Total 
(p, r) 

 
IL-2 SP 

(p, r) 

 
IFN- γγγγ SP 

(p, r) 

 
IL-2 +IFN-γγγγ+ 

(p, r) 

  
Total 
(p, r) 

 
IL-2 SP 

(p, r) 

 
IFN- γγγγ SP 

(p, r) 

                   

CD4+ T cell count 
  

0.849, 
-0.047 

 
0.905, 
-0.029 

 
0.31, 

-0.246 

 
0.389, 
-0.21 

  
0.615, 
-0.173 

 
0.946, 
0.029 

 
0.342, 
-0.316 

  
0.715, 
-0.092 

 
0.558, 
-0.148 

 
0.983, 
-0.005 

 
0.59, 

-0.136 

  
0.964, 
0.017 

 
ND 

 
0.685, 
-0.147 

% CD4+ T cells 
  

0.663, 
-0.107 

 
0.605, 
-0.127 

 
0.451, 
-0.184 

 
0.301 
-0.251 

  
0.577, 
-0.189 

 
0.605, 
0.86 

 
0.348, 
-0.299 

  
0.45, 
-0.19 

 
0.271, 
-0.274 

 
0.494, 
-0.172 

 
0.471, 
-0.182 

  
0.672, 
0.154 

 
ND 

 
0.824, 
0.081 

Viremia 
  

NA 
 

NA 
 

NA 
 

NA 
  

NA 
 

NA 
 

NA 
  

0.591, 
0.145 

 
0.676, 
0.113 

 
0.104, 
0.421 

 
0.977, 
-0.008 

  
0.25 

-0.424 

 
ND 

 
0.521 
-0.339 

Proviral DNA 
  

0.067, 
-0.469 

 
0.082, 
-0.448 

 
0.008, 
-0.636 

 
0.335, 
-0.258 

  
0.291 
-0.393 

 
0.25 

-0.424 

 
ND 

  
0.832, 
-0.06 

 
0.508, 
-0.186 

 
0.413, 
0.228 

 
0.807, 
0.069 

  
0.121 
-0.569 

 
ND 

 
0.359 
-0.244 

% HLA-DR + 

within CD4 

  
0.048, 
0.519 

 
0.064, 
0.499 

 
0.177, 
0.368 

 
0.033, 
0.551 

  
0.678 
0.159 

 
0.493 
0.254 

 
ND 

  
0.793, 
-0.077 

 
0.213, 
0.355 

 
0.413, 
-0.238 

 
0.811, 
-0.071 

  
0.464, 
0.262 

 
ND 

 
0.222, 
0.424 

%HLA-DR +CD38+ 

within CD4  
  

0.023, 
0.58 

 
0.036, 
0.544 

 
0.157, 
0.385 

 
0.049, 
0.516 

  
0.81 
0.1 

 
0.613 
0.203 

 
ND 

  
0.718, 
-0.219 

 
0.131, 
0.424 

 
0.453, 
-0.031 

 
0.917, 
0.116 

  
0.608, 
0.185 

 
ND 

 
0. 393, 
0.338 

                   
Correlations were tested for significance using Pearson or Spearman correlations as appropriate using  GraphPad Prism. p values <0.05 were considered significant and are highlighted in bold.   
IL-2 SP: IL-2 single-positive.  IFN-γ SP: IFN-γ single-positive.  NA: not applicable. ND: not done, correlations were not assessed for cytokine producing-HIV-specific CD4 T cell subsets and immuno/virologic parameters 
when these values were available for ≤3 individuals. 
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Finally, we determined whether correlations between markers of CD4 T-cell activation 

and magnitude of HIV-specific CD4 responses existed for either cohort. PBMC were 

surface stained (antibodies purchased from BD Biosciences, San Jose, CA) immediately 

after isolation from freshly collected heparinized blood, and analysed as previously 

described (25) using a FACSCalibur flow cytometer and Cellquest software (BD 

Biosciences, San Jose, CA). Despite a lack of significant correlations between absolute 

numbers or frequency of circulating CD4+ T-cells and magnitude of the specific CD4 T-

cells in either cohort, the HIV-2 infected individuals exhibited significant positive 

correlations between homologous gag responses and CD4+ T-cell activation (Table 2).  

Progressive immune hyperactivation correlating with CD4 depletion is a hallmark of both 

HIV-1 and HIV-2 infections (25). However, the multiple factors driving this process and 

whether their relative contributions to immunopathogenesis are beneficial or deleterious 

are still the subject of ongoing debate (10, 23). It is possible that the correlation between 

CD4+ T-cell activation and HIV specific responses uniquely observed in our HIV-2 

cohort may represent a beneficial aspect of immune hyperactivation and partially explain 

the better prognosis characteristic of HIV-2 infection. 

In conclusion, despite similar frequency and magnitude of homologous responses, HIV-2 

positive individuals had stronger heterologous responses than their HIV-1 counterparts. 

More importantly, we demonstrated that HIV-2 homologous responses alone correlated 

positively with CD4 activation, and negatively with proviral load, suggesting a closer link 

between immune activation and HIV specific responses in HIV-2 infected individuals, 

possibly related to the better control of viral replication that characterizes HIV-2 disease 

progression.  
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Abstract 

 

The ability to maintain the CD4-memory pool is currently considered one of the main 

determinants of AIDS progression. Like HIV-1, HIV-2 infection is characterized by 

progressive hyper-immune activation, yet it is associated with slower rates of CD4-loss 

and reduced viremia irrespective of disease stage. In contrast to HIV-1, we observed an 

increased proportion of CD4+ T-cells expressing CD25 in HIV-2 infected individuals, 

independent of the degree of CD4-depletion and levels of immune activation. This was 

due to CD4+ T-cells expressing an intermediate intensity of CD25, characterized by an 

increased ability to produce IL-2 and a lack of other regulatory markers. This expansion, 

unique to HIV-2 seropositive individuals, may relate to an improved ability to replenish 

their CD4-memory pool, and thus to the better prognosis that characterizes HIV-2 

infection. Identification of the underlying mechanisms regulating this population in HIV-

1 and HIV-2 infections may provide a rational for novel therapeutic strategies. 
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Introduction  

 

HIV-1 infection is known to disrupt the IL-2/IL-2R network, a key system in immune 

regulation and homeostasis, very early in disease [1]. IL-2 plays a pivotal role in 

regulating T-cell expansion and survival, and the differential expression of the IL-2R 

alpha subunit (CD25) represents the main way in which the cellular response to IL-2 can 

be modulated [2, 3].  

CD25 is classically viewed as a marker of recent T-cell activation, as its expression is 

induced following TCR signalling, in vitro and in vivo. Human CD4+ regulatory T-cells 

(Treg) have been shown to constitutively express CD25 at very high intensity [3-5]. Of 

note, cytokines, particularly those belonging to the type I gamma chain (γc) using family, 

are also able to modulate CD25 expression [6-8]. In fact, IL-2 therapy, irrespective of the 

clinical setting, is associated with a persistent expansion of a subpopulation of CD4+ T-

cells expressing CD25 [9, 10]. The expansion of this population has been extensively 

characterized in HIV-1+ individuals treated with IL-2 in conjunction with antiretroviral 

drugs, and was shown to be long-lived, as determined by deuterated glucose studies, and 

implicated in the long-term maintenance of high CD4 counts after cessation of the IL-2 

therapy, in responsive HIV-1+ individuals [11].  

An apparent ability to counter-act CD4-loss in the face of persistent immune activation is 

a feature of untreated HIV-2 infection [12, 13]. Although both HIV diseases are 

associated with a progressive CD4-depletion, HIV-2 infection results in a much slower 

rate of CD4 decline and is associated with limited impact on the mortality of infected 

adults [14-16]. We have previously shown that expression levels of several activation 

markers were similarly increased in both infections for a given level of CD4-depletion 

[12].  
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This is despite the low to undetectable plasma viremia observed in HIV-2 infection [17-

19]. Portugal has a significant HIV-2 seroprevalence due to connections with its West 

African ex-colonies where this infection is endemic, thus, providing a unique opportunity 

to explore HIV-2 as a model of attenuated HIV disease.  

To assess what if any contribution CD25+ CD4+ T-cells might make to the maintenance of 

the CD4 pool we characterized this subset in cohorts of therapy naïve HIV-1+ and HIV-

2+ individuals.  

When viewing CD25 simply as a marker of recent activation, it is reasonable to expect 

that its expression would be increased on the CD4+ T-cell subset in HIV-1+ individuals as 

a result of the hyper-immune activation characteristic of this infection. However, as 

previously documented by other groups [20-22], we found no difference in the frequency 

of this population in the HIV-1 and seronegative cohorts. In contrast, the frequency of this 

population was significantly increased in the HIV-2 cohort as compared to the 

aforementioned groups. Of note, this expansion was due to a population expressing low 

levels of CD25 (CD25dim), enriched in cells able to produce cytokines, in particular IL-2. 

Given the slow rate of CD4-decline and the good prognosis that are the hallmarks of 

HIV-2 infection, our data suggest a potential role of the CD25dim subset in the 

maintenance of the CD4+ memory T-cell pool in HIV/AIDS.   
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Materials and methods 

 

Study population 

We studied 36 HIV-1+, and 29 HIV-2+ antiretroviral therapy naïve individuals without 

clinical signs of opportunistic infections or tumours at the time of study, and 24 

seronegative controls. All subjects gave informed consent to blood sampling and 

processing and the study was approved by the Ethical Board of the Faculty of Medicine 

of Lisbon. The clinical-epidemiological data of the three groups are summarized in Table 

1. It is important to note that though the HIV+ cohorts included patients with a similar 

range of CD4+ T-cell depletion, the majority of HIV-2+ individuals had undetectable 

viremia whereas a wide range of viremia was detected in the HIV-1 cohort. However, as 

previously reported [17, 23], there were no significant differences between the levels of 

proviral DNA observed in either HIV cohort (Table 1). 

 

Cell preparation and flow cytometric studies 

PBMC were isolated from heparinized blood by Ficoll-Hypaque (Gibco-Invitrogen, 

Carlsbad, CA.) gradient centrifugation, immediately after venupuncture, and surface 

stained and analysed as previously described using a FACSCalibur flow cytometer and 

Cellquest software (BD Biosciences, San Jose, CA) [12]. The following anti-human 

monoclonal antibodies were used: CD3, CD4, CD8, CD25, CD45RA, CD45RO, CD62L, 

CCR7, CXCR4, CCR5, HLA-DR, CD38, CD95, Bcl-2, CTLA-4, IFN-γ, IL-2, IL-4; all 

purchased from BD-Biosciences, and IL-7Rα (R&D Systems, Minneapolis, MN).  
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Cells were stained for CTLA-4 after surface-staining for CD4 and CD25, fixation with 

2% formaldehyde, and permeabilization with PBS/1%BSA/0.5%saponin (Sigma-Aldrich, 

St Louis, MO) and. Intracellular cytokine staining (ICS) was performed after 4-hour 

culture with PMA (50µg/m; Sigma-Aldrich) plus Ionomycin (500µg/ml; Calbiochem, 

Merck Biosciences, Nottingham, UK) and Brefeldin-A (10µg/ml; Sigma-Aldrich) as 

previously described [24]. As illustrated in Figure 1A, a lymphogate was applied to a plot 

of CD4 vs. CD25, the threshold between the CD25- and CD25+ populations set according 

to isotype control, and the CD25dim population defined by the region between the isotype 

control threshold, and an upper limit set to include only the CD4-CD25+ population.  

Absolute numbers of lymphocyte subsets were found by multiplying their representative 

frequency by the absolute lymphocyte count obtained at the clinical laboratory. 

Table 1: Characteristics of the study cohorts 

 

 

Seronegative  HIV-2+ patients HIV-1+ patients 

Number (male/female) 24 (8/16) 29 (7/22) 36 (17/19) 

Age (years) 44±3 (23-84) 45±2 (21-64) 37±2 (20-68)a, b 

Ethnicity,  nº    

       Caucasian 21 11 23 

       Other 3 18 13 

CD4 counts (cells/µl) 1188±94 (641-2 614±71  (22-1588)c 512±68  (42-2268)c 

% CD4+ T-cells 49.8±1.5 (32.6- 32.5±2.6 (2-53.8)c 25.5±1.9 (4.4-54.3)b, c 

Viremia (RNAcopies/µl) NA 1651±1436 (200-3.7 
4 d, e

1.1 x105±3.5 x104 (267-1.09 
6

Proviral DNA (copies/106 NA 2215±965 (52-1.1 x104) 4723±2934 (61-6.5x104) 

Data are mean ± SEM with limits in brackets, NA.: not applicable. 
Statistical differences between a given HIV-positive cohort and the seronegative controls: adenotes p<0.05, 
cdenotes p<0.0001 
Statistical differences between HIV-1and HIV-2 infected individuals: bdenotes p<0.05, edenotes p<0.0001 
 dHIV-2 viremia was quantified in 26 patients and was below 200 RNAcopies/ml (cut-off value of the assay) 
in 24/26. The two viremic patients had viremias  of 574 and 37552 copies/ml. For the sake of comparison 
aviremic individuals were assigned the cut-off value of the assay (200 copies/ml). 
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Quantification of forkhead-box transcription factor  P3 (foxP3) mRNA 

400ng of total RNA extracted from 106 PBMC was reverse transcribed using Superscript 

II Reverse Transcriptase Kit, and foxp3 mRNA quantified in duplicate by real-time PCR 

in 150ng of cDNA and 50µl PCR mixture volume containing 25µl of Platinum 

Quantitative PCR SuperMix-UDG, 1µl ROX Reference Dye 50X, 5 mM of MgCl2 (all 

from Invitrogen), with 300 nM of each primer (Forward: 5'-cacattcccagagttcctc-3', 

Reverse: 5'-gcgtgtgaaccagtggtagatc-3'), 200nM of TaqMan probe (5'-FAM-

tcatccgctgggcca-MGB-3´), using AbiPrism 7000 SDS (Applied Biosystems, Foster City, 

CA). A plasmid containing the foxP3 sequence was serially diluted (106-10 

copies/reaction) and used to generate a standard curve. GAPDH was used as an internal 

control (FAM/MGB probe, non primer limited – Applied Biosystems).  Results are 

expressed as relative units in relation to GADPDH quantification and corrected for the 

relative proportion of CD4+ T-cells in PBMC. 

 

Proviral load quantification 

Genomic DNA was extracted from 106 PBMC as described above. Quantitative real-time 

PCR was performed as previously described [23]. Data were expressed as number of HIV 

DNA copies per 106 PBMC. 

