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“Live as if you were to die tomorrow. Learn as if you were to live forever” 

Mahatma Gandhi 





ABSTRACT 

HIV-1 infected individuals are subject to a chronic immune activation resulting from HIV-1 
replication, microbial translocation, and lymphopenia. Despite the great advance of antiretroviral 
treatment (ART), the immune activation remains associated with poor immune reconstitution 
during HIV-1 infection. The overall aim of this PhD thesis is to contribute to a better 
understanding of the causes and consequences of immune activation, possibly leading to the 
design of improved therapy for HIV-1 infected individuals.  

Premature senescence of T cells, as a consequence of immune activation, is thought to be 
associated with the increased levels of CD28- T cells during HIV-1 infection. In Paper I, the 
phenotype and functional properties of CD28- T cells from HIV-1 individuals naïve to treatment, 
under ART and uninfected controls were assessed. Despite displaying similar markers of 
senescence, and late differentiation, we found that whereas CD28- T cells from untreated 
patients are highly susceptible to both spontaneous and activation-induced apoptosis, the same 
T cell population from ART-treated patients showed an enhanced capacity to proliferate upon 
weak TCR stimulation. Importantly, apoptosis of CD28- T cells from untreated patients was 
correlated with HIV-1 viral load, and their decreased ability to proliferate was associated with a 
reduced IL-2 production. High levels of CD28- T cells during HIV-1 infection might result from 
the chronic immune activation, whereas their sustained levels despite ART, is likely to arise from 
their capacity to proliferate under weak TCR signaling. Furthermore, with a capacity to produce 
IFN-, TNF and perforin, CD28- T cells from HIV-1 infected individuals might also contribute to 
the immune activation.  

The mechanisms underlying the loss of memory B cells and the decline of serological memory 
during HIV-1 infection remain elusive. As microbial translocation and the associated immune 
activation have been shown to correlate with T cell depletion, we evaluated, in Paper II, the 
association between the serum levels of soluble CD14, a marker of microbial translocation, with 
the loss of resting memory B cells in HIV-1 infected individuals. Soluble CD14 levels were found 
to correlate with both the decline of resting memory B cells, and their increased expression of IL-
21R. IL-21R expression on memory B cells was increased during HIV-1 infection, and also 
negatively correlated with the levels of circulating memory B cells. Notably, IL-21R positive 
memory B cells were more prone to apoptosis, measured by higher Annexin V staining and lower 
Bcl-2 expression, as compared to B cells lacking the receptor. Furthermore, TLR triggering by 
microbial products resulted in IL-21R expression on memory B cells in vitro. Our results identify 
a novel role for microbial translocation and the associated immune activation, contributing to the 
loss of memory B cells during HIV-1 infection.  

Lymphopenic conditions are associated with increased IL-7. This cytokine involved in T cell 
homeostasis, is also found to be elevated in HIV-1 infected individuals concomitantly with low 
CD4+ T cell counts; although the regulation of IL-7 production is not fully understood in the 
context of HIV-1 infection. Using human intestinal epithelial (DLD-1) and bone marrow stromal 
(HS-27) cell lines, we investigated in Paper III, the consequence of pro-inflammatory cytokines 
on IL-7 production, measured at the mRNA and the protein levels. Whereas IFN- induced high 
IL-7 production in both cell lines, IL-1 treatment led to the opposite effect. We also analyzed the 
gene expression profiles of HS-27 cells treated with IL-1 and/or IFN- using the whole-genome 
microarray Human Gene 1.0 ST. Both cytokines resulted in enhanced expression of genes 
implicated in T cell immunity, particularly important during HIV-1 pathogenesis. Our results 
show that the immune activation can lead to profound change in stromal and epithelial cells, 
which in turn might shape immune responses.  

While IL-7 is known to participate to T cell homeostasis, it has recently been shown that this 
cytokine possibly contribute to B cell defects, leading through IFN-release by T cells, to Fas up-
regulation and sensitivity to Fas-mediated apoptosis. We further evaluated IL-7 regulation of       
T cell survival in Paper IV, and observed that B cells, co-cultured with IL-7 treated T cells, 
proliferated, displayed a phenotype of differentiated cells and secreted high levels of 
immunoglobulins (Igs). The Ig secretion was demonstrated to be a consequence of CD70 up-
regulation on T cell upon IL-7 treatment.  IL-7 led also to BAFF production by T cells, which 
enhanced B cell survival. In the context of HIV-1 infection, such mechanisms might be implicated 
in the B cell activation and hypergammaglobulinemia observed in patients.  
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1 30 YEARS OF HIV 

 

The substantial movement of science, political support and community responses 

has made possible the access of people infected with human immunodeficiency 

virus (HIV) to therapy and to decrease the number of new infections. Yet, further 

efforts are needed to better understand the immunological dysfunctions occurring 

in HIV-infected patients in order to improve therapeutic interventions and the 

development of a safe and effective HIV vaccine. My PhD studies have been 

focusing on the mechanisms affecting the immune cells, namely B and T 

lymphocytes, in relation to the chronic immune activation occurring during HIV-1 

infection. The pathogenesis of HIV-1 is driven by T cell depletion, immune 

activation fuelled by viral replication, microbial translocation due to mucosal 

damage, and lymphopenia caused by CD4+ T cell depletion.  I investigated the role 

of viral replication on T cell activation and survival; the connection between 

microbial translocation and loss of memory B cells; and the potential impact of 

lymphopenia on B cell activation. 

 

1.1 A BRIEF HISTORY 

In June 1981, the Centers of Disease Control and Prevention (CDC) reported cases 

of men who had sex with men (MSM) with pneumonia, documenting for the first 

time what became known as acquired immunodeficiency syndrome (AIDS) [1]. 

These patients, previously healthy, were suffering from opportunistic infections 

and rare cancers due to a damaged immune system. The causative agent 

responsible for AIDS was isolated in 1983 [2, 3], and later named HIV.  

It appeared rapidly that HIV was spread worldwide and the different routes of HIV 

transmission were soon identified. HIV is transmitted through sexual contact, 

blood transfusion, the share of infected needles and from infected mothers to their 

newborns. Thirsty years on, the HIV epidemic has affected more than 60 million 

individuals and caused an estimated 30 million deaths. At the end of 2010, an 

estimated total of 34 million people were living with HIV, of which 68% were 

located in sub-Saharan Africa [4].  

The first drug against HIV, AZT was authorized in 1987, and as of today more than 

25 anti-retroviral drugs are available. The introduction in 1996 of treatments 

based on the combination of typically 3 or 4 of these drugs, namely anti-retroviral 

therapy (ART) led to a substantial improvement for the life of HIV-infected 
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individuals [5]. Indeed, while the median life survival was only 10 months after a 

diagnosis of AIDS in 1985, it is thought that now, a 28-year-old HIV-infected 

patient under ART can live up to 80 years of age after diagnosis [6]. However, 

treated patients remain at risk for other pathologies non-associated with AIDS, e.g. 

cardiovascular, renal and hepatic disease and malignancies [7]. Also, the access to 

ART has been limited in low- and middle-income countries; but with great 

improvement in recent years, 47% of HIV-infected individuals in need of 

treatment were receiving ART in 2010. Yet, 1.9 million people died of AIDS in 

2010 and the HIV epidemic remains a global health challenge [4]. 

 

In 2010, 2.7 million individuals were newly infected worldwide, which is 21% 

lower than the new infections that occurred in 1997 at the peak of the epidemic. 

70% of those newly infected individuals resided in sub-Saharan Africa [4]. These 

important numbers, together with other challenges, such as the rise of multi-drug 

resistant virus, the management of individuals co-infected with HIV and other 

pathogens (e.g. Tuberculosis, malaria…) and the cost of the treatment make vital 

the quest for an HIV vaccine. After the failure of 2 major phase III clinical trials for 

a prophylactic HIV vaccine (the rgp120 HIV Vaccine Study [8], and the STEP Study 

[9]), the RIV144 AIDS vaccine trial [10] brought new optimism for the conception 

of an effective HIV vaccine that would either prevent infection and/or lead to 

slowing or preventing disease progression [11].  

 

1.2 HIV CHARACTERISTICS 

HIV is a lentivirus, member of the retrovirus family, for which two types exist, 

HIV-1 and HIV-2, having 40% differences in their genetic sequences. These viruses 

most probably originated from cross-species transmissions of simian 

immunodeficiency virus (SIV) [12]. HIV-1 is distributed into groups: M (main), O 

(outlier), N (new or non-M/O) and P with genetic variations of around 30% 

between groups. The main group (M) is further divided into subtypes (or clades) 

A-D, F-H, J and K differing by 15-20% in their genetic sequences. HIV-1 is widely 

distributed globally while endemic areas for HIV-2 are predominantly situated in 

West Africa [13]. HIV-2 having lower transmission rates and less pathogenicity, 

resembles the SIV infection in natural hosts[14], which I will further discuss below 

(Section 2.1.2).  

The HIV-1 is composed of double-stranded RNA of 10 kilobases encapsulated in a 

capsid and matrix made of structural viral proteins. The virus also contains viral 

proteins important for the first steps of virus replication and is surrounded by a 
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plasma membrane derived from the infected host in which the envelop (env) 

proteins are anchored.  HIV-1 genome comprises 3 major structural genes: group-

specific antigen (gag) codes for proteins involved in the assembly and release of 

the virus and its encapsulation; polymerase (pol) codes for the protease catalyzing 

the cleavage of protein precursors, the reverse transcriptase (RT) and the 

integrase, important molecule driving the integration of the viral sequence into 

the host genome; and envelope (env) codes for gp120 and gp41, indispensable for 

the binding and entry of the virus into the target cells.  Additionally, regulatory 

and accessory genes are present. Transactivator of viral transcription (tat) and 

regulator of RNA transport (rev), are regulatory genes, whereas viral infect factor 

(vif), viral protein R (vir), negative factor (nef), and the viral protein U or X (vpu or 

vpx) for HIV-1 and HIV-2 respectively are accessory genes. The HIV sequence is 

flanked by non-coding long terminal repeats (LTRs) important for the HIV 

integration into the host genome. HIV-1 proteins are crucial for the replication of 

the virus, but also have important effects on the host immune system as later 

described in this thesis. 

As any virus, HIV needs to infect a cell in order to replicate. HIV-1 cycle begins by 

the binding of the envelope glycoprotein of the virus, gp120, on the CD4 molecule 

situated primarily on T cells, but also on macrophages and dendritic cells (DC). 

CD4 expression is necessary but not sufficient for HIV-1 infection of the host cells; 

the presence of a co-receptor is required. The conformational changes occurring 

upon CD4 binding enable gp120 to bind either the chemokine receptor CCR5 or 

CXCR4. These chemokine receptors are the main co-receptors for HIV-1, but it has 

been shown that other molecules could act as co-receptors [15]. The usage of 

either of the co-receptors has an impact on HIV-1 tropism and disease 

progression. R5 viruses, using CCR5 as co-receptor, are the ones transmitted and 

predominate during the early and chronic stages of HIV-1 infection. In many HIV-1 

infected individuals, progression to late stage of the infection is associated with a 

switch of HIV-1 in co-receptor specificity, with the appearance of viral variants 

able to use CXCR4 (X4 viruses) or both CCR5 and CXCR4 (R5X4 viruses) [16].  In 

addition to gp120, HIV-1 envelope complex comprises gp41, responsible for the 

fusion of the virus with the cell host membrane after gp120 has bound both CD4 

and the co-receptor CCR5 or CXCR4. At this point, viral core containing the genetic 

material of HIV-1 is transferred to the cytoplasm of the host cell together with 

some accessory proteins that will enable the initiation of virus replication [17]. 

The retrotranscription of HIV-1 single stranded RNA into DNA by RT is followed 

by the transfer of the viral DNA to the cell nucleus for its integration into the host 

chromosomes. The lack of fidelity and proofreading of the RT during the 
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retrostranscription lead to a high rate of mutations in HIV-1 sequence that are 

responsible for virus escape from the immune responses and for the development 

of drug-resistant viruses.  

Once integrated, the virus sequence will be transcribed and translated into 

proteins necessary for HIV-1 replication and dissemination from the infected cells 

to new target cells. By not replicating after its integration, HIV-1 can also establish 

a latent form of infection, thus creating viral reservoirs which make envisioning a 

cure for HIV-1 infected patients difficult.  

 

1.3 ANTI-RETROVIRAL TREATMENT 

Anti-retroviral drugs target many steps of HIV-1 replication, from the entry phase 

to the maturation of the virus. Entry and fusion inhibitors interfere with binding, 

fusion and entry of HIV-1 to the cell. Non-Nucleoside and nucleotide reverse 

transcriptase inhibitors (NNRTI) inhibit the RT, as do Nucleoside reverse 

transcriptase inhibitors (NRTI). The HIV-1 protease and integrase are blocked by 

protease inhibitors (PIs) and Integrase strand transfer inhibitors (INSTIs) 

respectively. Maturation inhibitors are also developed, targeting Gag processing. 

In addition to compounds acting directly on virus protein, CCR5 receptor agonists 

are also used to prevent HIV-1 binding to target cells. To avoid the emergence of 

drug-resistant HIV-1 virus, the regimen of infected patients is usually a 

combination of 3-4 drugs to be taken daily. The treatment in most cases, results in 

the decrease of viral load to under detectable levels in the blood (<50 copies/ml) 

leading to an increase in life expectancy of HIV-1 infected individuals, as 

previously discussed. Another consequence of low viral load in HIV-1 infected 

individuals under ART is the decreased transmission of the virus [18].  However, 

despite therapy, some alterations of the immune system are not completely 

normalized; this thesis will describe some mechanisms underlying persistent 

immune dysfunctions in ART-treated individuals. 
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2 PATHOGENESIS OF HIV-1 INFECTION 

 

Sexual mucosal transmission is the major route for HIV-1 acquisition. HIV-1 

infection is established by one single founder in 80% of heterosexual 

transmissions, but certainly more variants in the case of transmissions among 

MSM or intravenous drug users [19]. The early events leading to HIV-1 infection 

are not totally elucidated and remain a domain of active research essential for the 

design of effective preventive intervention. In vitro models using human tissues 

and in vivo SIV models gave some evidence on the mechanisms that the virus uses 

to establish the infection [20]. Although the virus possibly crosses the mucosal 

epithelium by transcytosis or using dendritic cells, the first cells to be productively 

infected by HIV-1 are the CD4+ T cells. The integrity and state of inflammation of 

the mucosa play an essential role in the sexual transmission of HIV. Hence, 

individuals co-infected with Neisseria gonorrhoeae, Herpes simplex virus type 2 

(HSV2) and human cytomegalovirus (CMV) are more susceptible to HIV-1 

infection [21]. 

 

Once the infection is established, the virus replicates rapidly until viremia – the 

amount of circulating virus – reaches a peak. This phase of acute infection lasts for 

a few weeks after transmission of HIV-1, and can be accompanied by flu-like 

symptoms for the infected individual. At this stage, immune responses against 

HIV-1 are mounted and, concomitantly, viremia stabilizes to its set point. This is 

ensued by a chronic asymptomatic phase that can last for a decade or more. 

Unless treatment is initiated, the CD4+ T cell numbers will gradually decrease 

(Figure 1). As of a level below 350 CD4+ T cells/µl of blood, HIV-1 infected patient 

can experience opportunistic infections and the stage of AIDS is reached when the 

CD4+ T cell count  is below 200 cells/µl of blood [22].  