 

Plasma viral load assessment 

HIV-1 viremia was measured by RT-PCR (Ultrasensitive Test; detection threshold - 50 

RNA copies/ml; Roche Molecular Systems, Branchburg, NJ). HIV-2 viremia was 

measured using a RT-PCR based assay developed and performed by P.Gomes, which has 

a detection limit of 200 RNA copies/ml [25].   
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Statistical analysis 

Statistical analysis was performed using GraphPad Prism version 4.00 (GraphPad 

Software Inc., SD, USA). According to the type of distribution, one-way ANOVA or 

Kruskal-Wallis, unpaired t test or Mann-Whitney, and Pearson’s or Spearman’s 

coefficients were used. p-values <0.05 were considered to be significant. 

 

Results  

 

Proportion of CD4+ T-cells expressing CD25 

CD25 expression within CD4+ T-cells was assessed in freshly isolated PBMC by flow 

cytometry as illustrated in Figure 1A. 36 HIV-1+ and 29 HIV-2+ therapy naïve 

individuals with a similar range of CD4+ T-cell counts (Table 1) were compared with 

seronegative controls. In agreement with previous reports [20-22] we found a similar 

frequency of CD25+ cells within the CD4+ T-cell subset in the HIV-1 and the 

seronegative cohorts.  

In contrast, this population was significantly increased in the HIV-2 cohort as compared 

to the aforementioned cohorts (Figure 1B).  

As it has been shown that the intensity of CD25 expression on CD4+ T-cells can identify 

functionally discrete sub-populations [26], we further subdivided CD25+ cells according 

to this parameter (Figure 1A). This analysis revealed that an expansion of CD25dim cells 

accounted for the increased frequency of CD25+ cells seen in HIV-2 infected patients 

(Figure 1C).  

Then, we assessed the absolute number of CD4+ T cells expressing CD25dim, and found 

that it was significantly higher in the HIV-2 than in the HIV-1 cohort, and similar to 

seronegatives (Fig 1D). Of note, the design of the HIV cohorts was such that, despite the 
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differing rate of CD4 loss that differentiate HIV-1 and HIV-2 infection, they both 

included individuals with similar degrees of CD4 depletion and, therefore, their CD4 

numbers were similarly depleted as compared to seronegative controls (Fig 1D and Table 

1).  

 

Figure 1.  Frequency of CD25+ cells within the CD4+ T-cell subset  

A) Flow cytometric analysis of CD4+CD25+ T-cell subpopulations. Freshly isolated PBMC were stained ex-

vivo for CD4 and CD25 and analyzed as illustrated in the representative case. The CD25dim region was used 

to assess the relative proportion of CD4+ T-cells with low-level CD25 expression, and to determine the co-

expression of other phenotypic markers. B) Proportion of CD25+ cells within the CD4+ T-cell subset of the 

seronegative, HIV-2 and HIV-1 cohorts. C) Proportion of CD25dim cells within the CD4+ T-cell subset for 

the three cohorts. D) Absolute number of circulating CD4+ and CD4+CD25dim T-cells in the study groups. 

Bars represent the mean±SEM. The degree of intercohort statistical difference is indicated as follows *: 

p<0.05; **: p <0.01; ***: p <0.0001. 

 

Relationship between the frequency of CD25dim cells within the CD4 T-cell subset 

and surrogate markers of disease progression in HIV-1 and HIV-2 infections 
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The progression of HIV infection can be characterized by various surrogate markers 

including the degree of CD4+ T-cell depletion, levels of viral replication, and the fraction 

of T-cell subsets bearing activation markers. We assessed what if any relationship existed 

between the frequency of CD25dim cells within the CD4+ T-cell subset and several of these 

markers (Table 2). We found no correlation between the proportion of CD25dim within the 

CD4 subset and either the CD4+ T-cell percentage or count in any of the cohorts.  

Table 2. Correlation between markers of disease progression  

and the frequency of CD25dim cells within the CD4+ T-cell population. 

       
Seronegative HIV-2 HIV-1 

Markers of disease progression 
p r p r p r 

       
CD4 counts (cells/µl) a 0.5907 -0.128 0.9814 -0.004 0.6722 0.0718 

% CD4+ T-cells b 0.5633 0.1241 0.9849 -0.058 0.2698 0.1889 

Viremia (RNA copies/ml) c NA NA ND ND 0.8604 0.03 

Proviral DNA (copies/106 cells) d NA NA 0.8799 -0.372 0.934 -0.0198 

% HLA-DR+CD38+ within CD4 e 0.0689 0.3776 0.688 -0.0794 0.9899 -0.002 

%HLA-DR+ within CD4 e 0.0471 0.4901 0.3489 0.1839 0.9395 0.0145 

% CD38+ within CD8 f 0.794 0.1377 0.019 -0.4568 0.304 -0.2014 

       
Significance was tested using Pearson or Spearman correlations as appropriate. p values <0.05 were 
considered significant and are highlighted in bold. NA.: not applicable, ND: not done 
The individuals analyzed are representative of their respective cohort as described in Table 1 and 
Figure 1. Numbers were respectively: aSeronegative=20, HIV-2=29, HIV-1=36; bSeronegative=24, 
HIV-2=29, HIV-1=36; cHIV-1=36; dHIV-1=22, HIV-2=19; eSeronegative=24, HIV-2=28, HIV-1=29;  
fSeronegative=6; HIV-2=25; HIV-1=28. 

 

In order to further define the relationship with CD4 T cell depletion, we subdivided the 

HIV positive cohorts into early (>350 cells/µl) and late stage disease (< 350 cells/µl). In 

both HIV cohorts, individuals had similar proportions of CD25dim within the CD4 T cells 

irrespective of disease stage (Figure 2).  
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Figure 2.  Frequency of CD25dim within CD4+ T-cells in early and late stage HIV infection  

HIV cohorts were divided into early and late stage infection according to CD4 count: (early stage: >350 

CD4 cells/µl, late stage: <350 CD4 cells/µl), and the proportion of CD25dim within CD4+ gated lymphocytes 

was then analyzed for each subset (HIV-2: early, n=18; late, n=11; HIV-1: early, n=24, late, n=12). Bars 

represent the mean±SEM. The p values for intercohort statistical difference are indicated, with p values 

<0.05, in bold type. 

 

As expected the majority of our HIV-2+ subjects’ viremia was undetectable, although, in 

agreement with previous reports [17, 23], levels of proviral DNA in PBMC did not differ 

from those of the HIV-1 cohort (Table 1). No significant correlations were found between 

the frequency of CD25dim with proviral DNA in either HIV cohort, and, moreover, we 

were also unable to demonstrate a correlation between the frequency of CD25dim and the 

viremia in our therapy naive HIV-1 cohort (Table 2).  

As CD25 is considered a marker of recent activation and progressively increased levels of 

immune activation are characteristic of both HIV-1 and HIV-2 infection [12, 27, 28] we 

assessed whether any correlation existed between the percentage of CD25dim within CD4+ 

T-cells and the frequency of activated T-cells, illustrated here by the frequency of HLA-

DR+ and CD38+ cells within CD4 and CD8 T-cell subsets. As previously reported [12, 
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29] levels of T-cell activation were similarly increased in both HIV cohorts compared to 

controls (data not shown).  

No correlation between the frequency of CD25dim within CD4+ T-cells and the frequency 

of activated CD4+ T-cells was seen in any cohort (Table 2). The level of CD8 T-cell 

activation also showed no correlation with this population in either the seronegative or 

HIV-1 cohorts (Table 2). However a negative correlation was observed in the HIV-2 

cohort, implying there was a tendency for CD25dim population to decline rather than 

expand with increasing CD8 T-cell activation (Table 2). Taken together these data 

suggest that the frequency of CD25dim within CD4+ T-cells is independent of the levels of 

global hyper-immune activation occurring during HIV infection.  

 

Analysis of regulatory T-cell markers 

CTLA-4 is one of the molecules that have been related to Treg function particularly that 

of thymically derived CD4+CD25bright Treg cells [30]. We assessed the levels of its 

intracellular expression within the CD25 subpopulations of CD4+ T-cells. The percentage 

of CTLA-4 expression within CD25dim in the HIV-2 cohort was reduced compared to 

both HIV-1 and seronegative subgroups (Kruskal-Wallis, p=0.0263, Figure 3A), 

suggesting that the observed expansion of this population in the HIV-2+ individuals was 

not due to CTLA-4+ cells.  

The expression of IL-7Rα has been recently shown to inversely correlate with Foxp3 

levels and regulatory function [31]. As IL-7Rα was expressed on the majority of CD25dim 

in all three cohorts (Figure 3B) it suggests that this population per se is discrete from 

Treg. Moreover, the expression of this receptor on the CD25dim subset of CD4+ T-cells in 

the HIV-2 was increased as compared to the other cohorts (p=0.0497, 1-way ANOVA, 

Figure 3B).  
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As FoxP3 expression has been identified as a critical requirement for the development 

and function of Treg cells [5] we assessed its expression, at the RNA level, in total 

PBMC, using real-time PCR. After correction for CD4+ T-cell count, we found that foxP3 

RNA levels were similarly increased in both the HIV-1 and HIV-2 cohorts as compared 

to seronegative controls (Figure 3C), despite differing frequencies of the CD25dim CD4 

subset.  

Overall, these observations indicate that the HIV-2 associated expansion of CD25dim cells 

within the CD4+ T-cell subset was not due to Treg cells.  

As expected, the proportion of this subset expressing any given activation marker(s) was 

significantly higher in the HIV infected cohorts as compared to seronegatives (Figure 

4A). Overall, the expanded CD25dim subpopulation exclusively observed in HIV-2+ 

individuals was not characterized by increased activation marker expression as compared 

to HIV-1+ individuals, suggesting that it is not directly related to differing frequencies of 

activated cells within this population in the HIV cohorts. 
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Figure 3.  Expression of Treg markers within CD25+ subpopulations  

A) Intracellular CTLA-4 expression. Percentage of cells positive for intracellular CTLA-4 within the 

CD25dim or CD25bright subpopulations of CD4+ T-cells in seronegative (n=21), HIV-2+ (n=23), or HIV-1+ 

(n=27) individuals is shown. The intracohort differences between these two populations were highly 

significant (p<0.0001, Kruskall-Wallis). B) IL-7Rα Expression. Percentage of cells expressing the IL-7Rα 

within the CD25dim and CD25bright subpopulations of CD4+ T-cells in seronegative (n=7), HIV-2+ (n=6), or 

HIV-1+ (n=8) is shown. A highly significant intrachort difference in the expression of IL-7Rα on the 

CD25dim and CD25bright was observed in all cohorts (p value <0.0001, Kruskall-Wallis). C) Relative foxP3 

mRNA levels. foxP3 mRNA expression was measured by real-time PCR, normalized relative to GAPDH 

mRNA levels and corrected for the percentage of CD4+ T-cells. Each dot represents one individual and the 

solid line indicates the mean for each cohort. The subgroups of patients analyzed are representative of their 

respective patient population described in Table 1, with respect to CD4 counts and viral load, and Figure 

1B, in terms of the proportion of CD25 expressing CD4+ T-cells. Bars represent the mean±SEM. 

Significant intercohort differences are indicated as follows: *: p<0.05, **: p<0.01, ***: p<0.0001.  

 

 Phenotypic characterization of the CD25dim subset of CD4+ T-cells  

In order to clarify the origin of the expanded CD25dim population observed in HIV-2 

infection, we characterized its phenotype in all three cohorts (Figure 4).  

Given the heightened state of immune activation characteristic of both HIV-1 and HIV-2 

infections [12, 13, 27, 28], and that CD25 is also regarded as an activation marker, we 

looked for the expression of HLA-DR and CD38 alone and in combination, within this 

subpopulation. As expected, the proportion of this subset expressing any given activation 

marker(s) was significantly higher in the HIV infected cohorts as compared to 

seronegatives (Figure 4A). Overall, the expanded CD25dim subpopulation exclusively 
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observed in HIV-2+ individuals was not characterized by increased activation marker 

expression as compared to HIV-1+ individuals, suggesting that it is not directly related to 

differing frequencies of activated cells within this population in the HIV cohorts.   

Next, we analyzed the expression of CCR5 and CXCR4, the two main HIV co-receptors, 

and found no significant differences between the two HIV cohorts (Figure 4B).  

  

 

Figure 4. Expression of activation and differentiation markers  
Graphs show the proportion of cells expressing activation markers A), HIV co-receptors B), or 

differentiation markers C), within the CD25dim subset of CD4+ T cells, as well as the proportion of cells co-

expressing CD25dim and differentiation markers within the whole CD4+ T cell population D). The number of 

individuals in the seronegative, HIV-2+ and HIV-1+ groups is indicated at the base of each bar. The 

subgroups of patients analyzed are representative of their respective patient population described in Table 1 

with respect to CD4 counts and viral load. Bars represent the mean±SEM.  p values are indicated as 

follows: * : <0.05, ** : <0.01, ***: <0.0001. 

 

Differing patterns of CD45RA and CCR7 expression can be used to define naïve and 

memory subsets within CD4+ T-cells [32]. Naïve cells express both markers 

(CD45RA+CCR7+); whereas a CD45RA-CCR7+ phenotype is thought to identify central-

memory T-cells (TCM) and the lack of both molecules to be characteristic of an effector-
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memory phenotype (TEM). A similar trend towards an increase in the proportion of cells 

with a naïve phenotype within CD25dim CD4 T-cells was seen in both infections as 

compared to healthy subjects (Figure 4C). This is in contrast with the progressive loss of 

the naïve CD4+ T-cell compartment that is observed in both HIV-1 and HIV-2 infection 

[12, 13]. As illustrated in Figure 4C, we found that the frequency of expression of central 

memory markers within the CD25dim subset was significantly reduced in HIV-2 as 

compared to the HIV-1 and seronegative cohorts (Kruskal-Wallis, p=0.0117), suggesting 

that the observed expansion of CD25dim within CD4+ T-cells in HIV-2 infection was not 

due to cells with a TCM phenotype. In agreement, the analysis of the proportion of cells 

that co-express CD25dim and a TCM phenotype within total CD4 lymphocytes was not 

distinct within the 3 cohorts (Figure 4D). In contrast, the proportion of cells that co-

express CD25dim and TEM phenotype within total CD4+ T-cells was significantly increased 

in the HIV-2 cohort as compared to both HIV-1 and seronegatives, suggesting that the 

expansion of CD4 CD25dim T-cells in HIV-2 disease was related to effector-memory cells 

(Figure 4D). As IL-15 is thought to be involved in effector-memory homeostasis, we 

assessed serum levels of IL-15 in our HIV cohorts (by ELISA from R&D systems, 

Minneapolis, MN) and found them to be significantly increased in HIV-2+ as compared 

to HIV-1+ individuals (HIV-2, n=26: 1.12±0.14 pg/ml, range: 0-2.8; vs. HIV-1, n=31: 

0.72±0.07 pg/ml, range: 0-2, n=34; p=0.0106, unpaired t test).  

 

Analysis of cytokine producing CD4 T-cells according to CD25 expression  

In order to functionally characterize the CD25dim subset of CD4+ T-cells, we assessed their 

ability to produce IL-2, IL-4 and IFN-γ at the single-cell level by flow cytometry after 

short-term PMA-Ionomycin stimulation. This assay allowed the analysis of cells 

according to the intensity of CD25 expression since the addition of Brefeldin-A during 
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the 4-hour culture disrupts the Golgi apparatus preventing any changes in CD25 surface 

phenotype as illustrated in the analysis performed in a representative case (Figure 5A).  

 

Figure 5.  Flow cytometric analysis of cytokine producing CD4+ T-cells according to CD25 
expression  
A) Freshly isolated PBMC were stimulated with PMA/Ionomycin in the presence of Brefeldin A, allowing 

the analysis of cells according to the intensity of CD25 expression. The frequency of CD4+ T-cells 

producing IL-2, IL-4, or IFN-γ and co-expressing CD25dim was determined, as illustrated in the 

representative contour plots. B) Graphs show the proportion of cells producing IL-2, IL-4, or IFN-γ and co-

expressing CD25dim within the whole CD4+ T-cell population. C) Analysis was performed within CD4+ T-

cells producing a given cytokine and graphs show the percentage of these cells that express CD25dim. D) 

CD4+CD25dim T-cells were gated and the proportion of these cells able to produce a given cytokine is 

shown. Analysis was performed in seronegative (n=5), HIV-2+ (n=17), and HIV-1+ (n=23) individuals, and 

these subgroups are representative of their respective patient population described in Table 1 with respect to 

age, CD4 counts and viral load. Bars represent the mean±SEM.  Statistical differences are indicated as 

follows *: p<0.05, **: p<0.01, *** p<0.0001. 
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The proportion of CD4+ T-cells simultaneously expressing CD25dim and a given cytokine 

was always significantly higher in the HIV-2 cohort relative to the other two study 

groups, with the difference being most striking with regard to IL-2 production (Figure 

5B).  

In fact the relative contribution of the CD25dim population to each cytokine producing 

CD4+ T-cell population as a whole was always increased in the HIV cohorts relative to 

seronegative controls and greater in the HIV-2 cohort compared to the HIV-1 (Figure 

5C). It is therefore reasonable to assume that the observed expansion of the CD25dim 

subset of CD4+ T-cells in HIV-2 contributed significantly to the pool of cytokine 

producing CD4+ T-cells.  

Of note, when we analyze only the CD25dim population and look for the proportion of 

these cells that are able to produce a given cytokine there were no differences across all 

three cohorts, suggesting that the cytokine production potential of this population was not 

intrinsically distinct in HIV-2 individuals (Figure 1D). 

 

Discussion 

 

We report here an increase in the proportion of cells expressing CD25dim within the CD4+ 

T-cell subset of HIV-2+ individuals.  

HIV-2, like HIV-1, causes a chronic persistent infection characterized by progressive 

CD4+ T-cell depletion associated with a state of hyper-immune activation [12]. However, 

the slower rate of CD4+ T-cell loss and the reduced viremia characteristic of HIV-2 

infection, contribute to a more “benign” course, with little impact on the mortality of the 

majority of infected adults [15, 16]. A maintained ability to replenish the CD4 memory 

pool is currently considered a crucial factor in determining the rate of progression to 
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AIDS [33, 34], and may also relate to the better prognosis associated with HIV-2 

infection. 

The expansion of the CD25dim subset of CD4+ T-cells we observed solely in HIV-2+ 

individuals appears to be maintained throughout the natural history of the infection as we 

showed it to be independent of the levels of CD4-depletion (Table 2). Since the frequency 

of this subset is increased in early stage HIV-2 as compared to early stage HIV-1 

infection, it may reflect differences during the initial phase of these infections. Of note, in 

agreement with this hypothesis, there is also a lack of reports of seroconversion illness in 

HIV-2 infection. 

We were able to exclude that the expansion of the CD25dim subset of CD4+ T-cells 

resulted from an enrichment of cells with a regulatory phenotype. CD25dim in all three 

cohorts expressed high levels of IL-7Rα, the expression of which has been recently 

shown to inversely correlate with foxp3 levels and regulatory function [31]. Moreover, 

intracellular CTLA-4 expression within this subset was significantly decreased in the 

HIV-2 cohort relative to the HIV-1 and seronegative controls. Furthermore, despite the 

increased frequency of the CD25dim subpopulation in HIV-2+ individuals, both HIV 

cohorts featured similarly increased levels of foxP3 as compared to seronegative controls.  

Though we lack data regarding suppressor function due to the limited number of cells 

available from our HIV+ patients, the functional data we obtained demonstrated a 

significantly increased proportion of IL-2, IL-4 and IFN-γ producing CD4+CD25dim T-

cells in the HIV-2 cohort, relative to the other two groups, supporting an enhanced 

effector rather than suppressor role for this population, as the latter have been shown to be 

impaired in their ability to produce these cytokines [35]. 

As the increased proportion of CD25dim in CD4+ T-cells observed in the HIV-2 cohort 

neither correlated with the degree of CD4-depletion nor overall levels of T-cell activation, 
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it seems unlikely that HIV-associated hyper-immune activation is directly involved in 

their expansion. Such a conclusion is further supported by the similar frequency of this 

population expressing activation markers in both HIV cohorts.  

Overall, it is important to note, irrespective of the type of HIV infection assessed, low-

level CD25 expression was dissociated from the expression of other activation and 

regulatory markers within CD4+ T-cells.  

TCR-mediated activation is not the only pathway able to up-regulate CD25. Several 

members of the γc using cytokine family, including IL-2, IL-7 and IL-15, have been 

shown to induce its expression on CD4+ T-cells [6-8].  

With respect to IL-2, the expanded population in our HIV-2 cohort differed from the 

CD25+ population that increases in HIV-1 infected patients treated with IL-2 and 

HAART, which included a population of cells expressing FoxP3, low levels of IL-7Rα 

and possessing a degree of suppressive function [36].   

IL-7 is also a possible candidate. Previous evidence for a viremia-associated impairment 

of IL-7Rα responsiveness, which included reduced up-regulation of CD25, in untreated 

HIV-1 individuals [37], suggests that our largely aviremic HIV-2+ individuals may also 

be intrinsically better able to respond to IL-7.  This is in agreement with our recent report 

of a stronger negative correlation between increased circulating IL-7 levels and CD4 

counts in HIV-2 than in HIV-1  infection [38].  

IL-15 has been shown to efficiently expand the CD4+ CD45RA-CCR7- (TEM) population 

in humans [39]. Our observation that this was the major phenotype associated with the 

expansion of circulating CD4+CD25dim in the HIV-2 cohort provides support for the 

involvement of this cytokine. Although, IL-15 serum levels should be cautiously 

interpreted, HIV-1 infection has previously been shown to be associated with reduced 

levels of circulating IL-15 and disruption of its production by PBMC [39, 40]. The fact 
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that we demonstrated significantly higher circulating levels of this cytokine in HIV-2 as 

compared to the HIV-1 infected individuals, adds further support to this possibility.  

 

Irrespective of the driving force, it is reasonable to speculate that the increased proportion 

of CD25dim within the CD4+ T-cell subset we observed in HIV-2+ subjects may be related 

to the better maintenance of the CD4+ TEM T-cell compartment as a whole in these 

individuals.  

Such an ability to preserve the CD4+ TEM pool could prove critical in determining the rate 

of disease progression as recent reports in the SIV model have linked an inability to 

replenish the circulating and mucosal TEM populations with rapid progression [33, 41], 

emphasizing the potential importance of a maintained TEM compartment for the 

immunological competence necessary to prevent AIDS.  

In conclusion, we identified a unique expansion of CD25dim within CD4+ T-cells in HIV-2 

infected individuals, possibly contributing to the better maintenance of their CD4+ 

effector/memory pool and to the less aggressive HIV-2 immunopathogenesis. The 

identification of the underlying mechanisms regulating this population in HIV-1 and 

HIV-2 infections may provide the rational for novel therapeutic strategies.   
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Abstract 

CD4+ regulatory T-cells (Treg) are involved in many aspects of immunity, including T-

cell homeostasis and the control of immunopathology associated with immune responses, 

particularly in the context of persistent infections. As a strategy to investigate the 

interplay of Treg, immune activation and viral/antigen load we compared cohorts of 

individuals with untreated HIV-2 infection, untreated HIV-1 infection, and treated HIV-1 

individuals that despite suppression of viremia exhibited variable degrees of CD4 

recovery. Although both HIV diseases are characterized by hyper-immune activation and 

CD4+ T-cell lymphopenia, the majority of HIV-2+ individuals display slower rates of 

disease progression and low to undetectable levels of circulating virus. Treg subset 

imbalances were assessed using flow-cytometry both in terms of CD25 and Foxp3 

expression, and their turn-over estimated by the cell-cycle marker Ki67. We observed an 

increase in the proportion of Treg within the memory and naïve CD4+ T-cell populations 

with disease progression in both untreated infections as well as increased proportions of 

Ki67+ Treg in these individuals. Finally, an expansion of the Treg pool was observed in 

the context of poor immunologic recovery under virologically-effective HIV-1 therapy. 

This increased Treg frequency persisted over time despite a low proportion of cycling 

cells in this population, suggesting improved survival. Overall, a better preservation of 

circulating naïve and memory Treg as compared to other CD4+ T-cell subsets was 

observed in HIV/AIDS, although the underlying mechanisms may depend upon the 

clinical context. 
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Introduction   

 

Regulatory T-cells (Treg) are important players in T-cell homeostasis [1] and in the 

control of the immunopathology associated with immune responses [2]. Therefore, much 

effort has been invested in understanding their role in chronic infections where they may 

contribute to pathogen-persistence through the suppression of T-cell specific responses 

[3], and, simultaneously limit the damage inherent to the continuous immune stimulation 

[4]. HIV/AIDS immunodeficiency is associated with a progressive generalized immune 

activation that is thought to be one of the main determinants of the progressive CD4 

depletion [5; 6; 7]. Treg have been consistently shown to suppress HIV-1 specific T-cell 

responses [8; 9; 10; 11] and to be present in significant numbers in lymph nodes of HIV-1 

infected individuals [12; 13] even in advanced stages [14; 15]. However, the data on the 

frequency of circulating Treg is much more conflicting [16; 17; 18] in part because of the 

heterogeneity of the methodological approaches used. Antiretroviral therapy (ART) has 

been shown to have little effect on the frequencies of circulating Treg which are 

maintained following [19; 20], and for several years after [21], its initiation. 

There are no data regarding Treg in HIV-2 infection that, in contrast to HIV-1, is 

associated with low to undetectable levels of circulating virus [22; 23] and a very slow 

rate of CD4 decline [22; 23], irrespective of disease stage, leading to a reduced impact in 

the survival of the majority of infected adults [24; 25]. Nevertheless, comparable degrees 

of hyper-immune activation and naïve-memory CD4+ T-cell imbalances have been 

observed in the two infections, when infected individuals are matched for a given level of 

CD4 depletion [26]. These data further support the hypothesis that, in HIV/AIDS, CD4 

depletion is more closely linked to immune activation than to viral load [26; 27]. As a 

strategy to investigate the interplay of Treg, immune activation and viral/antigen load we 
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compare here cohorts of individuals with untreated HIV-2 infection, untreated HIV-1 

infection, and treated HIV-1 individuals that despite suppression of viremia exhibited 

variable degrees of CD4 recovery. 

Although there is now a clear consensus on the existence of an independent CD4+ T-cell 

lineage devoted to immune suppression, there are so far no absolutely specific markers to 

identify this subset. Though initially described as a marker of recent T-cell receptor 

(TCR)-mediated activation, CD25 was subsequently shown to be constitutively expressed 

on a population of thymically derived CD4+ Treg in mice [28]. In contrast to the murine 

model, where CD25 expression per se appears to be a reliable marker of the regulatory 

subset, human Treg are mainly restricted to CD4+ T-cells expressing CD25 at very high 

intensity (CD25bright) [29; 30], based on their suppressive capacity and their degree of 

expression of other Treg associated markers such as CTLA-4, GITR, HLA-DR and 

CD62L as well as the forkhead-box transcription factor P3 (Foxp3) [29; 31]. Although 

initially considered a highly specific lineage marker of Treg, Foxp3 has increasingly been 

shown to be transitorily upregulated upon TCR stimulation of CD4+ T-cells [32; 33; 34; 

35]. In addition, recent data suggest that the Treg lineage may mainly reside within a 

population of Foxp3+ memory (CD45RA-) CD4+ T-cells with high levels of expression of 

CD25 [30]. Moreover, this study also suggested the previously described subset of 

“naïve” CD45RA+ Treg [36; 37] represents a quiescent population, probably of thymic 

origin, able to replenish the pool of short-lived CD45RA- Treg.  

Here we took advantage of the above described cohorts to investigate the imbalances of 

the Treg subset in HIV/AIDS, assessed in terms of both CD25 and Foxp3 expression, and 

their turn-over, estimated by the cell-cycle marker Ki67. The study of cohorts with 

distinct degrees of viremia, CD4 depletion, immune activation, and, possible thymic 
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impairment allowed us to address the factors contributing to the maintenance of 

circulating Treg. 

 Materials and Methods 

 

Studied cohorts 

We assessed 31 HIV-2+, and 26 HIV-1+ antiretroviral therapy naïve individuals without 

clinical signs of opportunistic infections or tumours at the time of study, and 20 

seronegative controls. The clinical-epidemiological data of the three groups are 

summarized in Table 1.  

Table 1. Characteristics of the study cohorts 

 Seronegative Untreated HIV-1 Untreated HIV-2 

Number 

(males/females) 
20 (6/14) 26 (20/6) 31 (8/23) 

Age, years 42±3 (22-58) 39±2a (23-61) 49±3 (19-78) 

% CD4+ T-cells 43.6±1.8 (31.1-61.1) 23.3±3b (1.3-47.2) 28.4±2.4b (7.1-54.1) 

CD4 count, cells/µL 942±54 (518-1332) 571±93c (18-1848) 658±74c (52-1511) 

Viremia, RNA 

copies/ml 
NA 

5.75x105±2.63x105a, d (40-

4.47x106) 

2966±1049e (200-

2.63x105) 

Data are mean±SEM with limits in brackets, NA: not applicable. Statistical differences between HIV-
1+ and HIV-2+ individuals: adenotes p<0.01. Statistical differences between a given HIV-positive 
cohort and the seronegative controls: bdenotes p<0.05, cdenotes p<0.0001. dHIV-1 viremia was 
quantified in 25 individuals and was below 40 RNA copies/ml (cut-off value of the assay) in 3/25. For 
the sake of comparison aviremic individuals were assigned the cut-off value of the assay (40 
copies/ml). eHIV-2 viremia was quantified in 30 individuals and was below 200 RNA copies/ml (cut-
off value of the assay) in 21/30. For the sake of comparison aviremic individuals were assigned the 
cut-off value of the assay (200 copies/ml). 