 

This thesis will focus on the alterations of the immune system during chronic    

HIV-1 infection, especially on the relationships between immune activation and 

the homeostasis of B and T cells. 
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Figure 1. The typical course of the HIV-1 infection. Defined by the CD4+ T cell counts 
(cells/µl), the level of viral load (HIV RNA copies/ml) and the immune activation (relative 
levels). Modified with the kind permission of Dr Wendy Murillo [23]. 

 

2.1 CHRONIC IMMUNE ACTIVATION 

HIV-1 infection is characterized by the progressive destruction of the immune 

system eventually leading to AIDS. CD4+ T cells are the cells primarily affected, 

but humoral immunity is also altered during the infection [24]. Yet, HIV-1 

replication alone is insufficient to explain all the immune dysfunctions occurring 

in infected patients. Disease progression and mortality are strongly associated 

with chronic systemic immune activation [25-28].  

The immune activation observed during HIV-1 infection is reflected by B cell 

hyperactivation and high levels of circulating immunoglobulins (Ig)-G [29]; the  

expression of activation markers at the surface of both CD4+ and CD8+ T cells 

[30]; high turn-over of lymphocytes [31]; and increased levels of inflammatory 

cytokines in the plasma from infected individuals [32].  

 

2.1.1 Markers of immune activation during HIV-1 infection 

Several markers are used to measure the activation of immune cells. The high 

expression of CD38, HLA-DR, CD25, CD69 and Fas (CD95), among others markers, 

define T cell activation. Expression of CD38 or HLA-DR alone or co-expression of 

CD38 and HLA-DR on CD4+ and CD8+ T cells from HIV-1 infected patients has 

been repeatedly associated with CD4+ T cell decline [25, 33] and disease 
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progression [26, 28],  better than the levels of HIV-1 replication, i.e. viral load [25, 

26, 33, 34]. Even in HIV-1 infected elite controllers, who display a non-measurable 

level of viremia (<50 copies/ml of blood), T cell activation correlates with CD4+ T 

cell counts [27]. After ART initiation the co-expression of CD38 and HLA-DR 

decreases in parallel with T cell apoptosis, i.e. cell death [35, 36], but is still 

elevated as compared to uninfected individuals and remains associated with CD4+ 

T cell levels [27, 37], further confirming a link between T cell activation and their 

depletion. The loss of IL-7 receptor  (IL-7R/CD127) has also been shown to be 

associated with immune activation and T cell depletion [38, 39]. The activation of 

B cells is manifested by an increased level of circulating IgG, named 

hypergammaglobulinemia [29]. HIV-1 infected patients also exhibit markers of 

activation on their B cells. Both naïve (CD27-) and memory (CD27+) B cells 

express higher CD38 and Fas levels in patients as compared to controls and these 

high levels of expression of activation markers persists, although at decreased 

levels, in ART-treated patients [40, 41]. Another population of B cells, defined by 

their low expression of CD21, impaired proliferative capacity and high IgG 

production, has been found in HIV-1 infected individuals [42, 43]. Levels of 

CD21low B cells correlate with viremia; they also display higher expression of Fas 

and are more susceptible to apoptosis than CD21+ B cells [42]. Importantly, 

memory B cells are also depleted during HIV-1 infection [24]. 

Beside the activated phenotype of leucocytes from HIV-1 infected patients, the 

immune activation is also assessed through the measurement in the plasma of 

soluble molecules (2-microglobulin, sCD27) and markers of inflammation (TNF, 

IFN-, Interleukin (IL)-1, IL-6, C-reactive protein (hsCRP) and D-dimer). 2-

microglobulin is a molecule part of the human leukocyte antigen (HLA) complex 

that is released by activated T cells; its levels are elevated in HIV-1 infected 

patients and correlate with CD4+ T cell counts [44, 45].  2-microglobulin 

measurement has also been used as a surrogate marker for HIV-1 infection [46]. 

Soluble CD27 was also proposed as a marker for immune activation [47, 48]. 

Tumor necrosis factor (TNF) and interferon (IFN)-, secreted upon T cell 

activation, have been shown to be increased in the primary HIV-1 infection [49]. 

TNF is a potent pro-apoptotic molecule but its role is debated in the context of 

HIV-1 pathogenesis (see below) [50]. Levels of IL-1a pro-inflammatory 

cytokine, were reported to be increased during the acute phase of HIV-1 infection, 

both in the gut-associated lymphoid tissues (GALT) and in the serum [51, 52]; 

however the levels are normalized in the chronic phase of the infection [52, 53]. 

IL-6 is also an inflammatory cytokine and D-dimer, a pro-inflammatory marker; 
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both are elevated during HIV-1 infection and related to mortality rate of infected 

individuals [54].  

Immune activation appears early during HIV-1 infection and correlates to CD4+ T 

cell decline, better than the magnitude of HIV-1 replication [25, 33, 34]. Upon 

initiation of ART, the levels of many of the activation markers, both soluble and 

expressed on the T cell surface, are decreased but not normalized [27]. 

Additionally, the association between T cell activation and CD4+ T cell depletion 

persist in ART-treated HIV-1 individuals. 

The chronic immune activation in HIV-1 infected individuals relies on (1) HIV-1 

replication, (2) microbial translocation, and (3) lymphopenia. The presence of 

ongoing viral replication in infected patients is accompanied by HIV-1 specific 

immune responses [55, 56]. As the immune system is unable to resolve HIV-1 

infection, there is a continuous activation of the immune cells accompanied with a 

state of inflammation. In addition to the direct effects of the virus on the immune 

cells, it has been shown that the integrity of the gut mucosa of HIV-1 infected 

patients is altered [57, 58]. Bacterial products, such as lipopolysaccharide (LPS), 

cross from the lumen to the circulation. This process, called microbial 

translocation, has the potential to activate immune cells through toll-like 

receptors (TLRs) and has been shown to play a role in HIV-1 pathogenesis [58]. 

Indeed, the depletion of CD4+ T cells in the GALT has been linked to impaired 

structural integrity of the mucosal epithelium as further discussed in this thesis. A 

third mechanism can also participate to the chronic immune activation occurring 

in HIV-1 infection. The depletion of CD4+ T cells induces compensatory 

mechanisms involving IL-7 in order to keep the homeostasis of the T cell 

compartment [59]. IL-7 is a key cytokine for T cell-number maintenance, 

providing survival and proliferative signals. Promoting T cell activation, IL-7 may 

participate in the increased immune activation observed in HIV-1 infected 

patients, as this thesis will describe. 

 

2.1.2 Lessons from HIV-2 and non-pathogenic SIV-infections 

HIV-2 infection is less pathogenic, and the progression to AIDS is slower, than with 

HIV-1. On the other hand, SIV infection in their natural host, does not generally 

lead to AIDS despite a high level of viral replication. The understanding of the 

mechanisms underlying this lower pathogenicity of HIV-2 and SIV in their natural 

hosts could uncover new strategies for a functional cure or a vaccine against HIV. 
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2.1.2.1 HIV-2 

Reports from longitudinal studies showed that HIV-2 transmission rates through 

sexual encounter and from mother to child is lower than for HIV-1 [60]. The low 

viral load found in HIV-2 infected individuals can explain their lower infectivity, 

longer asymptomatic phase and slower progression to AIDS as compared to HIV-1 

infected patients. Most HIV-2 infected patients display high CD4+ T cell counts, 

reflecting either a low intrinsic replication capacity of the virus, an effective 

immune response against the virus, or both [61].  

Although lower than in HIV-1 infection [62], the level of immune activation during 

the course of HIV-2 is also a prognostic marker for death [63]. Importantly, 

immune activation levels are comparable for similar CD4+ T cell counts in HIV-1 

and HIV-2 infected patients, suggesting that immune activation drives CD4+ T cell 

depletion and pathogenesis in both infections [34].  

Strong HIV-2 cellular immune responses are thought to be responsible for the 

lower viral load in HIV-2 infected patients. Whereas HIV-1 specific CD4+ T cell 

responses are absent or severely impaired in infected individuals, asymptomatic 

and non-progressive HIV-2 infection is characterized by the maintenance of 

functional HIV-2 specific CD4+ T cells [64]. Also, the HIV-2 specific CD8+ T cell 

population contains cells with a phenotype of early differentiation, expressing 

both CD27 and CD28 molecules [65]. The percentage of these cytotoxic T 

lymphocyte (CTL) responses have been shown to correlate positively with CD4+ T 

cell counts and negatively with immune activation, measured by HLA-DR 

expression on CD4+ T cells. Additionally, the quality of antibodies produced by 

HIV-2 infected patients is better than those found in HIV-1 patients. These 

antibodies are broadly neutralizing (NAbs) and thus participate to the control of 

HIV-2 replication (Table 1). 

 

2.1.2.2 SIV infection in natural and non-natural host 

SIV infection is natural and non-pathogenic in some African non-human primates, 

e.g. African green monkeys (AGMs), sooty mangabeys (SMs), and chimpanzees. 

Recent findings showed that chimpanzees in the wild also acquire AIDS [66]. 

Despite high levels of viremia, AGMs and SMs usually preserve high levels of 

circulating CD4+ T cells and rarely develop AIDS following SIV-infection [67]. In 

contrast, non-natural hosts such as rhesus macaques (RMs), when infected by SIV 

experimentally, rapidly display a decline of their circulating CD4+ T cells 

eventually leading to AIDS, similar to HIV-1 infection in human. The cytopathic 

effect of SIV is comparable to HIV-1. Indeed, both natural and non-natural hosts 
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experience CD4+ T cell depletion in the gut mucosa during acute infection; 

although CD4+ T cells from natural hosts express remarkably low levels of CCR5, 

the HIV/SIV co-receptor. In discrepancy with the non-natural hosts, however, 

AGMs and SMs experience either stabilization or progressive recovery of the gut 

CD4+ T cells together with absence of microbial translocation. Importantly, the 

SIV-specific immune responses of infected natural hosts are similar to non-natural 

hosts and are lower than those found in HIV-1 infected individuals [68, 69]. 

Cellular responses against SIV in SMs do not participate in the resistance of these 

animals to the progression to AIDS [69].  

Innate responses have been shown to be lower in non-pathogenic SIV-infection 

both in the acute and chronic phase as compared to pathogenic infection [70]. The 

mechanisms involve a lower capacity of dendritic cells (DC) from SMs to secrete 

type I IFN upon SIV exposure ex vivo [70]. These results were corroborated by 

genetic analyses of the transcriptional profile induced by SIV-infection [71]. 

Animals undergoing pathogenic SIV-infection displayed a shift toward cellular 

stress pathways and T helper (Th)-1 responses with strong type I and II IFN 

responses. In contrast, a strong type I IFN response was induced during acute SIV-

infection of AGMs and was rapidly resolved after the peak of viremia [71]. Slow 

progression of SIV-infected RMs was also associated with a mucosal Th17 

response and the lack of Th1 response, confirming a crucial role for the kind of 

immune response induced by SIV in the outcome of the disease [72]. Non-

pathogenic SIV-infection of SMs does not affect the levels of Th17 cells, whereas 

this CD4+ T cell population is depleted from the gut during HIV-1 infection [73]. 

The major difference found between non-pathogenic and pathogenic SIV-infection 

is the association of systemic immune activation with disease progression      

(Table 1) [58, 74, 75]. Furthermore, the induction of immune activation by 

injection of LPS to SIV-infected AGMs led to an increase of both viral load and 

CD4+ T cell depletion [76]. 
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HIV-1 HIV-2 

SIV    
pathogenic 

SIV 
non-pathogenic 

Viral load High Low in LTNPs High High 

CD4+ T cell depletion 
in the gut 

+++ n.d. +++ +++ 

Th17 cells Affected n.d Affected Intact 

Recovery of CD4+ T 
cells in the gut 

- n.d. - + 

Viral load High Low in LTNPs High High 

Recovery of CD4+ T 
cells in the gut 

- n.d. - + 

Viral load High Low in LTNPs High High 

Microbial 
translocation 

+++ +++ +++ + 

Systemic immune 
activation 

+++ + +++ + 

CD4 decline Fast Slow Fast - 

T cell apoptosis +++ Low +++ Low 

T cell exhaustion +++ - +++ - 

Resting memory         
B cell depletion 

++ n.d. ++ n.d. 

Neutralizing Abs +/- ++ n.d. - 

T helper cell function Declined Maintained Low Low 

Cytotoxic T 
Lymphocyte  function 

+ + Low Low 

 

Table 1. Comparison of HIV-1 infection with HIV-2 and pathogenic and non-
pathogenic SIV-infection. [61, 62, 67, 77]. LTNP: Long term non progressors. n.d, not 
determined. IFN, Interferon.+++elevated; ++/+intermediate; -low. 
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2.2 T CELL DEPLETION IN THE GUT AND MICROBIAL TRANSLOCATION  

As AIDS patients suffer from enteric infections and frequent diarrhea, early 

studies showed immune alterations in the gastrointestinal tract with loss of         

Th cells and bacterial colonization [78, 79]. The loss of CD4+ T cells was observed 

not only in patients with AIDS but also during early HIV-1 infection [80]. Further 

studies of acute HIV-1/SIV infections confirmed that the major pathogenic event 

occurring in early HIV-1 infection is the rapid and profound depletion of CD4+ T 

cells from the gut [81-83]. The GALT is the largest lymphoid tissue of the body and 

comprises a majority of memory CD4+ T cells expressing CCR5, the HIV-1 co-

receptor. The massive CD4+ T cell depletion in the GALT during acute HIV-1 

infection may also partly explain the reduction of the viral load to its set-point by 

lowering the availability of target cells for HIV-1 replication [67].  

 

2.2.1 Mucosal damages in the early phase of HIV-1 infection 

Changed in intestinal bacteria and increased of inflammation are thought to arise 

early during HIV-1 infection [84]. A recent study showed that in the acute stage of 

HIV-1 infection, before the viral set-point, an infiltration of both CD4+ and CD8+ T 

cells occurs in the duodenum [85]. Consistent with the activated phenotype of the 

CD4+ T cells rendering them prone to activation-induced apoptosis, their 

frequency and density are subsequently decreased during chronic HIV-1 infection. 

Indeed, activated memory CD4+ T cells are the direct targets for HIV-1, and the T 

cell depletion observed in the GALT has been attributed mainly to HIV-1 and to  

virus-induced Fas-mediated apoptosis [86-88] (see below section 2.4.1). A large 

proportion of the CD8+ T cells present early during acute infection is expressing 

perforin, an important molecule for their cytotoxic activity [85]. A correlation was 

found between the number of perforin-positive CTLs and the frequency of 

apoptotic epithelial cells, linking the CD8+ T cell response during acute HIV-1 

infection to the observed mucosal damage [85]. Pro-inflammatory cytokines, such 

as TNF, IL-1 and IL-12 were also found at higher levels in GALT from HIV-1 

infected individuals during acute infection as compared to uninfected individuals, 

with an increase of  CD8+ T cells expressing granzyme, but not perforin [51]. 

Importantly, the intestinal functions measured during acute and chronic HIV-1 

infection are similar but altered as compared to uninfected individuals: lower 

resistance, symptomatic of a lower thickness, and increased permeability possibly 

leading to the passage of microbial products into the circulation [85]. These 

results are in line with the previously observed decreased expression of genes 

involved in the epithelial barrier maintenance in primary HIV-1/SIV infection [89, 
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90]. The importance of mucosal barrier alterations for HIV-1 pathogenesis was 

established by the correlation of microbial translocation with the immune 

activation occurring in HIV-1 infected patients [58]. Higher levels of LPS, a 

component of bacterial cell walls with a strong immuno-stimulatory effect, are 

found in chronically HIV-1 infected individuals as compared to controls. Notably, 

LPS levels inversely correlate with CD4+ T cell counts [91] and are also associated 

with CD8+ T cell activation (CD38+HLA-DR+ phenotype) [58]. The mechanisms of 

LPS immuno-modulation act on monocytes and macrophages and induce their 

release of soluble CD14 (sCD14). Accordingly, levels of sCD14 are increased 

during HIV-1 chronic infection [92] and correlate with LPS levels [58].  