 

It is important to note that though the HIV+ cohorts included individuals with a similar 

range of CD4+ T-cell depletion, the majority of HIV-2+ individuals were aviremic 

whereas a wide range of viremia was detected in the HIV-1 cohort. Other cohorts also 

assessed in this study have been previously described, specifically groups of untreated 

HIV-2+ and HIV-1+ individuals [38] and cohorts of ART-treated HIV-1+ individuals 

with variable degrees of CD4 recovery despite the suppression of viremia [39]. The 
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clinical and epidemiological data of the subgroups of individuals from the seronegative 

and untreated HIV-2 and HIV-1 cohorts in which Foxp3 and Ki67 expression were 

assessed are described in Supplemental Table 1. 

All subjects gave informed consent to blood sampling and processing, and the study was 

approved by the Ethical Board of the Faculty of Medicine of Lisbon. 

 

Cell preparation and flow cytometric studies 

PBMC were isolated from heparinized blood by Ficoll-Hypaque (Gibco-Invitrogen, 

Carlsbad, CA.) gradient centrifugation, immediately after venupuncture, and stained with 

various combinations of monoclonal antibodies (mAbs) designed to identify Treg. The 

following mAbs were used: FITC-conjugated CD45RA, HLA-DR, Bcl-2, IFN-γ and 

Ki67; PE-conjugated  CCR7, CD38, CD45RO, CD62L, CD95, CTLA-4, FoxP3, IL-2, IL-

4 and IL-7Rα (CD127); PerCP-conjugated CD3, CD4, and CD8; PE-Cy7-conjugated 

CD25; allophycocyanin (APC)-conjugated CD25 and CD45RA; and APC-Cy7-

conjugated CD4; purchased from BD-Biosciences (San Jose, CA) and Ebiosciences (San 

Diego, CA), except for CD127 (R&D Systems, Minneapolis, MN). Cells were surface-

stained and fixed with 2% formaldehyde (Sigma-Aldrich, St Louis, MO), prior to 

Supplemental Table 1:  Characteristics of the cohorts  

assessed for Foxp3 and Ki67 expression 

 Seronegative Untreated HIV-1 Untreated HIV-2 

Number (males/females) 10 (2/8) 10 (8/2) 9 (4/5) 

Age, years 37±3 (22-58) 38±3 (27-49) 49±6 (19-72) 

%CD4+ T-cells 42.8±2.4 (31.1-55.1) 19.4±5a (1.3-44.4) 26.1±4.6b (7.1-46.6) 

CD4 count, cells/µL 995±66 (726-1332) 449±134a (18-1252) 531±137b (52-1239) 

Viremia, RNA copies/ml NA 1.4x106±6.4x105c, d (4200-4.47x106) 1311±727e (200-4709) 

Data are mean±SEM with limits in brackets, NA: not applicable. Statistical differences between a given HIV-
positive cohort and the seronegative controls: adenotes p<0.007, bdenotes p<0.018. Statistical differences between 
HIV-1 positive and HIV-2 positive cohorts: c denotes p=0.0003.  dHIV-1 viremia was quantified in 9 individuals. 
eHIV-2 viremia was quantified in 8 individuals and was below 200 RNA copies/ml (cut-off value of the assay) in 
6/8. For the sake of comparison aviremic individuals were assigned the cut-off value of the assay (200 copies/ml). 
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permeablization with PBS/1%BSA/0.5%saponin (Sigma-Aldrich) and staining for CTLA-

4 and Bcl-2. Intracellular staining for Foxp3 was performed according to manufacturer’s 

instructions (FoxP3 staining set; Ebiosciences), and the same protocol was used for Ki67 

intracellular staining. Intracellular cytokine staining (ICS) was performed after short-term 

culture with PMA (50µg/m; Sigma-Aldrich) plus Ionomycin (500µg/ml; Calbiochem, 

Merck Biosciences, Nottingham, UK) and Brefeldin-A (10µg/ml; Sigma-Aldrich) as 

previously described [38]. The CD4+CD25+ population was separated into dim and bright, 

according to criteria that we have previously detailed [38]. The lower limit of the 

CD25bright region was set to include only the discrete CD4+ T-cell population expressing 

CD25 at the highest levels. Freshly isolated PBMC were studied except where the use of 

thawed cells is specified. In these cases, PBMC were frozen immediately after isolation. 

Cells were acquired using either a FACSCalibur or a FACSCanto flow cytometers (BD 

Biosciences). Analysis was performed using Cellquest software (BD Biosciences) and 

FlowJo (Tree Star, Inc, Ashland, OR). The absolute numbers of lymphocyte subsets were 

calculated by multiplying their representative frequency by the absolute lymphocyte 

count obtained at the clinical laboratory.  

 

Quantification of foxP3 mRNA 

Foxp3 mRNA was quantified by real-time PCR as previously described [40]. Briefly, 

RNA was extracted from 106 PBMC using an AbiPrism 6100 Nucleic Acid Extractor 

(Applied Biosystems, Foster City, CA) and quantified using a NanoDrop ND-10 

spectrophotometer (NanoDrop technologies, Wilmington, DE). 400ng of total RNA was 

reverse transcribed using Superscript II Reverse Transcriptase Kit (Invitrogen). Duplicate 

samples were quantified in 150ng of cDNA and 50µl PCR mixture volume containing 

25µl of Platinum Quantitative PCR SuperMix-UDG, 1µl ROX Reference Dye 50X, 5 
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mM of MgCl2 (all from Invitrogen), with 300 nM of each primer (Forward: 5'-

cacattcccagagttcctc-3', Reverse: 5'-gcgtgtgaaccagtggtagatc-3'), 200nM of TaqMan probe 

(5'-FAM-tcatccgctgggcca-MGB-3´), and 150 ng of DNA using AbiPrism 7000 SDS 

(Applied Biosystems). A plasmid containing the foxP3 sequence was serially diluted 

(106-10 copies/reaction) and used to generate a standard curve. GAPDH was used as an 

internal control (FAM/MGB probe, non primer limited– Applied Biosystems; standard 

curve generated with serial dilutions of cDNA, synthesized from total RNA extracted 

from pooled PBMC from 3 different healthy donors).  

 

Plasma viral load assessment 

HIV-1 viremia was quantified by RT-PCR (detection threshold of 40 RNA copies/ml, 

Roche, Basel, Switzerland). HIV-2 viremia was quantified using a RT-PCR-based assay 

[41] with a detection limit of 200 RNA copies/ml. The cut-off values of the tests were 

considered for the purpose of the analysis in the cases where detection was below this 

level. 

 

Statistical analysis 

Statistical analysis was performed using GraphPad Prism version 5.00 (GraphPad 

Software, San Diego, CA). The data are presented as arithmetic mean±SEM and were 

compared using Mann-Whitney test and Wilcoxon matched pairs test as appropriate. 

Spearman’s correlation coefficient was used to assess the correlation between two 

variables. p-values <0.05 were considered to be significant.  

 

 

Results 
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Frequency of regulatory T-cells in HIV-2 infection and its relationship with CD4+ T-

cell depletion and viremia 

We have previously reported an increase in the proportion of CD25+ CD4+ T-cells unique 

to untreated HIV-2+ individuals, mainly due to CD25dim cells [38]. We re-assessed these 

cohorts in terms of the CD25bright subset of CD4+ T-cells, a population enriched with Treg 

[29], and found this population’s frequency to be similar in HIV-2 as compared to both 

HIV-1 and seronegative cohorts (0.97±0.16, n=29; 1.25±0.14, n=36; and 1.05±0.17, n=20 

respectively). Although intracellular Foxp3 was not assessed in these cohorts, we were 

able to show that the large majority (≥75%) of CD25bright cells, in all three cohorts, 

expressed intracellular CTLA-4, another Treg marker [42], and produced neither IL-2 nor 

IFNγ, another previously described characteristic of Treg [43]. Overall, these data suggest 

that the CD25bright subset of CD4+ T-cells is highly enriched in Treg, irregardless of an 

individual’s HIV status. Of note, a significant negative correlation between the frequency 

of the CD25bright subpopulation and CD4+ T-cell levels was observed in the HIV-2 cohort 

(r=-0.3705, p=0.0479; r=-0.6745 , p<0.0001 CD4+ T-cell number and percentage, 

respectively). As only 2 of the 29 HIV2+ individuals were viremic, we were unable to 

assess any potential relationship with this parameter. To further explore the association 

between the frequency of Treg and CD4 depletion in HIV-2 immunopathogenesis, we 

sub-divided HIV+ individuals on the basis of their CD4 count, into early (>350 CD4+ T-

cells/µl) and late (<350 CD4+ T-cells/µl) disease. Of note, we found a significant 

reduction in the frequency of Treg in HIV-2 as compared to HIV-1 in early infection 

(0.691±0.078 and 1.12±0.134 respectively, p=0.0175). Treg frequency tended to increase 

in late stage disease, approaching significance in the case of HIV-2 infection (1.12±0.134 

vs. 0.691±0.078, p=0.0722). 
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We also analysed CD25bright CD4+ T-cells in a subsequent cross-sectional study of HIV-

1+ and HIV-2+ individuals, that were similar in terms of CD4 depletion to the previous 

study, but that included a larger number of viremic HIV-2+ individuals, and a greater 

range of viremia levels in the HIV-1 cohort (Table 1). Again in this new study, the 

frequency of CD25bright within CD4+ T-cells was similar in all three cohorts (Figure 1A). 

We confirmed that the majority (≥80%) of CD25bright cells did not express IL7-Rα, a 

known Treg characteristic [44], further supporting the enrichment of Treg in this 

population (data not shown). We were again able to demonstrate highly significant 

negative correlations between CD4 depletion and CD25bright in HIV-2 infection (Table 2). 

Despite almost a third of this HIV-2 cohort (9 of 30) having detectable viremia, no 

significant relationship was found (Table 2). With respect to the HIV-1 cohort, significant 

correlations between the proportion of CD25bright within CD4+ T-cells and both viremia 

and CD4 depletion were observed, although in the latter case, the associations were much 

weaker than those observed in the HIV-2 cohort (Table 2). The reduction in Treg 

frequency was again observed in early HIV-2 infection, reaching significance with 

respect to seronegatives, and late stage HIV-2 infection (Figure 1B). A similar 

relationship was observed in the HIV-1 cohort (Figure 1B). 
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Figure 1. Frequency of regulatory T-cells within the circulating CD4+ T-cell subset.  
The proportion of CD25bright cells (A and B) and Foxp3+ cells (C and D) within total CD4+ T-cells in HIV-2 
and HIV-1+ cohorts and healthy controls. In order to compare these levels in early and late disease, the 
infected cohorts were stratified according to CD4+ T-cell counts and divided into early (>350 CD4+ T- 
cells/µl) and late (<350 CD4+ T- cells/µl) stage disease (B and D). Bars represent mean±SEM. The p values 
considered significant (<0.05) are in bold.  
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Table 2. Association between CD4+ Tcell and Treg subsets 

and markers of disease progression in HIV+ individuals and seronegative controls 

 

 
 

 

CD4+ T-cells/µl 

(r/p) 

%CD4+ 

(r/p) 

Viremia (RNA copies/ml) 

(r/p) 

     

 Seronegativea -0.1308/0.5825 0.875/0.03579 - 

%CD25bright within 

CD4+ T-cells 
HIV-1b -0.4381/0.0252 -0.3668/0.0653 0.6251/0.0008d 

 HIV-2c -0.6561/<0.0001 -0.7535/<0.0001 -0.0333/0.9484e 

     

 Seronegativea -0.103/0.6655 -0.1113/0.6403 - 

%CD25bright within 

CD4+CD45RA+ 
HIV-1b -0.366/0.066 -0.3971/0.0446 0.56/0.0036d 

 HIV-2c -0.5861/0.0005 -0.5574/0.0011 -0.0677/0.880e 

     

 Seronegativea 0.2703/0.249 0.5467/0.0126 - 

%CD25bright within 

CD4+CD45RA- 
HIV-1b -0.1881/0.3574 -0.8933/0.6622 0.4216/0.0358d 

 HIV-2c -0.6496/<0.0001 -0.5497/0.0014 -0.08808/0.6435e 

     

 Seronegativea 0.1843/0.4367 0.188/0.4272 - 

%CD45RA+ within 

CD4+CD25bright 
HIV-1b 0.1672/0.4142 0.05641/0.7843 0.1286/0.5402d 

 HIV-2c 0.05887/0.7531 0.04839/0.796 0.0782/0.6813e 

     

 Seronegativea 0.2286/0.3324 0.3474/0.1334 - 

%CD45RA+ within 

CD4+ T-cells 
HIV-1b 0.6149/0.0008 0.6636/0.0002 -0.3025/0.1416d 

 HIV-2c 0.3605/0.0464 0.4708/0.0075 -0.2242/0.2337e 

     
a: n=20, b: n=26, c: n=31. dHIV-1 viremia was quantified in 25 individuals and was below 40 RNA copies/ml 
(cut-off value of the assay) in 3/25. For the sake of comparison aviremic individuals were assigned the cut-
off value of the assay (40 copies/ml). eHIV-2 viremia was quantified in 30 individuals and was below 200 
RNA copies/ml (cut-off value of the assay) in 21/30. For the sake of comparison aviremic individuals were 
assigned the cut-off value of the assay (200 copies/ml). 
 

HIV-1+ individuals able to control viral replication in the absence of antiretroviral drugs 

represent between than 0.05 and 0.2% of HIV-1+ individuals [45]. Our second HIV-1 

cohort included three individuals with a history of undetectable viremia ranging from 2 to 
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10 years of follow-up, and well preserved CD4+ T-cell counts (970±261 cells/µl; range 

521-1425). We took advantage of the overrepresentation of these so called “Elite 

controllers” to further assess the contribution of CD4 depletion and viremia to the levels 

of circulating Treg. Since all of these individuals had CD4+ T-cell counts of more than 

500 CD4+ T-cells/µl, the HIV cohorts were sub-divided according to this level of CD4+ 

T-cells and the presence or absence viremia (Figure 2). Irrespective of viremic status and 

type of HIV infection, Treg frequency was reduced in individuals with CD4 counts 

greater than 500, and increased in advanced disease, relative to seronegative individuals 

(Figure 2).  
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Figure 2. Impact of viremia on the frequency of regulatory T-cells.  
The proportion of CD25bright within the circulating CD4+ T-cell subset in HIV-2 and HIV-1 
cohorts subdivided according to the presence (grey bars) or absence (open bars) of detectable 
viremia (the latter defined as viremia below the cut-off of the relevant tests; as well as to the 
levels of CD4+ T-cells above or below 500 cells/µl. Bars represent mean±SEM. Numbers under 
the bars represent the total individuals analyzed. The p values considered significant (<0.05) are 
in bold. 
 

It is now accepted that the progressive hyperimmune activation associated with both 

HIV-1 and HIV-2 infections plays an important role in CD4 depletion. Thus, we next 

assessed the relationship between T-cell activation and Treg frequency in our HIV 

cohorts. The positive correlation between this parameter and HLA-DR Mean Fluoresence 

intensity (MFI) on CD4+ T-cells we observed (r=0.5004, p=0.0041, n=31 for HIV-2; 
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r=0.3832, p=0.0533, n=26 for HIV-1) is of interest given that Tregs are known to express 

high levels of this molecule [29]. More importantly, we also observed positive 

correlations with CD8+ T-cell activation, measured here as CD38 MFI, which has been 

shown to be an independent marker of disease progression [5; 46] (r=0.4153, p=0.0202, 

n=31 for HIV-2; r=0.6219, p=0.0007, n=26 for HIV-1). However, we cannot exclude that 

these variables are inter-related given the strong correlations we observed between CD8+ 

T-cell activation, as measured above, and CD4 depletion in both HIV groups (HIV-2: r=-

0.3968, p=0.0271; r=-0.4565, p=0.0098; HIV-1: r=-0.5371; p=0.0047, r=-0.5311, 

p=0.0052 for CD4 count and CD4 percentage respectively). 

Analysis of intracellular Foxp3 expression at the single-cell level was carried out for a 

representative subgroup of individuals from each cohort (Supplemental Table 1). Of note, 

we observed that the percentage and absolute number of CD4+Foxp3+ and 

CD4+CD25bright T-cells were directly correlated (r=0.4642, p=0.0112 and r=0.5129, 

p=0.0044, respectively) in the three cohorts as a whole. 

The frequency of Foxp3 expression within CD4+ T-cells was similar in all three cohorts 

and also increased with CD4 depletion in both HIV cohorts (Figure 1C and 1D). This 

relationship was confirmed by the significant correlations we observed between the 

frequency of this population and CD4 depletion in both HIV cohorts (HIV-1: r=-0.7173, 

p=0.0234, and r=-0.6848, p=0.0347, n=10; HIV-2: r=-0.8, p=0.0138 and r=-0.7333, 

p=0.0311, n=9; vs. CD4+ T-cell number and percentage respectively). No significant 

correlation was found between HIV-1 viremia and Foxp3 frequency (n=9, r=0.2167, 

p=0.5809), and the high proportion of aviremic individuals precluded this analysis in the 

HIV-2 cohort.  

Overall, we documented that HIV-2 infection is associated with a significant reduction in 

Treg frequency, whether defined as CD25bright or Foxp3+, within the CD4 subset during 
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the early stages of disease. Of note, Treg frequency progressively increased in parallel 

with CD4 decline, reaching significantly elevated levels in advanced disease. Moreover, 

although the same trends were found in the HIV-1 cohorts, much weaker correlations 

than in HIV-2 infection were observed. Given the reduced viral load associated with 

HIV-2 infection, and our observations from the HIV-1 “elite controllers”, our data 

suggest that Treg alterations are more directly related to CD4 depletion than to viremia. 

 

Analysis of the Treg pool in relation to the imbalances of the naïve and memory-

effector CD4+ T-cells. 

Several reports have demonstrated that Treg can be subdivided on the basis of CD45RA 

expression [36; 37]. A more recent report suggested that this subdivision allowed the 

identification of two distinct Treg subpopulations: CD45RA+ “naïve-resting” Treg and 

their CD45RA- “memory-activated” counterparts [30]. The majority of Treg in HIV-2+ 

individuals did not express CD45RA (>80%), as was previously observed in HIV-1+ and 

seronegative individuals [29].  

Given the progressive loss of the naïve CD4+ T-cells with disease progression illustrated 

by the direct correlation between its frequency and CD4 T cell levels in the HIV cohorts 

(Table 2), it is possible that the increased frequency of Treg associated with disease 

progression may simply reflect the global expansion of the memory CD4+ T-cell 

population that occurs as disease advances. This would appear to be the case in HIV-1 

infection where the proportion of CD25bright cells within the memory CD4+ T-cell subset 

was not statistically different to seronegatives in both early and late stage infection, with 

no significant correlation with CD4 depletion being observed (Table 2). However, in the 

HIV-2 cohort, we found that the proportion of CD25bright within the memory subset was 

significantly lower than seronegative controls in early infection and significantly higher 
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in late stage infection (Figure 3A), resulting in a significant correlation with CD4 

depletion in the HIV-2 cohort as a whole (Table 2). This suggests that the overall 

expansion of CD25bright in CD4+ T-cells associated with CD4 depletion that we observed 

in HIV-2+ individuals was not solely related to the naïve/memory imbalance associated 

with disease progression.  
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Figure 3. Naïve-memory CD4+ T-cell imbalances and regulatory T-cell frequency.  
(A) The proportion of CD25bright cells and Foxp3+ cells within memory (CD45RA-) CD4+ T-cells in 
seronegatives and in the HIV-2 and HIV-1 cohorts stratified according to their CD4+ T-cell counts into 
early (>350 CD4+ T- cells/µl) and late (<350 CD4+ T- cells/µl) stage disease. (B) Proportion of naïve cells 
(CD45RA+) within CD25brightCD4+ T-cells and Foxp3+CD4+ T-cells in seronegative, HIV-2 and HIV-1 
cohorts. (C) Proportion of CD25bright cells and Foxp3+ cells within naive (CD45RA+) CD4+ T-cells in 
seronegatives the HIV cohorts, subdivided as described in (A). Bars represent mean±SEM. Numbers under 
the bars represent the total individuals analyzed.  The p values considered significant (<0.05) are in bold. 
 

Of note, in the case of HIV-2 infection, the increase in the proportion of Foxp3+ cells 

appeared to be more directly related to the expansion of the memory CD4+ T-cells, since 

we observed a similar proportion of Foxp3+ cells within this subset in early and late (Fig. 

3A) and no significant correlation with CD4 depletion (data not shown).  
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Importantly, we demonstrated a distinct population of “naïve resting” CD45RA+ Treg in 

all the evaluated HIV cohorts (Figure 3B). Using more stringent criteria 

(CD45RA+CD45RO-) to define naïve cells, we were still able to demonstrate a significant 

increase of this population within Treg for both HIV-2 and HIV-1 cohorts relative to 

controls (Supplemental Figure 1). Several markers usually associated with a naive T-cell 

phenotype, such as CD62L and CCR7; do not add to this analysis since they are 

overexpressed on Treg per se [29; 47].  
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Supplemental Figure 1. Frequency of naïve regulatory T-cells defined as 
CD45RA+CD45RO- cells.  
The graphs illustrate the proportion of naïve cells defined by the presence of CD45RA in the absence of 
CD45RO, a simple method of excluding double positive possibly transitional cells, within the total and 
CD4+CD25bright subset of CD4+ T-cells in seronegative controls (n=17), and HIV-2 (n=20) and HIV-1 
(n=25) cohorts. Analysis was performed Bars represent mean±SEM. The p values considered significant 
(<0.05) are in bold. 
 

The frequency of naïve Treg increased with disease progression in HIV-2+ and HIV-1+ 

individuals, leading to a significant over-representation of Treg within the naïve CD4+ T-

cell pools of both infected cohorts in late disease as compared to seronegatives (Figure 

3C) and negative correlations with the frequency of CD4+ T-cells (Table 2). This increase 

is even more remarkable given the expected reduction in the proportion of naïve 

(CD45RA+) CD4+ T-cells with CD4 depletion, observed in both HIV cohorts (Table 2).  
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In conclusion, these data suggest that the observed progressive increase in Treg frequency 

within the CD4+ T-cell subset in HIV infection cannot be solely attributed to the relative 

expansion of CD4+ memory T-cells cells associated with disease progression. 

 

Analysis of Cycling Tregs 

We next assessed the degree of turnover of the Treg subset in HIV-2+ individuals, and 

compared it to the levels observed in HIV-1+ individuals and seronegatives. Ki67 is 

upregulated in cells that are cycling and thus has been used as a marker of cell 

proliferation [30]. Here, we confirmed our previous data [26] by showing that both HIV-1 

and HIV-2 infection are associated with an increased frequency of cycling CD4+ T-cells 

(10.74±3.07 and 7.2±2.53, respectively) as compared to seronegative controls (1.79±0.26; 

p=0.0039 and p=0.0101, respectively).  

As illustrated in the representative case depicted in Figure 4A (a therapy naïve HIV-2+ 

patient with 480 CD4+ T-cells/µl), Ki67 expression was mainly confined to the Treg pool 

with a memory phenotype (CD45RA-). The proportion of cycling Treg cells, whether 

defined as 25bright and/or Foxp3+, was increased in both HIV-2 and HIV-1 infections as 

shown in Figure 4B. When these cohorts were subdivided into early and late stages of 

disease no significant differences were observed (Figure 4C), although a significant 

correlation with CD4 depletion was found with the percentage of Ki67 expression within 

the CD25bright subset in the HIV-1 cohort and with the percentage of Ki67 expression 

within the Foxp3+ subset in the case of the HIV-2 cohort (Table 3).  

Treg co-expressing CD25bright and Foxp3+ always had the highest percentage of cycling 

cells in all three cohorts (Figure 4B), with no major differences in early and late stages 

(figure 4C), and without any significant correlations with the degree of CD4 depletion 

(Table 3).   
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Figure 4. Frequency of cycling regulatory T-cells.  
(A) Representative dot plots from an HIV-2+ individual (with a CD4+ T-cell count of 480 T-cells/µl), 
illustrating the pattern of Ki67-staining in CD25bright or Foxp3+ sub-populations of CD4+ naïve (CD45RA+) 
and memory (CD45RA-) T-cells.  
The proportion of KI67+ cells within the CD4+CD25bright, CD4+Foxp3+, and CD4+CD25brightFoxp3+ 
populations in: (B) seronegative controls, and HIV-2 and HIV-1 cohorts; (C) seronegative controls and the 
HIV-2 and HIV-1 cohorts stratified according to their CD4+ T-cell counts into early (>350 cells/µl) and late 
disease (<350 cells/µl). Bars represent mean±SEM. The p values considered significant (<0.05) are in bold.  
 

The proportion of Ki67+ cells within CD25bright and CD25brightFoxp3+ subsets did not 

correlate with markers of immune activation, namely the mean fluorescence intensity 

(MFI) of CD38 on CD8+ T-cells and the proportion of total Treg expressing Ki67, in 

either HIV cohort. Of note a direct correlation between the proportion of cycling Foxp3+ 

Treg and both markers of immune activation was observed in HIV-2+ individuals (Table 

3), and when the data from all three cohorts were combined a highly significant positive 

correlation between these parameters was noted (r=0.5629, p=0.0015, n=29 and r=0.557, 

p=0.0017, n=29 for %Ki67+ Foxp3+CD4+ T-cells vs. %Ki67+ CD4+ T-cells and CD38 
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MFI on CD8+ T-cells respectively). Hyper-immune activation has been consistently 

shown to be one of the main determinants of increased cycling in CD4+ T-cells in HIV 

infection [26; 48; 49]. Our results also suggest that CD4+Foxp3+ cell turnover may be 

directly related to hyper-immune activation, at least in HIV-2 infection. Regarding 

viremia, correlations could only be assessed in the HIV-1 cohort, and significant 

associations were solely observed with the frequency of Ki67+ within CD25brightFoxp3+ 

subset (Table 3).  

Next, to assess a possible contribution of Treg turnover to the maintenance of the Treg 

pool we determined the relationship between the Treg frequency within CD4+ T cells and 

the proportion of these cells that were cycling. Neither the frequency of CD25bright or 

CD25brightFoxp3+ cells correlated with the proportion of these cells expressing Ki67 in 

either HIV cohort. Of note the frequency of Foxp3+ within the CD4+ T-cell subset weakly 

correlated with the proportion of these cells that were cycling, in HIV-2+ individuals 

(Table 3). When this analysis was expanded to include all individuals assessed, 

irrespective of HIV status, this correlation reached significance (r=0.3776, p=0.0434, 

n=29). Overall, both HIV-2 and HIV-1 disease were associated with an increase in the 

frequency of cycling Treg, and, the turnover of Foxp3+ CD4+ T-cells appeared to be 

associated to some degree with immune activation. 

 



     

 

 

Table 3. Association between the proportion of cycling Treg, the frequency of Treg within CD4+ T-cells, and markers of disease progression.  
 