Adaptive immune responses are mounted to neutralize LPS activity and 

endotoxin-core antibodies (EndoCAb) are present in patients suffering sepsis, a 

condition in which acute microbial translocation occurs [93]. Plasma EndoCAb 

levels during HIV-1 infection are surprisingly lower as compared to uninfected 

individuals, and inversely correlate with LPS levels in non-treated patients [58, 

91], possibly as a result of B cell dysfunctions (see below). Bacterial 16S ribosome 

DNA (16S rDNA) is also a marker for microbial translocation, which is found to be 

elevated in the plasma from HIV-1 infected as compared to uninfected individuals. 

Bacterial 16S rDNA levels are associated with higher CD8+ T cell activation and 

lower CD4+ T cell recovery after ART during HIV-1 infection [94, 95]. 

Importantly, SIV pathogenic infection of RMs induces mucosal damages and 

immune activation that are not observed in SIV-infected SMs [58, 96]. The disease 

progression of HIV-1 infected individuals and their mortality has also been 

associated with the levels of circulating LPS and/or sCD14, further confirming the 

importance of microbial translocation in HIV-1 pathogenesis [54, 97-100]. 

Moreover, the microbial translocation measured by LPS, sCD14, EndoCAb or 16S 

rDNA, is not totally normalized after ART initiation and is associated with lower 

CD4+ T cell recovery [58, 95, 101, 102]. 

 

2.2.2 Imbalance of T helper cells during HIV-1 infection 

If the infiltration of perforin-expressing CD8+ T cells can explain the mucosal 

damages occurring in early HIV-1/SIV infection, the persistence of the epithelial 

barrier alterations cannot be similarly attributed to CTLs as these cells have been 

shown to lose their perforin expression during acute and chronic infection [85, 

103, 104]. There is, however, an association with CD4+ T cell depletion and 

epithelial functions in the gut [89]. Additionally, studies on mucosal tissue from 

SIV-infected SM suggest that Th17 helper T cells could play a role in HIV-1 
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pathogenesis [72]. CD4+ T helper cells are categorized by their cytokine profile, 

responsible for different regulation of the immune responses against pathogens 

(Table 2). Th1 and Th2 helper T cells regulate immune responses against 

intracellular infections and parasites respectively [105]. Th1 cells, by producing 

IFN-, promote cellular responses that enhance CD8+ T effector cells activation. 

The cytokines produced by Th2 cells favor, on the other hand, humoral immunity 

by activating B cell responses. Th17 cells, producing IL-17, IL-21 and IL-23, are 

important for mucosal immunity against extracellular pathogens [106].  

 

 Cytokine profile Function Localization 

Th1 IFN- Intracellular infection Ubiquitous 

Th2 IL-4, IL-5, IL-13 
Humoral immunity against 

parasites 
Ubiquitous 

Th17 
IL-17, IL-21, 

IL-22, IL-26 

Mucosal immunity against 

extracellular pathogens 
Mucosa 

Tfh* IL-21 Humoral immunity 
Lymphoid Tissues, 

Germinal centers 

Treg** TGF-, IL-10 
Suppression of immune 

responses 
Ubiquitous 

 

Table 2. Cytokine profile and functions of CD4+ T helper cells. *Follicular T helper cells; 
**Regulatory T helper cells; IL, interleukin; TGF, transforming growth factor. 

 

Th17 cells are selectively depleted from the GALT and peripheral blood of HIV-1 

infected individuals [73, 107, 108]. Additionally, Th17 cells are also affected in 

pathogenic SIV-infection, whereas their levels remain similar in non-pathogenic 

SIV-infection as compared to uninfected animals [72, 73]. Of note, long-term non 

progressors (LTNPs), rare HIV-1 infected individuals who control HIV-1 

replication without ART, have higher levels of circulating Th17 cells than normal 

progressors [109] and display similar mucosal Th17 numbers as compared to 

uninfected individuals [110]. These high levels of Th17 in LTNPs and non-

pathogenic SIV-infection are associated with an intact mucosa and low microbial 

translocation. The mechanisms may possibly involve the secretion of IL-17 and  

IL-22 by Th17 cells, which have been shown to modulate the proliferation of 

epithelial cells and their up-regulation of antimicrobial protein production [106]. 

Also, the CD4+ T cell reconstitution in the GALT in HIV-1 infected patients under 

ART was associated with the presence of Th17 cells [111]. 
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Another Th cell population thought to play a role in HIV-1 pathogenesis is the 

regulatory T helper cells (Treg). Treg are characterized by the expression of the 

forkhead family transcription factor Foxp3, but to study these cells is a challenge 

since a specific lineage marker has yet not been identified on their surface. 

Ongoing work is being carried out to better identify this discrete population of 

helper T cells and their possible functions during HIV-1 infection [112]. In vitro 

depletion of Treg cells from PBMCs suggests a suppressive role of these cells on 

HIV-specific T cell responses. However, Treg cells have been shown to be 

progressively depleted during the course of HIV-1 infection, and their levels to 

correlate with disease progression [113]. A more recent study found opposite 

results, demonstrating increased levels of Treg cells among CD4+ T cells to 

correlate with disease severity [114]. Although their role remains elusive during 

HIV-1 pathogenesis, the balance between Treg and Th17 cells has been shown to 

be altered in HIV-1 infected patients as compared to uninfected and HIV-1 

infected elite controller individuals who exhibited low levels of viremia              

(<50 copies/ml of blood) despite no treatment [115, 116]. Further studies 

characterizing both Th17 and Treg cells are needed to clarify their importance in 

the pathogenesis of HIV-1 infection [117-119]. 

 

2.3 T CELL EXHAUSTION DURING HIV-1 INFECTION 

The CD4+ T cell depletion is associated with the level of immune activation, 

probably induced, at least partially, by the microbial translocation from the gut. In 

parallel, recent studies have pointed out another consequence of T cell activation 

during HIV-1 infection, namely T cell exhaustion [120-122]. Exhausted T cells are 

characterized by modifications in the co-stimulatory receptor expression, lower 

cytokine release and lack of proliferative capacity, i.e. replicative senescence 

[123].  

Although, functional correlates of CTL-mediated protection remain to be further 

defined, there are evidences suggesting that HIV-1 specific T cell responses are 

important in the course of the disease. The peak of HIV-1 specific CD8+ T cells is 

concomitant with the decrease of viral load to its set-point. Also, the association of 

better viral control in individuals with particular HLAs or strong Gag-specific CTL 

responses shows the importance of cellular responses during HIV-1 infection [55, 

56]. A better understanding of the mechanisms leading to T cell exhaustion may 

lead to innovative treatment promoting a stronger HIV-1 specific T cell response. 
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2.3.1 Ageing of the immune system and CD28 expression 

Lack of replicative capacity following sustained in vitro stimulation of cells is an 

old observation.  The history of a cell replication has been shown to be reflected 

by the length of the telomeres, which are repetitive DNA sequences found at the 

ends of a chromosome and aimed at protecting it from degradation or fusion with 

other chromosomes. Decreased telomere length, as well as replicative senescence, 

arises also in vivo, in animal models of chronic infection [124]. The relevance of 

this phenomenon has been demonstrated by the study of cells isolated from 

centenarians, whose T cells displayed an inability to proliferate, a decrease length 

of their telomeres and phenotypic alterations when compared to cells from young 

individuals [125].  Importantly, the loss of CD28 expression on T cells upon ageing 

is associated with a higher susceptibility to infection and lower responses of 

elderly to vaccination [126, 127].  

CD28, part of the Ig superfamily, is a crucial co-stimulatory molecule, expressed on 

the surface of the majority of resting naïve CD4+ and CD8+ T cells in human 

peripheral blood. T cell activation usually requires CD28 ligation by CD80/CD86 

on antigen-presenting cells (APC), although high doses of antigens can also lead to 

sufficient TCR stimulation [128, 129]. The CD28 triggering following TCR 

activation induces the expression of anti-apoptotic proteins and enhances 

cytokine production such as IL-2 that, in turn, promotes T cell proliferation [130]. 

On the other hand, sustained T cell activation leads to the down-regulation of 

CD28 expression [123, 131]. CD28- T cells have been shown to have poor 

proliferation capacity, in line with their increased expression of CD57, a marker of 

senescence[132]. In addition to their lower proliferation, in vitro generated CD28- 

T cells have a lower sensitivity to activation-induced cell death (AICD) [133-135]. 

The resistance of CD28- T cells to undergo apoptosis was proposed as a 

mechanism leading to their accumulation with age or under chronic inflammation 

conditions. It has also been shown that a subset of CD8+CD28- T cells have 

suppressive functions [136]. This distinct Treg population, named T suppressors, 

inhibits Th proliferation by acting on APCs. 

Similarly to elderly, HIV-1 infected individuals display lower CD28 expression on 

T cells [137-139]. A negative association between markers of disease progression, 

such as high 2-microglobulin levels, and numbers of circulating CD8+CD28+ T 

cells in HIV-1 infected patients also suggests the involvement of the increased 

proportion of CD8+CD28- T cells in HIV-1 pathogenesis[138]. Those CD28- T cells 

have shorter telomeres and poor proliferative capacity [137]. Recently, CD57 

expression was suggested as a better marker for impaired proliferation of HIV-1 
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specific CD8+ T cells [140]. However, these CD8+CD57+ T cells were also more 

prone to apoptosis, contrasting with previous data suggesting a resistance to AICD 

of senescent T cells. The loss of CD28 on T cells from HIV-1 infected patients was 

also associated with a decreased expression of IL-7 receptor  (IL-7R) [141], 

suggesting an increased susceptibility to apoptosis (see below). Additionally, 

CD8+CD28- T cells from HIV-1 infected individuals, rather than being suppressors 

T cells, induce DC activation and are therefore likely to be participating in the 

induction of chronic immune activation [142]. More studies are needed to 

elucidate the precise role of CD28- T cells in HIV-1 infection and understand the 

mechanisms underlying their accumulation. 

 

2.3.2 Markers of T cell exhaustion 

Negative immune regulation occurs through the appearance of Tregs, soluble 

factors and the expression of inhibitory receptors on T cells. T cell exhaustion is a 

consequence of chronic inflammation, and results from the accumulation of 

inhibitory receptors associated with impaired effector functions [123]. Those 

negative immune regulators are also found on T cells during HIV-1 infection [122], 

and thus may also contribute to the immune deficiency observed in patients, 

measured by the increased susceptibility to pathogens and decreased efficacy of 

vaccines [143]. 

Following T cell activation, CD28 expression is down-regulated while the 

expression of programmed death (PD)-1 and cytotoxic T-lymphocyte antigen 4 

(CTLA-4) increases. These proteins are inhibitory molecules and have been shown 

to play an important role in HIV-1 infection [144]. Despite being up-regulated on 

HIV-1 specific CD4+ T cells and associated with markers of disease progression, 

the blockade of CTLA-4 in SIV-infection did not show any beneficial effects [144]. 

PD-1 expression is increased on both CD4+ and CD8+ HIV-1 specific T cells in 

association with T cell exhaustion and disease progression [145-147]. Also, the 

blockade of PD-1 leads to the restoration of HIV-1 specific T cell responses in vitro. 

PD-1 expression on CD8+ T cells from HIV-1 infected individuals was associated 

with spontaneous and Fas-mediated apoptosis [148]. Animal models of SIV-

infection also confirmed the role of PD-1 in T cell exhaustion. The inhibition of PD-

1 signaling leads to a lower viremia and an increased survival of the infected 

animals, associated with improved SIV-specific immune responses [77]. On the 

other hand, a study on non-pathogenic SIV-infection revealed that PD-1 is 

expressed on T cells early on and may thus participate in the resolution of the 

immune activation occurring during acute infection [74]. 
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Recent publications have identified other inhibitory molecules that also contribute 

to T cell exhaustion. T cell immunoglobulin and mucin domain-containing 

molecule-3 (Tim-3) expression on CD4+ and CD8+ T cells correlates with viral 

load, levels of CD38+ cells and lower CD4+ T cell counts [149]. Tim-3 positive cells 

also display impaired effector functions as measured by cytokine production and 

proliferation. Tim-3 blockade also ameliorates proliferation of both CD4+ and 

CD8+ HIV-1 specific T cells [149].  

The co-expression of several inhibitory receptors leads to a greater degree of T 

cell exhaustion as shown in chronic infection in mice and humans [123]. These 

results are also confirmed during HIV-1 infection. Indeed, the expression pattern 

of PD-1 with CD160 and 2B4,  other inhibitory receptors found at increased levels 

during chronic infection, is associated with T cell exhaustion in HIV-1 infected 

individuals [150]. CD8+ T cells expressing only 2B4 display higher effector 

functions than cells expressing 2 or 3 of those inhibitory receptors (Table 3). 

Similarly, signaling inhibition by several inhibitory receptors induces a greater 

proliferation and cytokine production [150]. 

 

Table 3. T cell exhaustion during HIV-1 infection. 

 

Notably, the interaction between the pathogen and the host is important for CD8+ 

T cell differentiation and exhaustion. Although similar during the acute phase of 

the infection, the phenotype of memory CD8+ T cells differs according to the 

infecting viruses in the chronic infection [151]. Based on CD28 and CD27 

expression, 3 stages of memory T cell differentiation are defined: CD28+CD27+ for 

early, CD28-CD27+ for intermediate and CD28-CD27- for late differentiation. 

 

      
 
 
 
 
 
                       

 

IFN- +++ +++ ++ +/- +/- 

TNF +++ ++ + +/- - 

CTL +++ ++/- + +/- - 

IL-2 + +/- - - - 

Proliferation +++ ++ + +/- - 

Apoptosis - - - +/- ++ 

 
 

 
 

 
 

 
 

 
 

 
 

CD4 help  

2B4 PD-1 
CD160 

Viral load / Time 
Effector 
Memory 
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While most Epstein-Barr virus (EBV)- and hepatitis C virus (HCV)-specific CD8+ 

memory T cells display a phenotype of early differentiation with great ability to 

proliferate, CMV-specific cells have a greater cytotoxic potential with a phenotype 

of late differentiation in patients during the chronic phase of infection. HIV-1 

specific CD8+ T cells displayed an intermediate phenotype, expressing CD27 but 

lacking CD28 molecule [151]. The expression of inhibitory receptors also varies 

depending on the differentiation stage of T cells [150].  When comparing the 

expression of PD-1, 2B4, and CD160 on T cells from the same patient, HIV-1 

specific CD8+ T cells exhibit higher levels of those 3 inhibitory receptors than 

CMV-specific CD8+ T cells. The initiation of ART induces a decreased expression of 

PD-1, confirming previous data [145, 147, 150]. CD160 expression, but not 2B4, 

was also lower on HIV-1 specific CD8+ T cells after ART [150]. Consistent with an 

improved immunological system of HIV-1 infected individuals under ART; CMV-

specific CD8+ T cells also displayed lower inhibitory receptor expression.  

HIV-1 infected individuals are often affected by other pathogens, such as HCV, 

mycobacterium tuberculosis, or parasites [152-154]. Further studies dissecting 

the importance of memory T cell responses and the influence of co-infections are 

required for the elucidation of the mechanisms underlying the detrimental 

interactions between HIV-1 and other pathogens.   

 

2.4 CAUSES AND CONSEQUENCES OF LYMPHOPENIA 

As previously discussed, CD4+ T cells are the main target of HIV-1, and their 

depletion is a correlate of disease progression. CD4+ T cells from the GALT are 

mostly depleted through direct infection by HIV-1 during the acute phase of the 

infection. HIV-1 infects preferentially activated HIV-1 specific CD4+ T cells [155], 

and functional HIV-1 specific CD4+ T cells, with IL-2 secretion and proliferative 

capacity, are lost early in the infection [156, 157]. Yet, non-HIV-1 specific T cells 

are also depleted and exhibit higher susceptibility to apoptosis than cells from 

uninfected individuals, despite the low frequency of HIV-1 infected cells [158, 

159]. CTL responses against HIV-1 are thought to be important as they are 

associated with decreased viremia after primary infection [56]. However, as these 

cells are unable to eradicate the virus, the continuous viral replication, together 

with the microbial translocation induces a systemic immune activation ultimately 

causing the progressive T cell exhaustion and depletion [160]. The exceptional 

regenerative capacity of the immune system is also progressively impaired during 

HIV-1 infection [161],and, together with the persistent cell death, eventually leads 

to AIDS.  
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2.4.1 Mechanisms of T cell depletion  

Early studies showed that T cells from HIV-1 infected patients are more prone to 

cell death as compared to T cells from uninfected individuals [162-165]. Also, 

levels of CD4+ T cell apoptosis are correlated with and CD4+ T cell counts and 

viral load [166] and are linked with HIV-1 disease progression [167]. The 

mechanisms leading to CD4+ T cell depletion are various and involve direct effect 

of HIV-1 replication, killing by CTL T cells, effects of HIV-1 viral proteins and 

bystander apoptosis. The signaling pathways taking place during apoptosis are 

summarized in Figure 2.  

As described previously, the GALT is a major site for HIV-1 replication during 

acute infection with an important infiltration of CD8+ T cells [85]. Similarly, the 

presence of high levels of CD8+ T cells was observed in lymph nodes of HIV-1 

infected individuals [168]. The peak of HIV-1 specific CD8+ T cell response 

coincide with the decrease of the viral load to its set point, suggesting a role for 

CD8+ T cells in the initial suppression of viral replication[55]. A recent study also 

showed an association of HIV-1 specific CD8+ T cells and delayed disease 

progression [169], confirming a beneficial role of cellular response against HIV-1 

[55]. This data, together with the low frequency of HIV-1 infected CD4+ T cells, 

suggest that HIV-1 specific CTL responses are unlikely to participate in the 

generalized CD4+ T cell depletion symptomatic of HIV-1 infection.  

During HIV-1 pathogenesis, the molecules involved in apoptosis are profoundly 

dysregulated. Indeed, the death receptor Fas has been shown to be up-regulated 

on both CD4+ and CD8+T cells from infected patients, and linked to their depletion 

[170-173]. Other death receptors, the tumor necrosis factor receptors (TNFR) are 

also implicated in T cell apoptosis  and the levels of pro-apoptotic molecule Bcl-2 

are altered during HIV-1 infection [171, 174]. During HIV-1 infection, the 

apoptotic signaling pathways are altered by HIV-1 replication and inflammatory 

cytokines. The bystander apoptosis of T cells has also been shown to play an 

important role as I will describe in further detail in the following sections. 

 

2.4.1.1 Direct and indirect effects of HIV-1  

The direct infection of CD4+ T cells by HIV-1 can lead to their cell death by the 

disruption of the cell membrane caused by the virus budding, or by the cellular 

toxicity induced by the accumulation of RNA/DNA and proteins from the virus 

[175]. Also the expression of Env proteins on the surface of infected cells allows 

the binding to another cell expressing the CD4 molecule through a virological 

synapse, leading to cell-to-cell fusion and the formation of giant multinucleated  
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Apoptosis or programmed cell death is an active and highly regulated process which occurs at 
several stages in multicellular organisms: embryo development, homeostasis, immune cell 
regulation, cell damage (e.g. stress, DNA damage) or infection. Cells undergoing apoptosis stop 
their protein synthesis, expose phosphatidylserine on their membrane; their mitochondria 
become dysfunctional and chromatin condensation and DNA fragmentation is initiated. The 
apoptotic cell shrinks and blebs appear at the surface before the cell breaks up into smaller 
apoptotic bodies. The membrane protein expression of apoptotic cells is modified to facilitate 
phagocytosis for degradation without eliciting inflammation (Review [176]) 
Apoptosis occurs either in a receptor-dependent (the extrinsic pathway), or in a non-receptor-
dependent way (the intrinsic pathway). Besides apoptosis, other types of cell death have been 
defined by morphological criteria, such as necrosis or autophagy.  
To date there are eight identified death receptors (DR); DRs belong to the tumor necrosis factor 
(TNF) receptor superfamily and are characterized by a common extracellular cysteine rich domain 
and an intracellular globular protein interaction domain called death domain (DD). All DR ligands 
function in an endocrine or paracrine manner, and upon binding cause a trimerization of their 
respective receptors, which is required for apoptosis. The triggering of DRs results in the 
formation of death-inducing signaling complex (DISC) within seconds of receptor engagement. The 
DISC contains caspases, which are cysteine proteases that specifically cleave their target sites after 
aspartic acid residues. Autoproteolytic processing of caspases-8 and -10 (initiator caspases) leads 
to their activation and release from the DISC. Thus, a cascade of caspase activation occurs, 
resulting to the proteolytic processing of caspase-3 which is the main apoptotic effector. 
The death receptor pathway is connected to the intrinsic pathway via the cleavage of the protein 
Bid by caspase-8. Truncated Bid (tBid) then translocates to the mitochondria, promoting 
apoptosis. The mitochondrial or intrinsic pathway also leads to caspase-3 activation. Three classes 
of proteins act upstream the mitochondria. The anti-apoptotic proteins, so-called Bcl-2 like (e.g. 
Bcl-2, BclXL, Bfl-1), interact with the pro-apoptotic proteins of the Bax-like family (Bak, Bad, Bid, 
BclXS) in order to inhibit their function. BH3-only proteins (e.g. Bim, Bmf) form the third class. 
After a stress, pro-apoptotic proteins are released from the anti-apoptotic proteins and cluster on 
the mitochondrial membrane to form pores. Followed by its release from the mitochondria, 
Cytochrome C (CytC) acts on APAF-1, leading to caspase-9 recruitment and formation of the 
apoptosome to finally activate caspase-3. 

 

 

 

Figure 2. Mechanisms of apoptosis  
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cells called syncytia. Syncytia are not a stable form of living cell and rapidly 

undergo apoptosis through the mitochondrial pathway and are therefore hardly 

detectable in HIV-1 infected patients [175, 177]. HIV-1 proteins have been shown 

to differently impact on the faith of infected cells by regulating molecules involved 

inthe apoptotic signaling pathway. The Env protein can induce cell death via 

different mechanisms activating the mitochondrial pathway [178].Infected cells 

also up-regulate Fas and Fas ligand (FasL) expression through the effect of Nef, 

whereas Vpu enhance the sensibility of the cell to Fas-mediated apoptosis. Nef 

protein, as well as Vpr and the HIV-1 protease induce the activation of caspase-3, 

an effector molecule of apoptosis. Bcl-2, an anti-apoptotic molecule, is a substrate 

of HIV-1 protease, and its expression is modulated by Tat [175]. While HIV-1 

proteins impact on the survival of infected cells, in vivo data suggest that HIV-1 

replication has little cytopathic effect [179]. Indeed the low levels of infected cells 

observed in the patients cannot explain the high susceptibility of their leukocytes 

to undergo apoptosis [158]. Additionally, CD8+ T cells that are not infected by 

HIV-1 are also prone to apoptosis.  

A role for non-infectious virions in T cell apoptosis has been suggested for the 

understanding of the discrepancy between the low rate of infected cells in vivo, on 

one hand, and the high levels of apoptosis associated with HIV-1 viral load on the 

other [180, 181]. Importantly, it has been shown that abortive infection also leads 

to T cell apoptosis [182]. Additionally, with high levels of viral replication, high 

quantities of circulating HIV-1 proteins are present in the host tissues either 

directly released from infected cells or on the surface of HIV-1 virions, and could 

contribute to the apoptosis of all T cell subsets. Indeed, HIV-1 proteins have been 

shown to directly affect immune cells, participating in their activation and/or 

depletion [175, 177, 183]. Soluble and membrane-bound gp120 has been shown 

to induce pro-apoptotic pathway by the up-regulation of Fas/FasL, tumor necrosis 

factor (TNF) and TNR-related apoptosis-inducing ligand (TRAIL) on non-infected 

cells. Similarly, other HIV-1 proteins, such as Tat, also induce Fas/FasL expression 

and interact with Bim, a pro-apoptotic molecule that binds Bcl-2 [184], thus 

promoting cell apoptosis. 

 

2.4.1.2 Cytokine dysregulation during HIV-1 infection 

Cytokines are important molecules for T cell functions but also for regulating 

apoptosis. The balance of Th1/Th2 cytokines is important in vitro but conflicting 

data are available on their role in HIV-1 pathogenesis [173, 185, 186]. While IFN-, 

a Th1 cytokine, and IL-12, which favors Th1 responses, rescue T cells from HIV-1 
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infected patients, Th2 cytokines (IL-4 and IL-10) increase their susceptibility to 

undergo apoptosis [173]. TNF, a pro-apoptotic cytokine, is also thought to play a 

role in HIV-1 pathogenesis, as previously mentioned; however, the limited results 

of anti-TNF therapy question its relevance during the infection [187]. IL-10, which 

showed a potential in suppressing inflammatory cytokines, such as IFN-, TNF or 

IL-6, was tested for the treatment of HIV-1 infected individuals and also failed to 

impact beneficially on the CD4+ T cell counts or the viral load [188]. Other 

cytokines influencing the survival of T cell and studied in the context of HIV-1 

infection are IL2, IL-7, IL-15 and IL-21, part of the -chain cytokine family [189, 

190]. IL-2 is a central cytokine engaged in T cell differentiation, proliferation and 

survival. IL-2, directly secreted by activated T cells, induces the up-regulation of 

Bcl-2, but displays both pro- and anti-apoptotic effects depending on the context. 

In clinical trials, IL-2 treatment of HIV-1 infected patients induced an increase of 

CD4+ T cell counts. Nevertheless, data failed to show a decrease in mortality and 

opportunistic infection in the cohort of IL-2 treated patients [191]. The absence of 

CD4+ T cell recovery in the gut of IL-2 treated HIV-1 infected patients may explain 

the absence of long term beneficial effects of IL-2 therapy [192].  IL-15 shares 

many biological effects with IL-2;  and, although non consistently, IL-15 serum 

levels and production by stimulated PBMCs were reported to be dysregulated 

during HIV-1 infection [190]. Treatment of SIV-infected RM with a combination of 

ART and IL-15 showed an increase of SIV-specific and total CD8+ T cell responses. 

CD4+ T cells at the mucosa remained unaffected by IL-15 treatment and a 

detrimental effect of IL-15 was observed, delaying viral suppression induced by 

ART [193]. IL-7 is an important cytokine for T cell homeostasis. Through the 

regulation of the protein members of the Bcl-2 family, IL-7 influences T cell 

survival [194]. Levels of IL-7 are elevated during HIV-1 infection, in association 

with low CD4+ T cell counts, i.e. lymphopenia [38, 141, 195, 196]. HIV-1 patients 

treated with IL-7 also showed an improvement of their CD4+ T cell counts [197]. A 

detailed description of IL-7 regulation and the involvement of this cytokine in the 

pathogenesis of   HIV-1 infection will be presented below. Of note, recent data on 

IL-21 treatment of chronically SIV-infected RM [198]. IL-21 is rather a co-

stimulating cytokine than a survival factor. IL-21 plasma levels are low in HIV-1 

infected individuals as compared to uninfected individuals and ART leads to 

increase IL-21 levels [199-201]. The ability to produce IL-21 by T cells has been 

associated with better CTL responses in HIV-1 infected patients and relative 

control of viral load [202-204]. Furthermore, IL-21 treatment of SIV-infected 

animals enhances the functions of both CD4+ and CD8+ T cells, although their 

numbers were unchanged [198].  
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2.4.1.3 Bystander apoptosis 

The importance of HIV-1 proteins in the observed T cell apoptosis is also 

confirmed by the findings that ART induces a decreased level of cell death in HIV-1 

infected patients [35]. However, spontaneous CD3- and Fas-mediated apoptosis of 

both CD4+ and CD8+ T cells from ART-treated patients with undetectable viremia, 

remain at higher rates as compared to T cells isolated from uninfected donors 

[205]. Additionally, despite high levels of viremia, apoptosis of CD4+ T cells is not 

observed in non-pathogenic SIV-infection [206-208]. These studies point out that 

the state of lymphocyte activation is crucial in the propensity of T cells to undergo 

apoptosis, further confirming a role for the chronic immune activation, rather than 

the direct effect of HIV-1 replication, in T cell depletion [159]. Therefore, T cell 

apoptosis during HIV-1 infection may be likely to occur through AICD. This 

mechanism of apoptosis occurs few days after a T cell has been activated through 

its T cell receptor (TCR) and is essential for the homeostasis of the immune 

system after the clearance of an infection. AICD occurs through Fas as this 

molecule is up-regulated upon T cell activation. The described activated 

phenotype of T cells found in HIV-1 infected patients and the association of these 

markers of activation with cell death favor this hypothesis [209]. 

 

2.4.2 Consequences of Lymphopenia, the role of IL-7 

As T cells are depleted by direct and mostly indirect effects of HIV-1 replication 

and the consequent immune activation, homeostatic mechanisms are taking place 

to replace those immune cells. The thymus is the organ where T cell progenitors 

mature before being exported in the periphery as recent thymic emigrants (RTEs). 

Additionally, peripheral homeostatic signals induce the expansion of the T cells 

and thus the maintenance of T cell numbers and a broad T cell repertoire[210].  

During the thymic development of T cells, TCR rearrangement occurs at the 

chromosome level and, as a by-product, TCR excision circles (TRECs) are 

produced. TRECs are small episomal DNA not replicated during cell division. 

Therefore, the measure of TRECs reflects the replicative history of T cells and is 

used also to quantify the thymic output, i.e. the production of new naïve T cells 

[211]. Study of T cells from HIV-1 infected patients showed that TREC levels are 

decreased, suggesting that the rapid T cell turn-over observed is not fully 

compensated by RTEs [212, 213]. The low RTE levels have been shown to be the 

consequence of impaired thymic proliferation, which begins early during HIV-1 

infection [212]. With the initiation of ART, the thymic functions are recovered and 

participate to the CD4+ T cell repletion [161, 212, 214, 215].  



 

  25 

The selection of T cells in the thymus is governed by the recognition at low affinity 

of the major histocompatibility complex (MHC) associated with a self-peptide by 

the TCR. In addition to this MHC-peptide, the T cells receive signals from 

cytokines, especially IL-7 [216, 217]. These signals are also vital for T cell survival 

in the periphery but do not induce cell division in healthy condition. The access to 

secondary lymphoid tissues has been shown to be important for naïve CD4+ T 

cells to get survival signal, probably due to the presence of fibroblastic reticular 

cells (FRCs) producing IL-7 [216].  