 
 

 %Ki67 within  CD4+CD25bright  %Ki67 within CD4+Foxp3+  %Ki67 within CD4+ CD25bright Foxp3+ 

 
 

 Seronegativea HIV-1b HIV-2c  Seronegativea HIV-1b HIV-2c  Seronegativea HIV-1b HIV-2c 

             
CD4+ T-cells/µl 

 
 0.1273/0.733 -0.6444/0.049 0.0251/0.9484  0.8182/0.0058 -0.1581/0.6567 -

0.7167/0.0369 
 0.1155/0.7589 -0.535/0.1139 -0.477/0.1938 

             
%CD4+ T-cells 

 
 0.1879/0.6973 -0.7333/0.0202 0.09205/0.81  0.1515/0.6821 -0.3091/0.3869 -0.55/0.1328  0.2249/0.5367 -

0.6121/0.0667 
-3096/0.4101 

             
Viremia (copies/ml) 

 
 - 0.6333/0.076 NAd  - 0.5333/0.1475 NAd  - 0.3167/0.4101 

NAd 

             

CD38 MFI 
on CD8+ T-cells 

 0.297/0.4047 0.4788/0.1615 0.1088/0.7806  0.5879/0.0739 0.1394/0.7009 0.7333/0.0246  0.8024/0.0052 0.2/0.5796 0.2127/0.5755 

             
%Ki67 

Within CD4+ T-cells  0.903/0.0003 0.2485/0.4888 0.2678/0.486  0.4909/0.1497 -0.2242/0.5334 0.8333/0.0053  0.6991/0.0245 -0.297/0.4047 0.4/0.2861 

             
%CD25bright 

Within CD4+ T-cells  
-

0.7842/0.0072 
0.01818/0.9602 

-
0.2176/0.5739  NA 

NA NA NA NA NA NA 

             
% Foxp3+ 

Within CD4+ T-cells 
 

NA NA NA 
 

-
0.01818/0.9602 

0.297/0.4047 0.6167/0.0769  
NA NA NA 

             
% CD25bright Foxp3+ 
within CD4+  T-cells 

 
NA NA NA 

 
NA NA NA 

 
-

0.5305/0.1147 
0.1515/0.6761 0.1255/0.7476 

             
a: n=10, b: n=9, c: n=10, d: Viremia was only detectable in 2/8 tested individuals. NA: not applicable. 
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Characterization of Treg in ART-discordant HIV-1+ i ndividuals 

ART is associated with variable degrees of CD4 recovery even when viremia remains 

persistently undetectable [50; 51]. More than 10% of ART-treated HIV-1+ individuals 

exhibit low CD4 counts in the context of viral suppression [52]. These individuals with 

immunological failure despite virologic response (ART-discordants) can be compared to 

HIV-2+ individuals with marked CD4 depletion in the absence of viremia. We have 

previously explored this clinical setting to assess the impact of viremia in the context of 

marked CD4 depletion, on several immune parameters [39]. The clinical-epidemiological 

data of the ART-discordant and ART-respondent cohorts have been previously described 

[39]. Here we compared the Treg frequency, and found a significant increase in the 

proportion of CD25bright cells within the CD4+ T-cell subset in the ART-discordants as 

compared to all other groups (Figure 5A). This expansion was sufficiently marked to 

translate into relatively preserved circulating absolute numbers despite the markedly 

reduced CD4+ T-cell counts observed in ART-discordants (Figure 5A). Moreover, when 

we assessed the relationship between CD4+ T-cell  frequency and the proportion of 

CD25bright within the CD4+ T-cell subset in the treated cohort as a whole, we observed 

negative correlations with both the number (r=-0.4671, p=0.0284) and percentage (r=-

0.6217, p=0.002) of CD4+ T-cells. This suggests that immunological failure under ART is 

associated with an increased frequency of Treg cells within the CD4+ T-cell pool. This 

Treg expansion was confirmed by the increased levels of Foxp3 mRNA measured in 

freshly collected RNA, and of the higher frequency of Foxp3 within CD4+ T-cells subset 

assessed in thawed samples in ART-discordants as compared to both ART-responders 

and seronegative controls (Figure 5B). Of note, there was a strong positive correlation 

between protein and mRNA levels of foxp3 in treated HIV-1 individuals as a whole 

(r=0.6571, p=0.0016), and both these parameters directly correlated with the proportion 
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of CD25bright within CD4+ T-cells (r=0.4433, p=0.0388 and r=0.4632, p=0.0397 for Foxp3 

protein and mRNA levels respectively). 

As expected, ART-discordant individuals featured an imbalance in the naïve/memory 

populations, with a significant increase in CD45RA- (71.65±4.43) relative to 

seronegatives (52.37±2.97, p=0.0022) and ART-responders (56.34±4.48, p=0.0357) that 

was similar to that observed for untreated HIV-1+ (66.87±9.04) and HIV-2+ (66.64±8.02) 

individuals with less than 350 CD4+ T-cells/µl. However the proportion of CD25bright 

within both naïve (1.048±0.36) and memory (3.66±0.43) CD4+ T-cells was also increased 

relative to controls (0.239±0.113, p=0.0005; and 1.048±0.36, p=0.0501, respectively), 

suggesting that the increase in the proportion of CD25bright within the CD4+ T-cell subset 

was not exclusively due to the expansion of memory CD4+ T-cells in these individuals. 
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Figure 5. Increased frequency of regulatory T-cells in ART-discordants.  
(A) Proportion of CD25bright within total CD4+ T-cells and absolute counts of CD25brightCD4+ T-cells in 
treated HIV-1+ individuals with demonstrable (ART-responders) or poor (ART-discordants) 
immunological recovery in the absence of detectable viremia, as well as in seronegative controls, and 
untreated HIV-1+ and HIV-2+ individuals. (B) Proportion of Foxp3+ within CD4+ T-cells and expression of 
Foxp3 mRNA relative to GADPDH within total PBMC corrected for the percentage of CD4, in 
seronegative controls, ART-responders and ART-discordants. Bars represent mean±SEM.  *p<0.05, 
** p<0.01 and *** p<0.001.  
 



 127 

 

The cross-sectional nature of this study precluded the definition of the causal relationship 

between immunological failure and increased frequency of CD25bright, as it was not 

possible to determine whether this population existed prior to, or emerged after, ART was 

commenced in these individuals.  

 In an attempt to address this issue, we obtained a second sample from five of the ART-

discordant individuals, with an inter-sampling mean of 42.6±1.8 months. Despite the 

considerable time between sampling, the proportion of CD25bright within total, and naïve 

and memory CD4+ T-cells was remarkably stable in these individuals (Figure 6A and 

6B). CD4+ T-cell frequency tended to increase over time (Figure 6C), however, the 

naïve/memory imbalances persisted in both total CD4+ and the Treg subsets (Figure 6D). 

The latter was in marked contrast to data from a group of ART-responders, also evaluated 

at the same time, that exhibited a clear increase in the proportion of CD45RA+ within 

CD25bright Treg (8.38±2.41 vs. 21.19±5.56, p=0.0625, mean inter-sampling period 42±1.5 

months, n=5). 

To determine whether the increased Treg frequency in ART-discordants was associated 

with cell turnover we assessed Ki67 expression in this subset in the repeat samples from 

ART-discordant as well as fully-responsive ART-treated HIV-1+ individuals. Bulk CD4 

turnover was significantly reduced in ART-discordants as compared to ART-responders, 

and untreated HIV+ individuals, matched for CD4 depletion (Figure 7A). A similar 

pattern was observed when this subset was subdivided according to CD45RA expression 

(Figure 7A). Of note, despite the increased proportion of CD25bright cells within the CD4+ 

T-cell subset in ART-discordants observed at both time points, the expression of Ki67 in 

this subset was significantly lower in these individuals as compared to seronegatives and 

untreated HIV-1 (Figure 7B). Thus, the maintained high frequency of this subset in ART-
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discordant individuals was apparently independent of increased cell turnover, suggesting 

that they may be long-lived. 
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Figure 6. Longitudinal assessment of the CD4+ T-cell subsets in ART-discordant individuals.  
HIV-1+ individuals with poor immune recovery despite viral suppression under ART were assessed at two 
time-points with a mean separation of 42.6±1.8 months. Graphs illustrate data collected at the two time-
points in terms of: (A) Proportions of CD25bright within CD4+ T-cells, and CD25brightCD4+ T-cells within 
total lymphocytes as well as absolute counts of circulating CD25brightCD4+ T-cells; (B) Proportion of 
CD25bright within naïve (CD45RA+) and memory (CD45RA-) CD4+ T-cells; (C) Frequency and absolute 
counts of circulating CD4+ T-cells; (D) Proportion of naïve (CD45RA+) cells within total CD4+ T-cells and 
the CD4+CD25bright subset. Each dot represents one individual. 
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Figure 7. Frequency of cycling cells in ART-discordants.  
Proportion of Ki67+ cells within: (A) total CD4+ T-cells and within the naïve (CD45RA+) and memory 
(CD45RA-) subsets; (B) CD25brightCD4+ T-cell subset; and (C) Foxp3+CD4+ T-cell subset. Cohorts of 
treated HIV-1+ individuals with demonstrable (ART-responders) and poor (ART-discordants) 
immunological recovery in the absence of detectable viremia, as well as seronegative controls, and 
untreated HIV-1+ and HIV-2+ individuals were compared. Bars represent mean±SEM. The p values 
considered significant (<0.05) are in bold. 
 

We were also able to assess Foxp3 in this second visit, although the distinct processing of 

the samples (frozen PBMC at the first time-point, fresh PBMC at the second) precluded 

longitudinal comparisons. Although Ki67 expression tended to be reduced in the 

CD4+Foxp3+ subset of ART-discordants when compared to untreated HIV cohorts, this 

difference was not statistically significant (Figure 7C). Of note, turnover levels were 

higher in CD4+Foxp3+ as compared to CD4+CD25bright subsets for both ART-discordants 

and ART-responders (p=0.0079 for both groups), suggesting differences in the 
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homeostasis of these populations in treated individuals, irrespective of their response to 

therapy.  

In conclusion, distinct mechanisms are apparently contributing to the maintenance of 

Treg in the context of ART-induced viral suppression in HIV-1 infection. In individuals, 

with evidence of CD4+ T-cell recovery in general, and the naïve CD4 pool in particular, 

Treg were detected at a frequency similar to that observed for untreated HIV-1+ and 

HIV-2+ individuals, and higher than that seen in seronegative controls (Figure 5). This is 

in agreement with previously published data demonstrating a maintained high frequency 

of circulating Treg following the initiation [19; 20], and even after 5 years [21] of fully 

effective ART-treatment, in HIV-1+ individuals. In individuals with poor immunological 

reconstitution a significant and persistent Treg expansion was also observed. However, in 

contrast to untreated HIV-2 and HIV-1 infections with a similar degree of CD4 depletion, 

a reduced frequency of cycling Treg was found in ART-discordants suggesting that, 

increased survival rather then proliferation are maintaining the CD25bright Treg in these 

individuals. 
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Discussion 

 

We investigated here the role of Treg in HIV immunopathogenesis through their 

comparative evaluation in therapy naive HIV-1+ and HIV-2+ individuals. Although both 

diseases are characterized by hyper-immune activation and CD4+ T-cell lymphopenia [26; 

27], the majority of HIV-2+ individuals display slower disease progression with a 

reduced rate of CD4+ T-cell depletion [22; 23], and low to undetectable plasma viremia 

[22; 23]. Treg frequency progressively increased in parallel with CD4 decline, reaching 

significantly elevated levels in advanced disease in both HIV cohorts. Moreover, although 

the same trends were found in the HIV-1 cohorts, the correlations observed in HIV-2 

infection were much stronger. Of note, both HIV infections were associated with 

significantly increased proportions of cycling Treg as compared to seronegative controls.  

ART-treated individuals that suppress viremia, but fail to increase/restore their CD4+ T-

cell population (ART-discordants) provide a comparable clinical model of ART-naïve 

HIV-2+ individuals, matched for degree of CD4 depletion [39]. When Treg frequency 

was assessed in ART-discordants it was found to be significantly increased, even in 

comparison to matched therapy-naïve HIV-2+ individuals, suggesting that immunological 

failure under ART is associated with an expansion of this population. This was further 

supported by the negative correlation we observed between CD4+ T-cell frequency and 

the proportion of CD25bright within the CD4+ subset in the treated cohort as a whole. A 

subset of these individuals was assessed longitudinally, showing that Treg were 

maintained at high levels over time and, this was apparently not due to increased cell-

cycling given the low-levels of Ki67 expression.  

Treg frequency was increased in all lymphopenic HIV-1+ and HIV-2+ individuals 

irrespectively of the presence or absence of viremia or ART. Overall these data are 
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indicative of the observed alterations in Treg frequency being more directly related to 

CD4 frequency than to viremia. 

In order to determine whether the increased frequency of Treg in late stage HIV infection 

was related to an increased rate of cycling of this population the proportion of Treg 

expressing Ki67 was assessed. No significant differences in the proportion of cycling 

Treg were observed in early and late stage HIV-2 infection. Thus, our data indicate that 

factors other than cell-cycling are playing a role in Treg maintenance throughout both 

HIV-2 and HIV-1 disease. The reduction of the proportion of Treg within CD4+ T-cells 

we observed in early HIV-infection as compared to seronegative controls, which reached 

significance in the case of HIV-2, may reflect increased tissue homing [13; 14]. Thus, a 

relevant complementary study would be the evaluation of Treg frequency in lymphoid 

tissues from untreated HIV-1+ and HIV-2+ individuals at different stages of disease. The 

increased frequency of Treg in late stage HIV-2 infection could simply reflect the relative 

expansion of CD4+ memory T-cells associated with disease [53] However analysis of 

Treg within the CD45RA+ and CD45RA- subsets of CD4+ T-cells suggested that the 

observed progressive increase in Treg frequency within the CD4+ T-cell subset in HIV 

infection cannot be solely attributed to this phenomenon.  

Of particular interest was the relative expansion of Treg within the naïve CD4+ T-cell 

pool that occurred in both HIV-1 and HIV-2 infection and that increased with CD4+ T-

cell decline. This was in direct contrast to the proportion of naïve T-cells which decreased 

in parallel with CD4+ T-cell loss. In a recent report by Myari et al it is proposed that 

CD45RA+ “naïve resting” Treg are able to replenish the cycling pool of short-lived 

CD45RA- “activated” Treg [30]. Thus, the increased frequency of “naïve resting” cells in 

HIV infection may impact on the increased turnover of activated Treg in this disease. 
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The marked increase of Treg within CD4+ T-cells that we observed in ART-discordants is 

of interest, particularly as it appears to be preserved over time. However, this preservation 

was not associated with an increase in the proportion of these cells expressing Ki67. This 

data suggest an apparent association between the increase of Treg and the failure to 

restore CD4+ T cells in ART-discordants. Data on Treg in these individuals is limited. A 

previous cross-sectional study [54] reported a similar frequency of CD4+CD25bright 

lymphocytes to that which we observed in our ART-discordant group, although the 

correlation between this population and CD4+ T-cell frequency they observed was more 

marked than the one found in our cohort (r=0.4244, p=0.049 and r=0.4474, p=0.0247, for 

CD4+ T-cell number and percentage respectively). We observed a limited increase in 

CD4+ T-cell frequency over-time in these individuals, although naïve/memory imbalances 

in CD4+ T-cells as a whole and the Treg pool in particular persisted. This is in line with 

several reports that demonstrate a relationship between damage to the heamopoetic 

regenerative capacity in these ART-discordants, both at the level of the bone-marrow [55] 

and thymus [51; 56], and their failure to reconstitute the CD4+ T-cell pool. The 

persistence of increased Treg frequencies, despite a reduced level of turn-over, suggests 

that these cells are maintained by improved survival rather than active expansion. Taken 

together, these data suggest that rather than the continued presence of an increased 

proportion of Treg in ART-discordants preventing immune reconstitution under therapy, 

it may simply reflect an alternative mechanism to preserve Treg in the context of 

impaired Thymic function.  