 

2.4.2.1 Regulation of IL-7 levels during HIV-1 infection 

Besides FRCs, other cell types have been shown to produce IL-7, such as stromal 

cells, intestinal epithelial cells, keratinocytes, follicular DCs, smooth muscle and 

endothelial cells [194]. During lymphopenia, such as experienced by HIV-1 

infected individuals, the levels of IL-7 are increased [195, 196, 218, 219] and 

correlate with the CD4+ T cell counts. The high IL-7 levels observed in 

lymphopenic conditions are thought to arise from the accumulation of the 

cytokine due to a lack of consumption [220]. However, IL-7 production by 

keratinocytes and human intestinal cells has been shown to be increased by IFN- 

[221, 222]. Additionally, IL-7 production in lymphoid tissue has also been shown 

to be increased during HIV-1 infection, as a result of T cell depletion, suggesting a 

potential feedback mechanism [38]. In contrast, a recent study demonstrated the 

destruction of FRC network in lymphoid tissues during lymphopenic conditions, 

resulting in decreased IL-7 production [223].  As IL-7 production arises from 

multiple sources, further studies are needed to elucidate how IL-7 levels are 

regulated during HIV-1 infection. 

 

2.4.2.2 IL-7R expression during HIV-1 infection 

IL-7 is needed at different stages of T cell differentiation: during thymopoiesis and 

T cell maturation, survival of naïve T cells, T cell activation, and memory T cell 

generation [220]. IL-7 signaling induces T cell survival by the up-regulation of Bcl-

2 and BclXL, important anti-apoptotic molecules, and proliferation [224]. The 

receptor for IL-7 is a heterodimer composed of IL-7R and the -chain, common to 

all -chain cytokine family members. Naïve T cells express IL-7R constitutively 

whereas TCR signaling induces its down-regulation [224]. Memory T cells are 

heterogeneous in terms of IL-7R expression with the highest levels found on 

central memory T cell subset (TCM) as summarized in Table 4 [225].  
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 Naive Effector (TE) 
Effector 

Memory (TEM) 
Central 

Memory (TCM) 

CD62L High Low Low High 

CCR7 High Low Low High 

CD27 High 
Low/ 

Intermediate 
Low/ 

Intermediate 
High 

CD127 High Low 
Low/ 

Intermediate 
High 

Bcl-2 Intermediate Low Intermediate High 
 

Table 4. Phenotype of T cells during their differentiation. 

 

Levels of IL-7R on T cells are also modulated by the presence of the cytokine as 

demonstrated by the down-regulation of IL-7R expression on T cells cultured in 

the presence of IL-7 [226]. This mechanism may occur during HIV-1 infection as T 

cells from HIV-1 infected patients exhibit lower IL-7R levels as compared to 

uninfected individuals [141]. Other studies, however, failed to establish a link 

between IL-7 levels and IL-7R expression during HIV-1 infection [227-229]. 

Additionally, while IL-7 treatment leads to a transient IL-7R lower expression in 

vitro, T cells from HIV-1 infected individuals do not recover IL-7R expression 

upon culture in the absence of the cytokine, pointing out further regulatory 

mechanisms of  IL-7R expression prevailing during HIV-1 infection [141]. Among 

those, the HIV-1 protein Tat has also been proposed to induce IL-7R down-

regulation [230]. Although the mechanism of IL-7R down-regulation remains to 

be clarified, the T cells of HIV-1 infected individuals with low IL-7R expression 

also exhibited lower levels of Bcl-2, associated with increased susceptibility to 

apoptosis [227], and inability to respond to IL-7 treatment in vitro [231]. Lower 

IL-7R expressing T cells, particularly in the CD8+ T cell population may arise 

from the expansion of effector T cells [228]; in line with the observed association 

of immune activation with the low IL-7R expression on T cells [39]. 

Furthermore, T cells from HIV-1 infected individuals under ART, recover IL-7R 

expression and respond similarly as controls to IL-7 treatment in vitro, measured 

by proliferation and Bcl-2 up-regulation [232]. Importantly, CD4+ TCM expressing 

IL-7R associated with robust proliferation and IL-2 production, are thought to 

contribute to controlling HIV-1 infection, and their loss correlates with immune 

activation and T cell depletion [39]. The importance of IL-7R was recently 

confirmed when an association between its expression and the recovery of CD4+ 

T cells upon ART was showed [233]. 
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2.4.2.3 Effects of IL-7 

As previously described, IL-7 stimulates T cell proliferation and survival. 

Consequently, IL-7 treatment of HIV-1 infected individuals has been shown to 

ameliorate the CD4+ T cell recovery in combination with ART [197]. Additionally, 

IL-7 levels were associated with increased levels of immature transitional B cells 

(CD10+) during HIV-1 infection [234]. The impact of IL-7 on B cell development 

was further confirmed by similar associations found in patients suffering idiopatic 

CD4+ lymphocytopenia [235]. Furthermore, IL-7-treatment in humans enhanced 

the numbers of transitional B cells [236]. 

During HIV-1 infection, high levels of IL-7 are preferentially found in patients with 

low CD4+ T cell counts [237]. The mechanisms for such discrepancy are thought 

to arise from the inability of T cells to consume IL-7 as a consequence of low 

receptor expression or to an increased production of IL-7. Nevertheless, it has also 

been shown that high IL-7 may have detrimental effects on T cells. Indeed, Fas 

expression on T cells was found to be induced by IL-7 treatment in vitro and in 

vivo [238]. IL-7 levels in HIV-1 infected individuals also correlated with the 

increased Fas expression and the associated susceptibility to Fas-mediated 

apoptosis of T cells. On the other hand, the increase of Fas expression has been 

shown to act as a co-stimulatory signal for T cell proliferation under suboptimal 

TCR activation [239]. The T cell proliferation induced by Fas co-stimulation was at 

higher levels than the measured apoptosis.  These results suggest that IL-7 may 

act on T cell peripheral homeostasis, lowering the threshold of T cell proliferation, 

and thus might participate in the T cell depletion through AICD observed during 

HIV-1 infection. Furthermore, a new role was proposed for IL-7 regulation of B 

cell apoptosis [240]. As mature B cells lack the expression of IL-7R, IL-7 acts on B 

cells through the release of IFN- from T cells. IFN- induces the up-regulation of 

Fas expression on B cells, rendering them more susceptible to Fas-mediated 

apoptosis [240]. This mechanism may enlighten some of the B cell dysregulations 

observed during HIV-1 infection as I will now discuss.  
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2.5 CHRONIC ACTIVATION OF B CELLS AND MEMORY B CELL LOSS 

Similarly to T cells, B cells from HIV-1 infected individuals display impaired 

functions, a high degree of activation, susceptibility to apoptosis, which eventually 

lead to the loss of memory B cells and serological memory [241]. Still, B cells are 

not susceptible to HIV-1 infection, and the exact mechanisms underlying their 

altered functions remain to be elucidated. 

 

2.5.1 Humoral response against HIV-1 

In the weeks following HIV-1 infection, the immune response induces high levels 

of HIV-1 specific antibodies (Abs) used for diagnostic testing in clinics. The 

antiviral activity of anti-HIV-1 Abs is mediated either by their capacity to 

neutralize the virus (NAbs), and thus preventing HIV-1 entry into target cells, or 

by the induction of effector functions (complement, Ab-dependent cytotoxicity, 

phagocytosis). The passive administration of anti-HIV-1 NAbs conferred 

protection from infection in non-human primates, supporting the necessity of 

NAbs elicitation by an efficient vaccine [11]. Potent NAbs against HIV-1 have been 

isolated from infected individuals, demonstrating the ability of the immune 

response to generate such Abs during the natural course of infection. However, 

these NAbs are not present in the acute phase of the infection when they are most 

needed. Early Ab responses are against non-neutralizing epitopes of the HIV-1 

envelope and when NAbs are formed, the virus escapes rapidly as a consequence 

of the prominent amount of mutations introduced by RT. Therefore, the B cell 

responses against HIV-1 are considered ineffective [241, 242]. Nevertheless, the 

study of memory B cells from HIV-1 infected individuals with high NAbs titers and 

low-to-intermediate viral load, revealed a broad HIV-1 specific memory B cells 

with mutated immunoglobulins [243]. A better understanding of B cell biology, in 

particular at the level of the mucosa, which is the chosen site for HIV-1 

transmission, would reveal new strategies for the development of an efficient 

vaccine against HIV-1. 

 

2.5.2 B cell hyperactivation and exhaustion 

The same year of the discovery that HIV-1 was the causative agent of AIDS, report 

showed an abnormal activation of B cells isolated from infected patients [29].  

HIV-1 infected individuals exhibit high concentrations of circulating IgG, a 

phenomenon known as hypergammaglobulinemia. Further studies have shown 

that activated T cells may contribute to the secretion of high levels of IgG by B cells 
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[244]. During HIV-1 infection, T cells up-regulate CD70, which activates B cells 

through CD27 and leads to a higher IgG production. CD70/CD27 signaling is 

important for B cell differentiation into plasma cells (PCs), leading to the 

production of large amount of Abs [245]. B cells lacking CD27 expression also 

present an increased intracellular IgG content [246]. When looking at CD21 

expression, a complement receptor that is down-regulated during B cell 

activation, it has been shown that B cells from viremic HIV-1 infected individuals 

are enriched with CD21low B cells [42]. Despite displaying low proliferation 

capacity, these CD21low B cells were found to secrete a high amount of IgG and 

have plasmablast features as observed by electron microscopy [42]. With the 

development of multicolor flow cytometry, allowing further dissection of B cells 

into different subsets, the CD21low B cell population displaying plasmablast 

characteristic may likely represent activated memory B cells (CD27+CD21low), a B 

cell subset increased during HIV-1 infection. An accumulation of PCs, based on 

their morphology, has also been reported in the lymphoid compartment of HIV-1 

infected patients, possibly accounting for the hypergammaglobulinemia measured 

in serum [247, 248].  

As described for T cells, the exhaustion of B cells is not surprising in the context of 

HIV-1 infection. In spite of high levels of circulating Igs in the serum of HIV-1 

infected individuals, the capacity of B cells to secrete Ig ex vivo upon stimulation is 

decreased as compared to uninfected individuals [244]. The proliferative 

responses of B cells from HIV-1 infected individuals are also decreased [42]. The 

further study of the CD21low B cell population showed that CD27-CD21low B cells 

express the inhibitory receptor Fc-receptor-like-4 (FCRL4), similarly to human 

tonsilar B cells, and were therefore termed tissue-like memory (TLM) B cells 

[249]. These TLM B cells display lower capacity to proliferate as compared to 

naïve and classical memory B cells, lower epitope diversity and a lower number of 

divisions, suggesting an exhausted state. CD21low B cells are also more susceptible 

to Fas-mediated apoptosis as compared to CD21+ B cells [250]. A recent 

publication confirmed the role of inhibitory receptor expression on B cell 

exhaustion during HIV-1 infection [251]. Following the silencing of inhibitory 

receptors, such as FCRL4 and sialic acid-binding Ig-like lectin 6 (Siglec-6), B cells 

displayed higher proliferation and cytokine release. Importantly, while classical 

memory B cells were seen to comprise influenza-specific memory B cells, this TLM 

B cell population contained most of the HIV-1 specific memory B cells [249]. The 

mechanism behind the skewed HIV-1 B cell responses is yet to be elucidated. 

HIV-1 individuals undergoing ART exhibit decreasing levels of both HIV-1 specific 

and non-specific Abs, with normalization of the hypergammaglobulinemia [252, 
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253]. Consistent with a possible role of HIV-1 in promoting IgG secretion, HIV-1 

protein gp120 has been shown to bind to tonsilar and splenic B cells and to lead to 

their polyclonal activation [254]. HIV-1 gp120 acts directly on B cells through 

mannose C-type lectin receptors (MCLRs), promoting the activation of class-

switch recombination; gp120 also induces B cell-activating factor (BAFF) 

secretion by monocytes, which support the MCLR up-regulation on B cells. The 

HIV-1 protein, Nef, appears to mediate multiple and opposite functions. Nef 

protein expressed on infected macrophages induces the production of ferritin, a 

protein shown to induce B cell activation [255]. Furthermore, IgG levels in HIV-1 

infected individuals correlates with both the levels of ferritin and the viral loads.  

However, it has also been shown that Nef accumulates on B cells and suppresses 

immunoglobulin class-switch DNA recombination through the blocking of the 

CD40 ligand (CD40L) signaling pathway [256]. 

 

2.5.3 Loss of memory B cells and serological memory 

In addition to an activated phenotype, peripheral blood B cells from HIV-1 

infected individuals are also susceptible to apoptosis [159, 257]. Fas expression on 

memory B cells is enhanced during HIV-1 infection and associated with Fas-

mediated apoptosis [258]. Despite high levels of circulating Ig, HIV-1 infected 

patients have a reduced number of classical memory B cells in blood [24, 258]. 

Importantly, the levels of specific Abs and memory B cells against measles and 

tetanus have also been shown to be decreased in HIV-1 infected individuals during 

acute or chronic infection [24]. These results suggest the rapid loss of long-term 

serological memory, defined as circulating antibodies to previously encountered 

pathogens and vaccine antigens, during acute HIV-1 infection[24]. After ART 

initiation, it has been shown that normal levels of memory B cells are restored in 

HIV-1 individuals [259]. These results are contrasted by other publications 

observing lower memory B cells in ART-treated patients, as compared to 

uninfected individuals [41, 258, 260]. However, early initiation of ART in adult and 

children is associated with better memory B cell functions [261, 262].  

It has been also questioned whether the differentiation of B cells into long-lived 

PCs could be affected in HIV-1 infected patients [263, 264]. Indeed, results from 

vaccination studies show that HIV-1 infected individuals are capable of generating 

an early antibody response similar to those of uninfected individuals [265]. 

Nevertheless, the levels of specific Abs are decreased several months after 

immunization in HIV-1 infected as compared to uninfected individuals [266]. 

These results suggest either a defective generation, or an impaired survival of 
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memory B cells and PCs [267]. Supporting this hypothesis, a recent case study 

demonstrated that the levels of total and HIV-1 neutralizing Abs are affected by 

Rituximab treatment, an anti-CD20 monoclonal antibody, which depletes memory 

B cells but not long lived PCs [268]. As a consequence of Rituximab treatment of 

this one HIV-1 infected individual, hypergammaglobulinemia disappeared 

transiently, as well as HIV-1 NAbs. These data confirm that the high levels of 

circulating Igs found during HIV-1 infection are most likely to arise from activated 

B cells as previously discussed, rather than a consequence of increased long-lived 

PCs cells. 

The mechanisms underlying the loss of memory B cells during HIV-1 infection 

remain to be fully clarified. IL-2 signaling has been shown to be important for 

memory B cell survival in ART-treated HIV-1 infected individuals [269]. In the 

absence of IL-2, the transcriptional factor Foxo3a induces the expression of TRAIL 

on memory B cells. As a consequence of TRAIL expression, memory B cells from 

those HIV-1 infected individuals were more susceptible to apoptosis. The addition 

of IL-2, or the silencing of Foxo3a led to increased memory B cell survival [269]. 

While the phenotype and functions of B cells during HIV-1 infection have been 

extensively studied, little knowledge is available on the factors triggering their 

activation, exhaustion and higher apoptosis susceptibility. Since microbial 

translocation has been associated with T cells activation and depletion, further 

studies need to establish if similar mechanisms could prompt the B cell 

dysfunctions observed in the course of HIV-1 infection. 
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3 AIMS OF THE THESIS 

 

The overall aim of this thesis was to investigate the mechanisms of the immune 

activation that occur during HIV-1 infection, and contribute to the exhaustion and 

depletion of lymphocytes. As the state of immune activation, in HIV-1 infected 

individuals relies on (1) the rate of HIV-1 replication, (2) the microbial 

translocation, and (3) the lymphopenia, the specific aims of this thesis were: 

 

 To study the impact of HIV-1 replication on: 

 T cell senescence, assessing the functions and phenotype of        

CD28- T cells  – Paper I –  

 on B cell activation – Paper II –  

  To evaluate the possible influence of microbial translocation and the 

associated immune activation on: 

 memory B cell activation and depletion – Paper II – 

 IL-7 production by epithelial and stromal cell lines – Paper III – 

 the expression of genes from stromal cells, implicated in mucosal 

immunity – Paper III – 

 To further investigate the potential role of IL-7, induced by lymphopenia, 

on B cell activation – Paper IV –  

 

The methods used to verify the aims are described in details in the enclosed 

articles. 
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4 RESULTS AND DISCUSSION 

 

4.1 IMPACT OF HIV-1 REPLICATION  

HIV-1 replication, measured by the amount of virus in the circulation, i.e. viral 

load, is directly or indirectly correlated to various defects of the immune system in 

infected individuals. The hallmark of HIV-1 infection is the progressive loss of 

CD4+ T cells. For decades, the mechanisms causing CD4+ T cell depletion has been 

a debate among the scientific community. It is now accepted, as described in the 

introduction, that the loss of CD4+ T cells results from multiple factors and that 

immune activation is a better predictor of HIV-1 disease progression than the viral 

load [160]. However, the efficient suppression of HIV-1 viremia in ART-treated 

patients, by restoring the CD4+ T cell levels and improving immunity, 

demonstrates, if needed, that the virus itself is the causative agent of many 

alterations occurring in the course of HIV-1 infection.  To better understand the 

factors contributing to altered lymphocyte functions during HIV-1 pathogenesis, 

we studied the association of HIV-1 replication on the activation and 

differentiation of T and B cells during HIV-1 infection.  

 

4.1.1 T cell senescence and apoptosis – Paper I – 

T cells from HIV-1 infected patients, display a premature senescence, defined by 

poor T cell proliferation associated with a phenotype of late differentiation [120, 

209, 270]. Importantly, these cells include memory and effector T cells specific for 

pathogens, e.g. HIV-1, CMV [151, 209, 271, 272]. The expression of specific 

markers, such as high levels of CD57 and low levels of CD28 on T cells is 

associated with immune senescence; and such phenotype is also found in HIV-1 

infected individuals [137-140, 148]. As the increased proportion of CD28- T cells 

in elderly individuals is associated with impaired immune responses [273], it is 

likely that similar mechanisms are taking place during HIV-1 infection. However, 

the resistance of CD28- T cells generated in vitro, or isolated from centenarians to 

undergo apoptosis [274], is in opposition to the high levels of cell death observed 

during HIV-1 infection. Additionally, while in vitro generated CD8+CD28- T cells 

were suggested to be suppressor cells [136], the same cells, when isolated from 

HIV-1 infected and non-infected individuals can induce DC activation [142]. These 

results underlined the need to further assess the functions of CD28- T cells during 
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HIV-1 infection in order to better understand the mechanisms leading to their 

increased levels. 

Using multicolor flow cytometry, we thoroughly assessed the phenotype of CD28- 

T cells from viremic and non-viremic (under ART) HIV-1 infected patients. 

Consistent with previous reports, CD28- T cells were found in increased numbers 

in HIV-1 infected as compared to uninfected (n=20) individuals (p<0,05). Notably, 

ART did not induce a normalization of the CD28- T cell levels. While the vast 

majority of CD4+ T cells expressed CD28, approximately 60% of CD8+ T cells 

lacked CD28 expression during HIV-1 infection, as compared to 40% in uninfected 

individuals (p<0,05). In line with a more differentiated phenotype typical of 

effector cells, CD28- T cells displayed low levels of CD27 expression, with no 

difference between the groups of HIV-1 infected and uninfected individuals. The 

telomere lengths were also shorter in CD28- T cells as compared to CD28+ T cells. 

CD28- T cells from the 3 groups exhibited similar, high levels of CD57 and Fas 

expression whereas IL-7R expression was low, as compared to CD28+ T cells 

(p<0,001). There was no statistical difference in Annexin V staining,  characteristic 

of apoptotic cells, whereas lower Bcl-2 expression was found in CD28- T cells, as 

compared to CD28+ T cells (p<0,001). CD28- T cells from viremic HIV-1 infected 

individuals displayed the lowest levels of Bcl-2, with more than 50% of cells 

showing low Bcl-2 expression (p<0,001 as compared to ART-treated HIV-1 

infected and uninfected individuals). PD-1 expression was higher on CD28- T cells 

(p<0,001 as compared to CD28+ T cells), with the highest levels found on CD28- T 

cells from uninfected and viremic HIV-1 infected individuals as compared to ART-

treated HIV-1 infected patients (p<0,05). These results showed that CD28- T cells 

exhibit markers of senescence (e.g. CD57, PD-1) and susceptibility to apoptosis 

(e.g. Fas, low Bcl-2).   

 To further evaluate the propensity of CD28- T cells to undergo proliferation and 

apoptosis ex vivo, we stimulated T cells with an anti-CD3 Ab (1 or 10µg/ml) for 24 

hours or 4 days (Figure 3). T cells from viremic, untreated patients displayed 

higher levels of spontaneous apoptosis as compared to both ART-treated patients 

and uninfected individuals, with the highest rate of apoptosis measured on CD28- 

T cells (Figure 3a). Upon activation, levels of apoptosis were also greater for 

CD28- T cells from untreated HIV-1 infected individuals as compared to CD28- T 

cells from both uninfected or ART-treated HIV-1 infected patients (p<0,001). 

Examining the proliferation capacity of T cells by means of carboxyfluorescein 

succinimidyl ester (CFSE) dilution, we observed that CD28- T cells displayed 

higher levels of proliferation when exposed to both a low and high dose of anti-

CD3 Ab as compared to CD28+ T cells. CD28- T cells from ART-treated patients 



 

  35 

were especially susceptible to TCR triggering, showing a high rate of proliferation 

from a low dose of anti-CD3 Ab stimulation (p<0,01 as compared to CD28- T cells 

from uninfected or untreated HIV-1 infected individuals). The proliferation of 

CD28- T cells from ART-treated patient was further enhanced at a high dose of 

anti-CD3 Ab (10µg/ml). For the CD28+ T cell counterpart, we observed that cells 

from ART-treated patients proliferated at higher rates than CD28+ T cells from 

viremic patients or uninfected individuals at a high dose of anti-CD3 Ab 

(10µg/ml). The proliferation of CD28+ T cells was minimal at a low dose of anti-

CD3 Ab (1µg/ml), with no difference between the 3 groups (Figure 3b). These 

results show that CD28- T cells from viremic HIV-1 infected patients are highly 

susceptible to spontaneous and activation-induced apoptosis. Importantly, the 

same population of CD28- T cells isolated from ART-treated patients, is not more 

prone to apoptosis as compared to uninfected individuals, but display greater 

capacity to proliferate, especially at low dose of activation. Importantly, apoptosis 

and proliferation of CD4+ and CD8+ T cells were similar, based on their 

expression of CD28. 

 

Figure 3. Increased apoptosis sensitivity of CD28- T cells from untreated HIV-1+ 

individuals vs. enhanced proliferative responses of CD28- T cells from ART-treated 

individuals. Purified T cells from control individuals (n=10) and treated (n=11) or 

untreated (n=14) HIV-1 infected patients were cultured in 96-well plates coated with anti-

CD3 Abs at indicated concentrations. Apoptosis was measured by Annexin V binding after 

24h and proliferation by CFSE dilution after 4 days of culture. Individual percentages of (a) 

apoptotic and (b) proliferating cells among CD28+ (upper panels) and CD28- T cells (lower 

panels) are presented. *p<0.05; **p<0.01; ***p<0.001. 

(a) (b) 
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Since the presence of HIV-1 replication was associated with a higher level of 

CD28- T cell apoptosis, we evaluated the correlation between viral load and 

apoptosis (Figure 4). We found a significant correlation between both the 

spontaneous and activation-induced apoptosis of CD28- T cells from untreated 

HIV-1 infected patients and the viral loads (p<0,05). No correlation was observed 

between the levels of viremia and the apoptosis rate of CD28+ T cells. Our results 

suggest a direct or indirect role of HIV-1 replication leading to CD28- T cell 

apoptosis. 

 

 

Figure 4.  HIV-1 viremia correlates with spontaneous and activation-induced 
apoptosis of CD28- T cells. Correlation of HIV-1 viral load with spontaneous or activation-
induced T cell apoptosis measured on CD28+ (upper panels) and CD28- (lower panels) T 
cells from HIV-1 viremic patients (n=16). Calculated Spearman r and p values are indicated 
for each anti-CD3 treatment inside the panels. 

 

When measuring IL-2 production from T cells cultured with anti-CD3 Abs using 

ELISA, we found that T cells from ART-treated patients produced the highest 

levels of IL-2 (p<0,01 at 1µg/ml anti-CD3 as compared to uninfected individuals; 

and p<0,001 at 10µg/ml anti-CD3 as compared to both uninfected and untreated 

HIV-1 infected individuals). Intracellular staining for IL-2 revealed that the CD28+ 

T cells are responsible for the IL-2 production. CD25 expression, the high affinity 

subunit of IL-2 receptor, has been shown to be up-regulated on CD28- T cells after 

TCR triggering with similar kinetics in the ART-treated or untreated patient group, 

both at a higher rate than in the control group. In contrast, CD25 expression was 

higher on CD28+ T cells from ART-treated patients as compared to both untreated 

HIV-infected and uninfected individuals. Therefore, CD28- T cells from ART-



 

  37 

treated HIV-1 infected patients may benefit from a higher availability of IL-2 

rather than a differential expression of CD25. 

The effectors functions of T cells were also evaluated, measuring the release of 

TNF, IFN- and perforin in cultured of total T cells or purified CD28- and CD28+ T 

cells stimulated by anti-CD3 Abs. Consistent with their phenotype of effector T 

cells, CD28- T cells from the 3 groups produced higher amounts of TFN, IFN- and 

perforin as compared to CD28+ T cells. Of note, upon activation, TNF and perforin 

production by total T cells from untreated HIV-1 infected patients was 

significantly higher than by T cells from uninfected individuals. The production of 

TNF and perforin may possibly participate to the observed higher apoptosis of 

these T cells (Figure 3). 

 

 Uninfected 
Individuals 

HIV-1 infected 
Individuals   
under ART 

Untreated          
HIV-1 infected 

Individuals 

% CD28- T cells* - ++ ++ 

Phenotype* 
High degree of differentiation, short telomeres,                            

Higher expression of PD-1, CD57, Fas,                                                    
Low expression of CD27, IL-7R 

Bcl-2* + + Low 

Apoptosis** - +/- +++ 

Proliferation** + +++ + 

IL-2 production** + +++ + 

CD25** - + + 

TNF, IFN-, Perforin 
secretion** 

Relatively similar upon TCR stimulation 

 

Table 5. Summary of CD28- T cell phenotype and function during HIV-1 infection. 
*measured ex vivo or **after TCR stimulation with anti-CD3 Abs. 

 

Our results, summarized in Table 5, show that CD28- T cells, a cell population 

found at higher levels in HIV-1 infected individuals, display rather similar features 

of late differentiation, senescence and predisposition to apoptosis in both infected 

and uninfected individuals. In contrast to the reported resistance of CD28- T cells 

to undergo apoptosis [133-135], CD28- T cells from untreated HIV-1 infected 

individuals, displayed higher susceptibility to undergo spontaneous and 

activation-induced apoptosis ex vivo. The higher levels of apoptosis were in line 
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with a lower Bcl-2 expression observed in those cells. Importantly, susceptibility 

of CD28- T cells to undergo apoptosis was correlated with the levels of HIV-1 

viremia. Therefore, HIV-1 replication and the associated immune activation may 

trigger T cell activation, leading to T cell differentiation toward an effector 

phenotype with CD28 down-regulation. In the context of an ongoing viral 

replication, CD28- T cells would thus display higher susceptibility to AICD, 

consistent with our observations. These results are consistent with the higher 

susceptibility of T cells to undergo apoptosis during HIV-1 infection and confirm 

the role of AICD in the T cell depletion occurring in infected individuals [158, 159, 

165]. 

Despite ART and the suppression of HIV-1 replication, the CD28- T cell population 

is still increased in treated HIV-1 infected individuals. The normalized levels of 

spontaneous and activation-induced apoptosis of CD28- T cells from ART-treated 

patients suggest a decreased of immune activation under ART as previously 

shown [35, 36]. However, CD28- T cells isolated from ART-treated HIV-1 infected 

individuals were more prone to proliferation as compared to cells from untreated 

HIV-1 infected and uninfected individuals. This higher proliferative capacity was 

associated with lower PD-1 expression, a marker for T cell exhaustion. These 

results show that levels of CD28- T cells may be sustained by their ability to 

proliferate upon low TCR triggering, and therefore be induced by, and also 

participate to the continuous immune activation associated with mortality in   

HIV-1 infected patients, even in the ART era [99, 120, 275]. 

 

4.1.2 B cell Activation – Paper II – 

B cells are important actors for the immune system, providing Abs to combat 

infections. In the context of HIV-1 infection, various B cell alteration occur, 

responsible for the loss of serological memory and the inability of B cells to 

respond appropriately to pathogens and vaccines [241, 276]. As Th cells are 

providing signals for B cells activation and differentiation toward memory B cells 

and PCs, the CD4+ T cell depletion, hallmark of HIV-1 infection, can impact on B 

cell responses. However, as T cells, the B cell compartment presents activation and 

exhaustion features. We were thus interested to study the relations between B cell 

activation and HIV-1 replication and the associated immune activation. 

The phenotypical analysis of differentiation markers on B cells confirmed 

previously published data [249](Figure 5). As compared to uninfected individuals, 

HIV-1 infected patients naïve to treatment (i.e. untreated) exhibited a slight 

decrease of total B cell and naïve B cell levels, whereas the transitional B cells 



 

  39 

(a) (b) 

(CD10+) were expanded. Concerning the memory B cells, classical memory 

(CD27+) B cells were decreased, as were resting memory (RM: CD27+CD21+) B 

cells (p<0,01). On the contrary, consistent with the immune activation, activated 

memory (AM: CD27+CD21-) and TLM (CD27-CD21-) B cells were found at higher 

rate in untreated HIV-1 infected individuals as compared to controls (p<0,001). 

These alterations are reversed upon ART, as previously observed [259]. In viremic 

HIV-1 infected individuals, memory B cells display a phenotype of activation and 

exhaustion. To examine better this state of activation, we measured the 

expression of CD38 and IL-21 receptor (IL-21R). While constitutively expressed 

on naïve B cells, IL-21R on memory B cells is mostly expressed upon activation 

and plays a role in the generation of long-lived Ab responses in human [277, 278]. 