 

In conclusion, we observed a progressive increase in the proportion of Treg within the 

memory and the naïve CD4+ T-cell populations with disease progression in both HIV-1 

and HIV-2 infections. This was associated with a marked increase of Ki67+ memory-
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Treg, suggesting that this population is in part maintained by an increased Treg turn-over. 

Importantly, Foxp3 expression within CD4+ T-cells was directly related to markers of 

immune activation, in agreement with a contribution of recently-activated T-cells to the 

Foxp3+ pool. Moreover a closer link between the proportion of Foxp3+ Treg within total 

CD4+ T-cells and the proportion of this population that expressed Ki67 suggests that 

recently-activated, cycling T-cells may contribute to the Foxp3+ pool. Finally, in the 

context of poor immunologic recovery under HIV-1 therapy, a significantly expanded 

pool of Treg was observed that persisted over time despite a reduced proportion of 

cycling cells. A failure to correct naïve/memory imbalances in CD4+ T-cells was also 

characteristic of these ART-discordants, suggesting an underlying disruption of thymic 

function in these individuals. This suggests that increased survival rather than increased 

Treg proliferation may help maintain Treg in the context of thymic impairment. Overall, 

these data provide evidence of several possible mechanisms that may contribute to the 

apparently better preservation of circulating naïve and memory Treg as compared to other 

CD4+ T-cell subsets in HIV/AIDS. This brings new insights into the potential 

determinants of circulating human Treg lineage maintenance. 
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CHAPTER 6 

Conclusions and future perspectives 

 

The characterization of the immune mechanisms that contribute to the more benign 

course of HIV-2 infection represents an important strategy to elucidate the process of 

AIDS immunopathogenesis in general, as well as offering the potential opportunity to 

identify new targets for immune based therapy complementary to ART. 

 

HIV-specific T-cell responses are thought to have a significant impact on the control of 

disease. The impact of T-cell responses on disease control in HIV-2 infected individuals 

is not yet established as fact. Moreover, HIV-specific CD8+ T-cell responses seem to be 

broadly similar in HIV-1+ and HIV-2+ individuals [1], possibly featuring a greater degree 

of polyfunctionality [2]. The limited data on HIV-2 specific CD4+ T-cell responses also 

supports the idea that, irrespective of comparative magnitude, they are of a greater quality 

than those reported during progressive HIV-1 infection [3].  

The data presented in Chapter 3 not only confirms the latter finding but adds to it.  Firstly 

we found a negative correlation between the magnitude of homologous IFN-γ producing 

CD4+ T-cell response and proviral DNA, suggesting that these cells may have a direct 

impact on viral replication, as reported in HIV-1 infection [4].  

The correlation between activation marker expression and IL-2 production by HIV-2 

specific CD4+ T-cells may at first appear contradictory. However, the ability to produce 

IL-2 is apparently linked with the maintenance of proliferative capacity, with defects in 

CD4+ [5] and CD8+ [6] T-cell proliferative capacity able to be corrected by addition of 

exogenous IL-2. Thus, IL-2 production may aid T-cell proliferation in either an autocrine 
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or paracrine fashion and contribute to immune activation. This raises the possibility that 

the immune activation associated with HIV infection results from a combination of 

processes that may be beneficial (“good” activation) or deleterious (“bad” activation) to 

the infected host. The similar levels of activation markers observed in HIV-1+ and HIV-

2+ individuals matched for disease stage [7] may result from different combinations of 

“good” and “bad” activation. Thus, activation resulting from proliferation may be 

considered as beneficial especially if it is related to a better maintenance of HIV-specific 

T-cell responses. A recent report indicated increased levels of activation markers 

restricted to effector/memory CD4+ T-cells in a cohort of HIV-1 infected “elite 

controllers” [8], suggesting that activation of certain populations can be beneficial, as 

long as it is not accompanied by generalized immune activation, as in progressive disease. 

Thus it may be of value to assess the comparative levels of activation markers on 

different CD4+ T-cell memory subsets and/or HIV-1 and HIV-2 specific T-cell 

populations. 

One of the hardest questions to address regarding HIV-2 specific responses centre around 

the question of antigen load, which, given the low to undetectable viremia in HIV-2 

infected individuals [9; 10; 11; 12], would be expected to be low. 

The short-term nature of the assays used to detect HIV-specific T-cell responses means 

that they are inherently biased towards the detection of effector/memory responses.  

Circulating HIV-2 specific effector/memory T-cells are detected at similar or greater 

levels as in HIV-1. As antigen is thought to be required, at least in part, for the 

maintenance of fully competent CD4+ T-cell memory [13; 14], detectable HIV-specific 

memory responses, in the context of low level viral replication and presumably limiting 

amounts of antigen in HIV-2 infection, represent an apparent paradox. One possibility is 

that HIV-2 replication is occult, that is to say it is confined to particular tissues and thus 
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poorly detectable in the circulation. The increased levels of plasma viral load detected in 

late stage HIV-2 infections may reflect the eventual disruption of these compartments. 

The low levels of viremia present throughout HIV-2 disease are in agreement with a slow 

establishment of the viral dissemination possibly related to reduced rates of viral 

replication. Indeed a comparatively mild process of seroconversion may explain the lack 

of any reports of acute phase syndrome in HIV-2+ individuals. Thus, it is possible that the 

significant depletion of CD4+ T-cells associated with acute HIV-1 infection, particularly 

at the mucosal level [15], does not occur during acute HIV-2 infection. The examination 

of likely compartments of viral replication, such as gut mucosa or lymph nodes is of great 

importance to provide an answer to this question, and will form the focus of future 

research centred on HIV-2 infected tissues.  

Recent data suggest that a key feature of “elite controllers” is better maintenance of HIV-

1 specific T-cell responses at the mucosal level [16], and, moreover, a possible link 

between mucosal responses and control of viral replication has also been reported [17]. 

Thus, it may be of interest to assess HIV-2 specific T-cell responses in single-cell 

suspensions derived from the appropriate target tissues, as suggested above, to address 

this question. 

Another important question is the causal relationship between the “better” quality of  

HIV-specific T-cell responses and levels of plasma viremia in general [18]. This also 

holds true for HIV-2 infection. In this respect it is not clear whether HIV-2 is in general 

intrinsically less able to replicate than HIV-1, leading to a naturally lower viral set-point, 

and contributing to a much less marked dysregulation of HIV-2 specific T-cell responses; 

or whether HIV-2 is more susceptible to immune-mediated control resulting in a very low 

viral set-point and slower rate of disease progression. The reported differences in the 

number and type of transcriptional enhancers in the 5’LTR of HIV-2 [19; 20] and the 
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suggestion that this directly relates to a poorer replicative capacity of HIV-2 per se are 

counter-balanced by the fact that ART-treatment of HIV-2 infected individuals results in 

the quite rapid emergence of resistance mutations [21; 22; 23], suggesting viral 

replication is occurring in these individuals. However, as high level viremia has a direct 

impact on HIV-specific T-cell responses in general [23] and on HIV-specific CD4+ T-cell 

responses in particular [24], it is likely that the lower viremia characteristic of HIV-2, no 

matter the underlying reason, may contribute to the better maintained polyfunctionality of 

HIV-specific T-cell responses observed in HIV-2 infected individuals [2]. 

 

It has been suggested that the expression of CD25 at low-levels is characteristic of 

cytokine-induced proliferation [25; 26], and as such the unique population described in 

Chapter 4 may reflect the better maintained homeostatic response to CD4 loss in HIV-2 

infected individuals, and, thus, the slower rate of CD4+ T-cell depletion associated with 

HIV-2 [12]. Moreover these cells appear to be enriched in effector memory T-cells (TEM), 

which is of particular interest since an inability to maintain this population has been 

linked to progression in SIV [27; 28], and, a better capacity to preserve this population 

has been noted in a cohort of “elite controllers” [8]. It should be noted that a requirement 

for IL-15 in CD4+ memory T-cell maintenance has been recently confirmed in the mouse 

model [29], corroborating the data from the SIV system [30]. These combined data 

support our suggestion that the increased IL-15 levels observed in the HIV-2 cohort, 

described in Chapter 4, may relate to better preserved CD4+ memory T-cell maintenance. 

A further, more detailed analysis of this population is required to accurately define them 

in relation to previously described CD4+ T-cell subsets and to determine a representative 

functional profile. In this regard assessment of the inherent survival and proliferative 
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characteristics of this CD25dim population and description of the cytokine and/or growth 

factors able to regulate it will be the subject of further studies.  

 

The data generated with respect to circulating levels of naïve and memory Treg in HIV-1 

and HIV-2 infected individuals, described in Chapter 5, suggest that this population is 

better persevered, as compared to other CD4+ T-cell subsets, in HIV/AIDS, and provide 

further insights into the processes involved in the maintenance of circulating human Treg. 

The significant reduction of circulating Treg in HIV-2 individuals that occurs early in 

infection warrants further investigation. In particular the frequency of Treg in lymphoid 

tissue and mucosa needs to be determined in HIV-2 infected individuals to address 

whether the observed reduction of this population in the circulation is matched by its 

increase at the tissue level. The massive mucosal CD4+ T-cell depletion associated with 

HIV-1 infection [15] has yet to be confirmed in HIV-2, and assessing this will form a part 

of future studies. There is only limited data on the impact of HIV-2 upon lymphoid 

tissues [31].  

Reports suggest that the HIV-1 envelope protein, gp120, can mediate increased rates of 

tissue homing of CD4+ T-cells per se [32] and of Treg in particular [33]. Moreover, 

gp120 also has an apparent ability to enhance Treg survival [34] and function [33]. 

Therefore, it would be of interest to see if the HIV-2 envelope glycoprotein, gp105, is 

also able to do this. Of note a comparatively increased ability of gp105 to suppress 

proliferation as compared to gp120 [35] did not seem to involve Treg [36]. 

Although there is no consensus on the exact role of Treg in HIV-1 immunopathogenesis, 

there is some data to support that a very early increase of this population is associated 

with nonprogressive SIV infection of natural hosts such as African Green Monkeys [37]. 

This may tie in with the transient nature of immune activation associated with this model 
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[37]. Of note an attempt to ablate Treg in chronically infected Sootey Mangabeys, was 

not successful, precluding a more direct assessment of their role during this phase of 

disease [38]. 

It has recently been reported that suppressive capacity is effected by such factors as 

Treg:target ratio, antigen-load, and cytokine milieu [39; 40]. Thus, even if Treg are 

increased in the tissues of HIV-2 infected individuals they may be less effective in 

suppressing HIV-2 specific T-cell responses due to lower antigen-load. It is also possible 

that IL-2 levels may be increased locally within tissues through its better production by 

HIV-2 specific CD4+ T-cells, as illustrated in Chapter 3 and previously reported by others 

[3]. Thus, it may be that the ability of Treg to suppress effector T-cell function through 

competition for IL-2 [41] is limited in HIV-2 as compared to HIV-1. It is also of note that 

Treg are reported to be able to directly inhibit induction of IL-2 mRNA in responder cells 

[42; 43]. However, the preserved IL-2 production of  HIV-2 CD4+ specific T-cells [3] and 

our data from Chapter 3, together with earlier reports of a maintained IL-2 production 

capacity of circulating CD4+ T-cells isolated from HIV-2 infected individuals [44], may 

also be indicative of a less effective suppressor function of Treg in HIV-2 infected 

individuals. This would have to be confirmed in vitro, a process that is obviously limited 

by the low numbers of CD4+ T-cells in HIV-infected individuals.  

 

On a final note, an increased proportion of 25dim within the circulating CD4+ T-cell subset 

throughout HIV-2 infection was demonstrated in Chapter 4, and at least in the circulation, 

Treg were observed at a lower frequency during early HIV-2 infection (Chapter 5). Thus, 

at this stage of disease the ratio of effector CD25dimCD4+ population to Treg was 

increased in HIV-2 infected individuals as compared to both healthy controls and HIV-1 

infected individuals at a similar stage of disease. At late stage disease the ratio of these 
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populations in HIV-2 infected individuals was similar to that observed in early HIV-1 

infection, solely due to an increase in the proportion of CD4+CD25bright T-cells. This may 

result in better maintained effector functions or more preserved generative capacity of the 

CD25dimCD4+ population either of which, alone, or acting in combination could explain 

the slower disease progression associated with HIV-2 infection.  

 

In conclusion, our data support the idea that several, possibly interrelated factors 

contribute to a better overall capacity of the immune system as a whole to deal with HIV-

2 infection, both in terms of control of replication (Chapter 3) and the ability to counteract 

CD4 depletion (Chapter 4). It may also provide the basis to identify populations that, 

through appropriate manipulation, could help ameliorate the worst effects associated with 

HIV-1 immunopathogenesis. The data generated from the study of Treg in HIV-2 

infection presented in Chapter 5, may help to further understand the role of this 

population in HIV immunopathogenesis, however these data in particular will need to be 

confirmed at the tissue level, as it seems this is where Treg are most likely to exert their 

effects.  

 
References 
 

[1]  N.N. Zheng, N.B. Kiviat, P.S. Sow, S.E. Hawes, A. Wilson, H. Diallo-Agne, C.W. Critchlow, G.S. 
Gottlieb, L. Musey, and M.J. McElrath, Comparison of human immunodeficiency virus (HIV)-specific T-
cell responses in HIV-1- and HIV-2-infected individuals in Senegal. J Virol 78 (2004) 13934-42. 

 
[2]  M.G. Duvall, M.L. Precopio, D.A. Ambrozak, A. Jaye, A.J. McMichael, H.C. Whittle, M. Roederer, S.L. 

Rowland-Jones, and R.A. Koup, Polyfunctional T cell responses are a hallmark of HIV-2 infection. Eur J 
Immunol (2008). 

 
[3]  M.G. Duvall, A. Jaye, T. Dong, J.M. Brenchley, A.S. Alabi, D.J. Jeffries, M. van der Sande, T.O. Togun, 

S.J. McConkey, D.C. Douek, A.J. McMichael, H.C. Whittle, R.A. Koup, and S.L. Rowland-Jones, 
Maintenance of HIV-specific CD4+ T cell help distinguishes HIV-2 from HIV-1 infection. J Immunol 176 
(2006) 6973-81. 

 
[4]  P.J. Norris, H.F. Moffett, O.O. Yang, D.E. Kaufmann, M.J. Clark, M.M. Addo, and E.S. Rosenberg, 

Beyond help: direct effector functions of human immunodeficiency virus type 1-specific CD4(+) T cells. J 
Virol 78 (2004) 8844-51. 