 

 

Figure 5. B cell phenotype during HIV-1 infection. The phenotype of B cells was assessed 
by multicolor flow cytometry on PBMCs from healthy controls (n=20) and HIV-1 infected 
patients under treatment (n=20) or naïve to treatment (n=20). (a) Representative plots 
from a control (left panels), an HIV+ patient under treatment (middle panel) and a patient 
naïve to treatment (right panel) displaying live Vivid-CD19+ B cells (upper panels), memory 
and naïve B cell subpopulations gated on CD19+CD10- B cells (lower panels). (b) Individual 
percentages with means and standard deviations of total (CD19+) B cells, naïve (CD19+ 
CD10-CD27-CD21+) B cells, classical memory (CD19+CD10-CD27+) B cells, resting memory 
(RM:CD19+CD10-CD27+CD21+) B cells, activated memory (AM:CD19+CD10-CD27+CD21-) B 
cells and tissue-like memory (TLM:CD19+CD10-CD27-CD21-) B cells. Statistical analyses 
were performed using Kruskal-Wallis tests followed by Dunns comparison test: *p<0.05, 
**p<0.01, ***p<0.001. 
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Figure 6. Association of CD38 expression on B cells with CD4+ T cell counts and viral 
load in HIV-1 infected patients. Percentages of CD38 expression on total, naïve, classical 
(CD27+) memory, resting memory (RM), activated memory (AM) and tissue-like memory 
(TLM) B cells were correlated with (a-b) CD4 counts and (c) HIV-1 viremia measured in 
total HIV-1 infected patients (n=40, a) and patients naïve to treatment (n=20, b-c). Data 
were analyzed using Spearman correlation test. 

(a) 

(b) 

(c) 
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Higher levels of CD38 expression were found on B cells from HIV-1 infected 

patients naïve to treatment as compared to ART-treated and uninfected 

individuals, especially on classical memory (CD27+) B cells (p<0,05). B cells from 

treated patients and uninfected individuals expressed low levels of CD38. 

In uninfected individuals, classical memory and RM B cells expressed low levels 

IL-21R (<20%). IL-21R levels were higher on activated memory (30%) and on 

TLM (60%) B cells, consistent with their activation state. Viremic HIV-1 infected 

individuals showed higher levels of IL-21R expression on both classical memory 

and TLM B cells, as compared to control. Higher expression of IL-21R was also 

observed on memory B cells from HIV-1 infected individuals under ART, but not 

statistically significant as compared to uninfected controls. 

HIV-1 infection is associated with the activation of memory B cells, characterized 

by enlarged ratio of activated and TLM B cells, which also expressed CD38 and   IL-

21R at higher rate. To determine the role of viremia and T cell depletion, in B cell 

activation, we analyzed the correlation of CD38 and IL-21R expression with the 

viral load and CD4+ T cell counts. No correlation was found between HIV-1 

replication or CD4+ T cell counts and IL-21R expression on B cells, suggesting an 

independent mechanism for IL-21R regulation. Importantly, CD38 expression on 

all B cell subsets, but activated memory, negatively correlated with CD4+ T cell 

counts in HIV-1 infected patients, naïve and treated (Figure 6). Similarly, analyzing 

cells from untreated HIV-1 infected patients separately, CD38 expression 

negatively correlated with CD4+ T cell counts for all the B cell subsets, and 

positively correlated with HIV-1 viral load for all subsets but resting memory and 

TLM B cells. 

These results point out a role for HIV-1 replication and the associated immune 

activation in general B cell activation characterized by CD38 expression. However, 

this mechanism does not seem to be specific for a particular B cell subset and thus 

is unlikely to participate in the preferential loss of resting memory B cells 

observed in HIV-1 infected individuals. This hypothesis is further supported by 

the lack of association between CD38 expression and the levels of circulating 

resting memory B cells. As microbial translocation has been shown to be a better 

predictor for HIV-1 disease progression [279] and since B cells can also be 

activated by microbial products [280], we investigated the possible link between 

B cell activation, memory B cell loss and microbial translocation in our cohort of 

HIV-1 infected individuals.  
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4.2 ROLE OF MICROBIAL TRANSLOCATION 

The chronic immune activation occurring in HIV-1 infection has been associated 

with elevated levels of microbial products in the circulations, e.g. LPS, bacterial 

16S rDNA [58]. The passage of microbial products from the gut lumen to the 

circulation is attributed to the high HIV-1 replication and the associated immune 

response, which lead to mucosal damages and CD4+ T cell depletion during the 

acute phase of the infection [85, 279]. Levels of bacterial products can also be 

assessed through the measurement of molecules released by the host cells in 

response to TLR stimulation. For instance, CD14, a molecule expressed on 

monocytes, is shed as a result of stimulation by LPS. Indeed, sCD14 levels are 

associated with LPS levels in the circulation of HIV-1 infected individuals and 

were found to be associated with disease progression and mortality [97, 100]. The 

relation between microbial translocation and T cell activation has been 

established but it is unknown how this phenomenon impacts on the B cell 

compartment. Additionally, other markers of inflammation are found at the 

mucosal site, in relation to epithelial damages. We investigated the possible role of 

inflammatory cytokines in modulating important molecules for the immune 

response and T cell homeostasis, such as IL-7.  

 

4.2.1 Loss of memory B cells – Paper II – 

One of the hallmarks of HIV-1 infection is the depletion of memory B cells and the 

decline of serological memory. As the causes of the loss of memory B cell remain 

elusive, we investigated a possible role for microbial translocation and the 

associated immune activation occurring in HIV-1 infected individuals in memory B 

cell activation and differentiation. 

 

 

 

Figure 7. Plasma sCD14 are increased 
during HIV-1 infection. Levels of sCD14 
were assessed by ELISA on plasma samples 
from healthy controls (n=19) and HIV-1 
infected patients under treatment (n=20) or 
naïve to treatment (n=19). Data represent 
individual levels in ng/ml of plasma with 
means and standard deviations of sCD14. 
*p<0.05, **p<0.01, *p<0.001, Kruskal-Wallis 
tests followed by Dunns comparison test. 
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Soluble CD14 is a good surrogate for microbial translocation, as it has been shown 

to correlate with LPS levels found in the plasma [58]. Consistent with previous 

data, our cohort of HIV-1 infected individuals exhibited elevated sCD14 levels in 

serum as compared to uninfected individuals (Figure 7).  Importantly, sCD14 

levels were also higher in ART-treated patients (p<0,05 as compared to controls). 

To evaluate the impact of immune activation, as measured by sCD14, on B cells, 

we correlated the levels of sCD14 with the different levels of B cell memory 

subsets and their expression of IL-21R and CD38 (Figure 8). Notably, sCD14 levels 

correlated with the increased amount of circulating AM B cells (p=0,01) and also 

with the decreased levels of RM B cells (p=0,02). Furthermore, IL-21R and CD38 

expression on classical memory B cells were both correlated with sCD14 levels. 

CD38 expression on AM B cells, but not RM B cells, was also correlated with sCD14 

levels (p=0,03). On the contrary, IL-21R expression on RM B cells, but not AM B 

cells, correlated with sCD14 levels in our cohort (p=0,01). 

 

 

Figure 8. Plasma sCD14 correlates with both activation and loss of memory B cells. 
(a) The percentages of circulating classical memory (CD27+) B cells (left panels), 
activated memory (AM, middle panels) and resting memory (RM, right panels) B cells and 
their respective levels of (b) IL-21R and (c) CD38 expression were correlated with the 
levels of sCD14 found in plasma. Data were analyzed using Spearman correlation test. 

(a) 

(b) 

(c) 
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These results suggest that the immune activation associated with the microbial 

translocation might contribute to higher ratio of AM B cells and to the loss of RM B 

cells. We further explored the association between IL-21R and CD38 expression 

with the loss of RM B cells during HIV-1 infection. Importantly, we found that IL-

21R expression, on classical memory and RM B cells from treated (p<0,05) and 

untreated (p<0,01) HIV-1 infected individuals negatively correlated with the 

levels of these cells in the circulation (Figure 9). On the contrary, CD38 expression 

on memory B cells was not correlated with their decreased levels in any of the 

cohorts.  

To further assess the relation between IL-21R expression and the loss of RM 

memory B cells, we measured molecules involved in apoptosis on those cells. 

Annexin V staining showed that all memory B cells subsets carrying IL-21R have 

higher levels of apoptosis than memory B cells lacking the receptor. Naïve B cells, 

on the other hand, did not display a differential apoptosis susceptibility in relation 

to IL-21R expression. Moreover, IL-21R positive memory B cells expressed lower 

levels of Bcl-2 as compared to IL-21 negative cells. These results suggest that IL-

21R positive memory B cells are more susceptible to apoptosis and are in line with 

the association between IL-21R expression and the decreased levels of memory B 

cells found in HIV-1 infected individuals. 

 

Figure 9. High expression level of IL-21R on B cells is associated with declined 
percentages of memory B cells during HIV-1 infection. Correlation of IL-21R expression 
on CD27+ (upper panels) and RM (lower panels) B cells with their percentages in circulation 
in controls (n=20), HIV-1 infected patients treated (n=20) and naïve from treatment (n=20). 
Data were analyzed using Spearman correlation test. 
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The direct impact of microbial product on B cell phenotype was also evaluated by 

measuring IL-21R and CD38 expression on B cells cultured in the presence of 

various TLR ligands. We found that TLR2 and TLR9, and to a lesser extent TLR4 

triggering induced the up-regulation of IL-21R on both naïve and memory B cell 

populations, when B cells where cultured alone or in the presence of PBMCs.  

Importantly, CD38 expression was not increased upon TLR stimulation of purified 

B cells. However, higher CD38 levels were observed on B cells in the PBMC 

cultures, in the presence of TLR3, TLR4, TLR7/8 and TLR9 ligands. Our results 

reveal a direct effect of microbial products in IL-21R up-regulation on B cells, 

whereas the increased CD38 expression is likely the consequence of monocyte 

activation.  

We demonstrate for the first time, a possible association between microbial 

translocation in regulating B cell activation and survival, leading to the loss of 

memory B cells during HIV-1 infection. Our data suggest that microbial 

translocation occurring in HIV-1 infected patients may lead to IL-21R up-

regulation on memory B cells. Furthermore, IL-21 levels have been shown to be 

decreased, in association with the CD4+ T cell depletion in HIV-1 infected 

individuals [200]. The low levels of IL-21 could impaired B cell responses, as this 

-chain cytokine provides important signals for B cell activation and 

differentiation [277, 281]. We hypothesize that during HIV-1 infection, the 

presence of microbial products induces the activation of memory B cells, which, as 

a result of low IL-21 levels, might lead to their depletion through similar 

mechanisms as AICD.  

 

4.2.2 IL-7 Regulation – Paper III – 

The possible impact of microbial translocation and the associated immune 

activation on IL-7 production remains elusive in the context of HIV-1 infection.   

IL-7, an important cytokine for T cell homeostasis [194], is secreted by multiple 

cell types, and the regulation of IL-7 production in HIV-1 infected individuals 

remains speculative. The concomitance of increased IL-7 levels and CD4+ T cell 

depletion in HIV-1 infected individuals led to the hypothesis that the accumulation 

of IL-7 may originate from either a lack of consumption, or by the sensing of T cell 

loss by stromal cells [38]. The accumulation may occur as a result of the depletion 

of IL-7R expressing cells and the down-regulation of this receptor, as observed 

during HIV-1 infection [39, 141].  

Additionally, elevated IL-7 levels are found in HIV-1 infected individuals during 

the primary infection, when immune activation is the highest [237]. Indeed, the 
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acute phase of HIV-1 infection is characterized by high levels of pro-inflammatory 

molecules, both in the GALT and in the peripheral blood of infected individuals 

[51, 52]. Among those, IFN-, TNF and IL-1 were reported to enhance IL-7 

production. Human epithelial cells in the gut, as well as bone marrow stromal cells 

constitutively produce IL-7 [282, 283]. Using human colon carcinoma-derived cell 

lines, IL-7 production has been shown to be up-regulated by IFN- [222].   

To better understand the regulation of IL-7 production in inflammatory 

conditions, as experienced in HIV-1 infected individuals, we cultured intestinal 

epithelial (DLD-1) and bone marrow stromal (HS-27) cell lines with IL-1, IFN-, 

TNF and IL-2 (Figure 10).  

Consistent with previous report [222], IFN- treatment (50ng/ml) resulted in a 

3,5- and a 3- fold increase in IL-7 messenger RNA (mRNA) expression in DLD-1 

and HS27 cells respectively (p≤0,001) after a 6-hour culture (Figure 10a-b). 

Contrarily, IL-1 (10ng/ml), consistently reduced IL-7 messenger expression by 

approximately 2 folds (p≤0.001). This effect was evident from a concentration of 

1ng/ml. TNF (20ng/ml) and IL-2 (10ng/ml) did not show any effect on IL-7 mRNA 

levels, in line with the lack of TNFR and IL-2 receptor measured on DLD-1 and 

 

Figure 10. Cytokine regulation of IL-7 production by epithelaliaDLD-1 and HS27 cells. 
(a) and (b) IL-7 mRNA relative expression measured by real-time PCR in DLD-1 and HS27 
cells with and without treatment with different cytokines for 6 h. (c) and (d) IL-7 protein 
levels measured by quantitative ELISA in culture supernatants of DLD-1 and HS-27 cells with 
different cytokines and in control cultures at 24 h. Data represent mean values and standard 
deviations of four different experiments. 
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HS27 cells. Interestingly, IL-1 treatment of the cells abrogated the effect of IFN-, 

partially on DLD-1 (p=0.006), but entirely on HS27 cells (p<0,001). To confirm 

these observations, IL-7 levels were measured in the culture supernatants after 24 

hours (Figure 10c-d). The levels of secreted IL-7 were consistent with the mRNA 

levels observed. The spontaneous IL-7 production by the DLD-1 and HS27 cells 

was increased by IFN-, whereas IL-1 treated cells displayed lower secretion 

levels. The combination of IL-1 and IFN- induced an IL-7 production lower than 

cells cultured with IFN- alone. The presence of TNF or IL-2 in the cell cultures had 

no effect on IL-7 production. 

These results demonstrate a role of inflammation in IL-7 production by stromal 

and epithelial cells. Further studies on human tissues from HIV-1 infected 

individuals would elucidate the relevance of this mechanism in the mucosal 

damage. Indeed, IL-7 participates in mucosal immunity as shown by the enhanced 

IFN- production of activated lamina propria T cells upon IL-7 treatment [284].  

IL-7 also promotes the secretion of pro-inflammatory cytokines, such as IL-1, IL-

6 and TNF from monocytes [285], suggesting a role for IL-7 in fuelling the immune 

activation.  Additionally, it has been reported that IL-7 could inhibit the anti-CD3-

mediated proliferation of intestinal T cells, whereas it enhances the proliferation 

of peripheral blood T cells [282]. Since IL-7 has also been reported to induce Fas 

expression and subsequently, Fas-mediated apoptosis on T cells [238], high IL-7 in 

the GALT during the acute phase of HIV-1 infection might be detrimental and 

participate to the dramatic T cell depletion occurring in the gut. 

 

4.2.3 Immune regulation by stromal cells – Paper III –  

To determine if the secretion of other molecules involved in the immune 

regulation by epithelial and stromal cells are also regulated by IL-1 and IFN-, the 

gene expression profile of the HS-27 cells exposed to these cytokines was 

measured, using the whole-genome microarray Human Gene 1.0 ST available in 

the Affimetrix platform. The average gene expression values were derived from 12 

samples analyzed, including control cells (n=3), cells cultured with IL-1(n=3), 

IFN- (n=3) or the combination of the 2 cytokines (n=3). 

An important component of immunity is the recruitment of the cells to the tissues 

where the infection is taking place. This process is under the control of molecules, 

called chemokines, which are classified according to a particular motif, CC or CXC. 