 
 



146 

 

[5]  C. Iyasere, J.C. Tilton, A.J. Johnson, S. Younes, B. Yassine-Diab, R.P. Sekaly, W.W. Kwok, S.A. 
Migueles, A.C. Laborico, W.L. Shupert, C.W. Hallahan, R.T. Davey, Jr., M. Dybul, S. Vogel, J. Metcalf, 
and M. Connors, Diminished proliferation of human immunodeficiency virus-specific CD4+ T cells is 
associated with diminished interleukin-2 (IL-2) production and is recovered by exogenous IL-2. J Virol 77 
(2003) 10900-9. 

 
[6]  J. Yu, H. Chen, H. Horton, A. Bansal, J.M. McElrath, R. Reichman, P. Goepfert, and X. Jin, Interleukin-2 

reconstitutes defective human immunodeficiency virus (HIV), and cytomegalovirus (CMV) specific CD8+ 
T cell proliferation in HIV infection. J Med Virol 78 (2006) 1147-57. 

 
[7]  A.E. Sousa, J. Carneiro, M. Meier-Schellersheim, Z. Grossman, and R.M. Victorino, CD4 T cell depletion 

is linked directly to immune activation in the pathogenesis of HIV-1 and HIV-2 but only indirectly to the 
viral load. J Immunol 169 (2002) 3400-6. 

 
[8]  S.J. Potter, C. Lacabaratz, O. Lambotte, S. Perez-Patrigeon, B. Vingert, M. Sinet, J.H. Colle, A. Urrutia, D. 

Scott-Algara, F. Boufassa, J.F. Delfraissy, J. Theze, A. Venet, and L.A. Chakrabarti, Preserved central 
memory and activated effector memory CD4+ T-cell subsets in human immunodeficiency virus controllers: 
an ANRS EP36 study. J Virol 81 (2007) 13904-15. 

 
[9]  G. Adjorlolo-Johnson, K.M. De Cock, E. Ekpini, K.M. Vetter, T. Sibailly, K. Brattegaard, D. Yavo, R. 

Doorly, J.P. Whitaker, L. Kestens, and et al., Prospective comparison of mother-to-child transmission of 
HIV-1 and HIV-2 in Abidjan, Ivory Coast. Jama 272 (1994) 462-6. 

 
[10]  P.J. Kanki, K.U. Travers, M.B. S, C.C. Hsieh, R.G. Marlink, N.A. Gueye, T. Siby, I. Thior, M. Hernandez-

Avila, J.L. Sankale, and et al., Slower heterosexual spread of HIV-2 than HIV-1. Lancet 343 (1994) 943-6. 
 
[11]  S.J. Popper, A.D. Sarr, A. Gueye-Ndiaye, S. Mboup, M.E. Essex, and P.J. Kanki, Low plasma human 

immunodeficiency virus type 2 viral load is independent of proviral load: low virus production in vivo. J 
Virol 74 (2000) 1554-7. 

 
[12]  J. Drylewicz, S. Matheron, E. Lazaro, F. Damond, F. Bonnet, F. Simon, F. Dabis, F. Brun-Vezinet, G. 

Chene, and R. Thiebaut, Comparison of viro-immunological marker changes between HIV-1 and HIV-2-
infected patients in France. AIDS 22 (2008) 457-68. 

 
[13]  G. Kassiotis, S. Garcia, E. Simpson, and B. Stockinger, Impairment of immunological memory in the 

absence of MHC despite survival of memory T cells. Nat Immunol 3 (2002) 244-50. 
 
[14]  M.K. MacLeod, E.T. Clambey, J.W. Kappler, and P. Marrack, CD4 memory T cells: what are they and 

what can they do? Semin Immunol 21 (2009) 53-61. 
 
[15]  J.M. Brenchley, T.W. Schacker, L.E. Ruff, D.A. Price, J.H. Taylor, G.J. Beilman, P.L. Nguyen, A. Khoruts, 

M. Larson, A.T. Haase, and D.C. Douek, CD4+ T cell depletion during all stages of HIV disease occurs 
predominantly in the gastrointestinal tract. J Exp Med 200 (2004) 749-59. 

 
[16]  A.L. Ferre, P.W. Hunt, J.W. Critchfield, D.H. Young, M.M. Morris, J.C. Garcia, R.B. Pollard, H.F. Yee, Jr., 

J.N. Martin, S.G. Deeks, and B.L. Shacklett, Mucosal immune responses to HIV-1 in elite controllers: a 
potential correlate of immune control. Blood 113 (2009) 3978-89. 

 
[17]  J.W. Critchfield, D.H. Young, T.L. Hayes, J.V. Braun, J.C. Garcia, R.B. Pollard, and B.L. Shacklett, 

Magnitude and complexity of rectal mucosa HIV-1-specific CD8+ T-cell responses during chronic infection 
reflect clinical status. PLoS One 3 (2008) e3577. 

 
[18]  M. Lichterfeld, G. Pantaleo, and M. Altfeld, Loss of HIV-1-specific T cell proliferation in chronic HIV-1 

infection: cause or consequence of viral replication? AIDS 19 (2005) 1225-7. 
 
[19]  D.M. Markovitz, M. Hannibal, V.L. Perez, C. Gauntt, T.M. Folks, and G.J. Nabel, Differential regulation of 

human immunodeficiency viruses (HIVs): a specific regulatory element in HIV-2 responds to stimulation of 
the T-cell antigen receptor. Proc Natl Acad Sci U S A 87 (1990) 9098-102. 

 



147 

 

[20]  J.M. Leiden, C.Y. Wang, B. Petryniak, D.M. Markovitz, G.J. Nabel, and C.B. Thompson, A novel Ets-
related transcription factor, Elf-1, binds to human immunodeficiency virus type 2 regulatory elements that 
are required for inducible trans activation in T cells. J Virol 66 (1992) 5890-7. 

 
[21]  M.L. Ntemgwa, T.D. Toni, B.G. Brenner, R.J. Camacho, and M.A. Wainberg, Antiretroviral Drug 

Resistance in Human Immunodeficiency Virus Type 2 (HIV-2). Antimicrob Agents Chemother (2009). 
 
[22]  G.S. Gottlieb, N.M. Badiane, S.E. Hawes, L. Fortes, M. Toure, C.T. Ndour, A.K. Starling, F. Traore, F. 

Sall, K.G. Wong, S.L. Cherne, D.J. Anderson, S.A. Dye, R.A. Smith, J.I. Mullins, N.B. Kiviat, and P.S. 
Sow, Emergence of multiclass drug-resistance in HIV-2 in antiretroviral-treated individuals in Senegal: 
implications for HIV-2 treatment in resouce-limited West Africa. Clin Infect Dis 48 (2009) 476-83. 

 
[23]  S. Jallow, T. Vincent, A. Leligdowicz, T. De Silva, C. Van Tienen, A. Alabi, R. Sarge-Njie, P. Aaby, T. 

Corrah, H. Whittle, A. Jaye, G. Vanham, S. Rowland-Jones, and W. Janssens, Presence of a multidrug-
resistance mutation in an HIV-2 variant infecting a treatment-naive individual in Caio, Guinea Bissau. Clin 
Infect Dis 48 (2009) 1790-3. 

 
[24]  S.A. Younes, B. Yassine-Diab, A.R. Dumont, M.R. Boulassel, Z. Grossman, J.P. Routy, and R.P. Sekaly, 

HIV-1 viremia prevents the establishment of interleukin 2-producing HIV-specific memory CD4+ T cells 
endowed with proliferative capacity. J Exp Med 198 (2003) 1909-22. 

 
[25]  I. Sereti, J. Gea-Banacloche, M.Y. Kan, C.W. Hallahan, and H.C. Lane, Interleukin 2 leads to dose-

dependent expression of the alpha chain of the IL-2 receptor on CD25-negative T lymphocytes in the 
absence of exogenous antigenic stimulation. Clin Immunol 97 (2000) 266-76. 

 
[26]  I. Sereti, H. Imamichi, V. Natarajan, T. Imamichi, M.S. Ramchandani, Y. Badralmaa, S.C. Berg, J.A. 

Metcalf, B.K. Hahn, J.M. Shen, A. Powers, R.T. Davey, J.A. Kovacs, E.M. Shevach, and H.C. Lane, In 
vivo expansion of CD4CD45RO-CD25 T cells expressing foxP3 in IL-2-treated HIV-infected patients. J 
Clin Invest 115 (2005) 1839-47. 

 
[27]  A. Okoye, M. Meier-Schellersheim, J.M. Brenchley, S.I. Hagen, J.M. Walker, M. Rohankhedkar, R. Lum, 

J.B. Edgar, S.L. Planer, A. Legasse, A.W. Sylwester, M. Piatak, Jr., J.D. Lifson, V.C. Maino, D.L. Sodora, 
D.C. Douek, M.K. Axthelm, Z. Grossman, and L.J. Picker, Progressive CD4+ central memory T cell 
decline results in CD4+ effector memory insufficiency and overt disease in chronic SIV infection. J Exp 
Med 204 (2007) 2171-85. 

 
[28]  L.J. Picker, S.I. Hagen, R. Lum, E.F. Reed-Inderbitzin, L.M. Daly, A.W. Sylwester, J.M. Walker, D.C. 

Siess, M. Piatak, Jr., C. Wang, D.B. Allison, V.C. Maino, J.D. Lifson, T. Kodama, and M.K. Axthelm, 
Insufficient production and tissue delivery of CD4+ memory T cells in rapidly progressive simian 
immunodeficiency virus infection. J Exp Med 200 (2004) 1299-314. 

 
[29]  J.F. Purton, J.T. Tan, M.P. Rubinstein, D.M. Kim, J. Sprent, and C.D. Surh, Antiviral CD4+ memory T 

cells are IL-15 dependent. J Exp Med 204 (2007) 951-61. 
 
[30]  L.J. Picker, E.F. Reed-Inderbitzin, S.I. Hagen, J.B. Edgar, S.G. Hansen, A. Legasse, S. Planer, M. Piatak, 

Jr., J.D. Lifson, V.C. Maino, M.K. Axthelm, and F. Villinger, IL-15 induces CD4 effector memory T cell 
production and tissue emigration in nonhuman primates. J Clin Invest 116 (2006) 1514-24. 

 
[31]  O. Jobe, K. Ariyoshi, A. Marchant, S. Sabally, T. Corrah, N. Berry, S. Jaffar, and H. Whittle, Proviral load 

and immune function in blood and lymph node during HIV-1 and HIV-2 infection. Clin Exp Immunol 116 
(1999) 474-8. 

 
[32]  D.S. Green, D.M. Center, and W.W. Cruikshank, Human immunodeficiency virus type 1 gp120 

reprogramming of CD4+ T-cell migration provides a mechanism for lymphadenopathy. J Virol 83 (2009) 
5765-72. 

 
[33]  J. Ji, and M.W. Cloyd, HIV-1 binding to CD4 on CD4+CD25+ regulatory T cells enhances their 

suppressive function and induces them to home to, and accumulate in, peripheral and mucosal lymphoid 
tissues: an additional mechanism of immunosuppression. Int Immunol 21 (2009) 283-94. 

 



148 

 

[34]  J. Nilsson, A. Boasso, P.A. Velilla, R. Zhang, M. Vaccari, G. Franchini, G.M. Shearer, J. Andersson, and C. 
Chougnet, HIV-1-driven regulatory T-cell accumulation in lymphoid tissues is associated with disease 
progression in HIV/AIDS. Blood 108 (2006) 3808-17. 

 
[35]  R. Cavaleiro, A.E. Sousa, A. Loureiro, and R.M. Victorino, Marked immunosuppressive effects of the HIV-

2 envelope protein in spite of the lower HIV-2 pathogenicity. AIDS 14 (2000) 2679-86. 
 
[36]  R. Cavaleiro, G.J. Brunn, A.S. Albuquerque, R.M. Victorino, J.L. Platt, and A.E. Sousa, Monocyte-

mediated T cell suppression by HIV-2 envelope proteins. Eur J Immunol 37 (2007) 3435-44. 
 
[37]  C. Kornfeld, M.J. Ploquin, I. Pandrea, A. Faye, R. Onanga, C. Apetrei, V. Poaty-Mavoungou, P. Rouquet, J. 

Estaquier, L. Mortara, J.F. Desoutter, C. Butor, R. Le Grand, P. Roques, F. Simon, F. Barre-Sinoussi, O.M. 
Diop, and M.C. Muller-Trutwin, Antiinflammatory profiles during primary SIV infection in African green 
monkeys are associated with protection against AIDS. J Clin Invest 115 (2005) 1082-91. 

 
[38]  I. Pandrea, T. Gaufin, J.M. Brenchley, R. Gautam, C. Monjure, A. Gautam, C. Coleman, A.A. Lackner, 

R.M. Ribeiro, D.C. Douek, and C. Apetrei, Cutting edge: Experimentally induced immune activation in 
natural hosts of simian immunodeficiency virus induces significant increases in viral replication and CD4+ 
T cell depletion. J Immunol 181 (2008) 6687-91. 

 
[39]  A.K. Antons, R. Wang, S.A. Kalams, and D. Unutmaz, Suppression of HIV-specific and allogeneic T cell 

activation by human regulatory T cells is dependent on the strength of signals. PLoS One 3 (2008) e2952. 
 
[40]  E.M. Shevach, Mechanisms of foxp3+ T regulatory cell-mediated suppression. Immunity 30 (2009) 636-45. 
 
[41]  P. Pandiyan, L. Zheng, S. Ishihara, J. Reed, and M.J. Lenardo, CD4+CD25+Foxp3+ regulatory T cells 

induce cytokine deprivation-mediated apoptosis of effector CD4+ T cells. Nat Immunol 8 (2007) 1353-62. 
 
[42]  A.M. Thornton, and E.M. Shevach, CD4+CD25+ immunoregulatory T cells suppress polyclonal T cell 

activation in vitro by inhibiting interleukin 2 production. J Exp Med 188 (1998) 287-96. 
 
[43]  N. Oberle, N. Eberhardt, C.S. Falk, P.H. Krammer, and E. Suri-Payer, Rapid suppression of cytokine 

transcription in human CD4+CD25 T cells by CD4+Foxp3+ regulatory T cells: independence of IL-2 
consumption, TGF-beta, and various inhibitors of TCR signaling. J Immunol 179 (2007) 3578-87. 

 
[44]  A.E. Sousa, A.F. Chaves, A. Loureiro, and R.M. Victorino, Comparison of the frequency of interleukin 

(IL)-2-, interferon-gamma-, and IL-4-producing T cells in 2 diseases, human immunodeficiency virus types 
1 and 2, with distinct clinical outcomes. J Infect Dis 184 (2001) 552-9. 
 

 

 

 

 

 

 

 

 



   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 



 

 

 
 