Cells expressing the appropriate chemokine receptor will migrate toward an 

increasing gradient of chemokines. Interestingly, out of 18 gene profiles of 
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chemokine included in the gene array, 14 were found to be dysregulated in HS27 

cells upon treatment with IL-1, IFN- or the combination of the 2 cytokines. The 

gene expression of the chemokine (C-C motif) ligand (CCL)-8, CCL20, chemokine 

(C-X-C motif) ligand (CXCL)-9, CXCL10 and CXCL11 were increased more than 500 

folds (Figure 11). CCL5 gene expression was also increased by IL-1 and further 

by the combination of IL-1 and IFN-. These results were confirmed by ELISA, 

measuring CCL5 in the culture supernatants of HS-27 cells. CCL5, also known as 

RANTES, is an important chemokine involved in T cell recruitment. CCL5 has also 

been shown to inhibit the entry of HIV-1 into the target cell by binding to the   

HIV-1 co-receptor CCR5 [286]. High CCL5 has recently been shown to enhance 

HIV-1 entry at the mucosa by recruiting T cells to this site [287]. Similarly to CCL5, 

CCL20 gene expression and protein levels in culture supernatants were found to 

be elevated in the presence of IL-1 and with the combination of IL-1 and IFN-. 

CCL20-production by epithelial cells upon inflammatory signals attracts T cells 

and immature DCs [288]. The elevated CCL20 levels observed in HIV-1 infected 

individuals [289] may be a direct consequence of inflammation in the gut. 

Moreover, the gene expression and protein secretion of CXCL11, a chemo-

attractant for activated T cells, was elevated in the presence of IFN-. The 

combination of IL-1 and IFN- promoted further CXCL11 production.  

 

 

 

Figure 11. Microarray gene expression profile of chemokines in HS-27cells. Change in 

gene expression profiles of chemokines upon 6-hour treatment of HS-27cells with IL-1, IFN-

 or the combination of the 2 cytokines, as compared to control cells without stimulation. 
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The gene expression of some TLRs, such as TLR2, TLR3, TLR4 and TLR6 was also 

altered in HS27 cells treated with IFN- alone, or in combination with IL-1 

Whereas the gene expression of TLR2, TLR3 and TLR4 was increased, the TLR6 

gene was down-regulated by similar treatment (p<0,01). The expression of TLRs 

is important for epithelial functions and the regulation of mucosal immunity 

[290]. The impact of inflammatory cytokines on TLR expression of epithelial cells 

and its consequences for HIV-1 pathogenesis remain to be further understood; 

and can prove to be relevant, especially in the context of microbial translocation 

observed during HIV-1 infection. 

Additionally, the genes of proteins participating to immunity and Th17 cell 

formation were found to be elevated by the cytokine treatment of HS-27 cells 

(Table 6). PD-1 ligand (PDL1/CD274) and IL-15 gene expression were found to be 

increased by IL-1, and further enhanced by IFN- and the combination of the 2 

cytokines. IL-6, IL-23 and IL-24 gene expression were enhanced by IL-1. IL-16 

gene expression was also increased by IFN-. PDL1 expression is an important 

factor leading to T cell exhaustion as its blockade was demonstrated to improve T 

cell responses [145]. Also, recent studies suggest a potential association between 

PDL1 expression and the balance Treg/Th17 [291], thought to be important in 

HIV-1 pathogenesis. Furthermore, IL-23, in conjunction with IL-6 and TGF-β1 

drive the differentiation of naive CD4+ T cells to Th17 cells [292], which could be 

important in the control of HIV-1 infection as discussed in the previous sections. 

There is currently no data on IL-24 in the context of HIV-1 infection, but serum 

levels of IL-24 have been shown to be decreased in patients infected with TB 

[293]. In animal models, IL-24 injection has also been shown to promote CD8+ T 

cell responses in the context of Mycobacterium tuberculosis infection [293]. It 

would be interesting to validate these results by examining the levels of cytokines 

in tissues from HIV-1 infected individuals and study their impact on the 

Treg/Th17 cell balance.  
 

 IL-1 IFN- IL-1IFN- 

PD-L1 6,84*** 12,56*** 38,57*** 

IL-6 23,43*** 2,98*** 26,29*** 

IL-15 1,58* 4,13*** 3,77*** 

IL-23 19,28*** -1,18 5,68*** 

IL-24 18,34*** -1,06 9,31*** 

Table 6. Change in gene expression of factors relevant for mucosal immunity and 
Th17 differentiation. HS27 cells were treated with IL-1 and/or IFN-for 6 hours. Fold 
changes in gene expression, as compared to control cells without stimulation. *p<0,05; 
**p<0,01; ***p<0,001. 
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4.2.4 Lymphopenia and B cell Activation – Paper IV – 

Lymphopenia is a condition when the lymphocyte count is low. Humans 

experience lymphopenic conditions either as a result of congenital or acquired 

immunodeficiency, or following cytoreductive therapies. Levels of IL-7, a key 

cytokine supporting T cell homeostasis, are increased during lymphopenia. As 

discussed previously, high IL-7 levels in HIV-1 infected individuals are associated 

with CD4+ T cell depletion [237].  IL-7 therapy in HIV-1 infected individuals leads 

to an increased level of circulating CD4+ T cells, demonstrating a beneficial effect 

of the cytokine [197]. Also, IL-7 has an impact on B cells development, as shown 

by the association of IL-7 levels with the increased levels of immature transitional 

B cells (CD10+) during HIV-1 infection [234], other lymphopenic condition [235] , 

as well as in patients undergoing IL-7 therapy [236]. Despite the fact that mature 

B cells do not express IL-7R, an indirect role for IL-7 in affecting B cell biology 

was established by the finding that Fas expression on B cells is modulated by the 

release of IFN- from IL-7-treated T cells [240]. The increased Fas expression 

further sensitized B cells to undergo Fas-mediated apoptosis. In Paper IV, we 

further describe the indirect role of IL-7 in regulating B cell survival and 

activation. 

 

B cells cultured with IL-7 pre-treated T cells (25ng/ml, 5 days), showed an 

enhanced production of IgA, IgG and IgM, as measured by ELISA. The effect was 

detectable after 5 days of T-B co-culture, but was more pronounced after 10 days 

(p<0,005). IL-7 alone had no effect on immunoglobulin production, but IL-7-pre-

treated T cells induced the secretion of Ig to similar levels as by CD40L stimulation 

(Figure 12a). 

Importantly, T cells also enhanced the viability of B cells, measured by flow 

cytometry (Annexin V-Vivid-). At day 5, B cells cultured alone or in the presence of 

IL-7 displayed low viability (<20%), while the addition of T cells led to an 

increased survival of B cells (>35%, p<0,005). IL-7 pre-treatment of T cells further 

enhanced B cell viability to 60% (p<0,005 as compared to T cells alone). This 

additional effect of IL-7 was lost at day 10; still, B cells co-cultured in the presence 

of T cells showed a better viability than B cells alone (Figure 12b).  
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Figure 12. Immunoglobulins production and survival of peripheral blood B cells in the 
presence of IL-7 treated T cells. B cells were cultured for 5 or 10 days, alone or with IL-7 
(25ng/nl), or co-cultured with non-treated T cells or with IL-7 treated (25ng/ml, 5 days) T 
cells and IL-7. (a) Immunoglobulin concentrations were measured in culture supernatant by 
ELISA. Representative results of 9 (IgG) or 6 (IgM and IgA) experiments are shown (b). B cell 
survival was analyzed using Vivid and Annexin V staining. Data represent mean values and 
standard deviations. 

 

The better survival of B cells, in co-culture with IL-7 pre-treated T cells, was 

accompanied by B cell proliferation. Indeed, CFSE-low staining, characteristic of 

proliferative cells, was found on B cells co-cultured with IL-7 pre-treated T cells.  

Furthermore, CD38 expression, a marker of activation was induced on B cells. The 

proliferating B cells expressed higher CD38 expression, and also lower CD20 

levels, typical of plasmablasts. These results demonstrate that IL-7 treatment 

induces changes in T cells, which in turn, enhance B cell activation and 

differentiation toward a plasmablast phenotype. When B cells were separated 

according to their CD27 expression, only CD27+ B cells co-cultured with T cells 

secreted IgG and IgM in the presence of IL-7 pre-treated T cells. 

There are different molecules involved in B cell activation during an immune 

response, among which the members of the TNF and TNFR family have been 

shown to be crucial. The activation of the CD40/CD40L pathway induces B cell 

activation and differentiation [294]. CD27, a member of the TNFR family, is a 

marker for memory B cells and is an important receptor for T-dependent B cell 

activation [295]. CD27 triggering by its ligand, CD70, participates in B cell 

differentiation toward PC and Ig secretion. Additionally, the B cell activating factor 

(a) (b) 
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(BAFF) promotes B cell survival [296]. Importantly, in our study CD40L 

expression on T cells remained negative upon IL-7 treatment, and blocking the 

CD40/CD40L pathway did not abrogate the increased IgG secretion by B cells co-

cultured with IL-7 treated T cells. However, CD70 expression, the ligand for CD27, 

was up-regulated on T cells in the presence of IL-7 (Figure 13a).  IL-7 treatment 

also induced BAFF production by T cells, measured by ELISA (Figure 13b). 

 

The relevance of these pathways on B cell activation was evaluated measuring IgM 

and IgG secretion in the B-T cell co-cultures in the presence of an anti-CD70 

blocking Ab (10µg/ml) and a soluble BAFF receptor (BAFFR; 10µg/ml) (Figure 

13c). The blocking of CD70 signaling induced a decrease in Ig secretion by B cells 

cultured with IL-7 pre-treated T cells. On the other hand, the anti-CD70 blocking 

Abs did not alter B cell survival, whereas the neutralization of BAFF led to 

decreased B cell survival. Indeed, IL-7 pre-treated T cells led to a 2,8-fold 

increased B cell viability in the absence of soluble BAFFR as compared to B cells 

co-cultured with IL-7 pre-treated T cells in the presence of BAFFR. The presence 

of soluble BAFFR in the B-T cell co-cultures did not affect Ig production. Also, the 

effect of anti-CD70 blocking Ab was not enhanced by the addition of soluble 

BAFFR. Taken together, these results indicate that IL-7 regulates B cell activation 

and survival through distinct mechanisms, by inducing both CD70 up-regulation 

and BAFF production in T cells. 

These results confirm a role for CD70 expressed by T cells in promoting the 

hypergammaglobulinemia observed in HIV-1 infected individuals, as postulated 

by previous studies [244, 258]. BAFF levels have also been shown to be elevated 

during HIV-1 infection, in association with high levels of circulating Abs [297-299]. 

Therefore, a role for IL-7 elevated levels in the context of HIV-1 infection may be 

to enhance T cell expression of CD70 and the production of BAFF, contributing to 

the B cell activation and exhaustion observed in infected individuals. This newly 

observed role of IL-7 in promoting B cell activation needs further assessment, as it 

may potentially lead to new strategies for restoring B cell functions in HIV-1 

infected patients. 
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Figure 13. Contribution of CD70 and BAFF from IL-7 treated T cells in B cell activation. 
(a) Representative CD70 staining is shown on freshly isolated T cells or on T cells cultured 
with or without IL-7 for 5 or 8 days. (b) BAFF concentration measured by ELISA in the 
supernatant of T cells in the presence (white dots) or absence (gray dots) of IL-7. New 
medium and cytokine was added to the cells at day 2, 5 and 8. Results of five independent 
experiments are shown; mean and SEM values are indicated. (c) B cells were cultured alone, 
with IL-7, with untreated T cells or with IL-7 pre-treated T cells and IL-7 for 5 days and the 
levels of IgM and IgG antibodies were measured in the supernatants. The contribution of 
CD70 and BAFF in the activation of B cells was studied using CD70 neutralizing antibodies 
and soluble BAFF-R respectively in the presence of IL-7 treated T cells. Representative results 
of three independent experiments are shown. 

 

 

 

 

 

 

 

(a) (c) 

(b) 
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5 CONCLUSIONS AND PERSPECTIVES 

 

The destruction of the immune system is gradual and starts on the first days of 

HIV-1 infection. Damages at the gut mucosa occurring in acute HIV-1 infection 

induce profound perturbations of immunological functions of this tissue [51, 84, 

85]. The increased permeability of the mucosa allows microbial translocation 

from the gut to the circulation, which, together with HIV-1 replication, contributes 

to the activation of the immune system [279]. The role of immune activation in 

HIV-1 pathogenesis is further confirmed by the study of HIV-2 infected individuals 

[34] and non-pathogenic animal models [279]. 

 

We described in Paper I, that the T cells from HIV-1 infected individuals are 

enriched with T cells lacking CD28 expression. We demonstrated that CD28- T 

cells are highly susceptible to spontaneous and activation-induced apoptosis in 

untreated individuals. Importantly, levels of apoptosis of CD28- T cells, but not 

CD28+ T cells, positively correlate with the levels of HIV-1 viral load. Upon ART, 

CD28- T cell levels are not normalized, possibly as a consequence of their 

increased sensitivity to proliferate and their lower susceptibility to apoptosis. The 

increased levels of CD28- T cells could arise from HIV-1 replication, the high levels 

of inflammation and antigens. The propensity of CD28- T cells to undergo AICD 

may illustrate the activated state of these cells in vivo in relation to HIV-1 

replication and the associated immune activation.  Since CD28- T cells, despite 

displaying markers of senescent and late differentiation, are capable of secreting 

TNF, IFN- and perforin, their increased proportion in HIV-1 infection, might also 

participate to the chronic immune activation.  

HIV-1 replication is also associated, as discussed in Paper II, with the increased 

activation of the B cell compartment. We found that CD38 expression is positively 

correlated with HIV-1 viral load and negatively correlated with CD4+ T cell counts 

during HIV-1 infection. However, CD38 is not associated with the observed loss of 

memory B cells occurring in infected individuals; rather, IL-21R expression on 

resting memory B cells correlates with their decreased levels in the circulation of 

both ART-treated and untreated HIV-1 infected individuals. IL-21R positive B cells 

are more prone to apoptosis and express lower levels of Bcl-2. Importantly, we 

found that IL-21R expression is induced directly by TLR triggering on B cells; and 

that levels of sCD14, elevated during HIV-1 infection, correlated with both IL-21R 

expression on resting memory B cells and the decreased levels of those cells in 
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HIV-1 infected individuals. We thus define a novel role for microbial translocation 

and the associated immune activation, possibly contributing to the loss of memory 

B cells during HIV-1 infection. Pro-inflammatory cytokines, present at elevated 

levels in viremic HIV-1 infected individuals, are also thought to induce B cell 

activation [241]. However, experimental data are lacking in the context of HIV-1 

infection and further studies are needed to identify the factors implicated in B cell 

activation.  

Epithelial and stromal cells are an important source of IL-7, a key cytokine for        

T cell activation and homeostasis. In the context of HIV-1 infection, it is believed 

that IL-7 is increased due to CD4+ T cell depletion, as in other lymphopenic 

conditions, in order to increase T cell numbers. However, high levels of IL-7 are 

generally found together with low CD4+ T cell counts [237], suggesting either the 

inability of T cell to respond to IL-7 or other possible detrimental effect of IL-7. IL-

7 levels are also shown to be increased during acute HIV-1 infection, when the 

inflammation in the gut and other secondary lymphoid tissues is at its highest 

level [219]. To further assess the regulation of IL-7 by inflammatory molecules, in 

Paper III we used relevant cell lines stimulated by IL-1 and/or IFN-. We found 

that IFN- induces a substantial increase of IL-7 production by epithelial cells 

(DLD-1) and stromal cells (HS-27). This effect decreases by incubating the cells 

with the combination of IL-1 and IFN-, whereas IL-1 alone inhibits IL-7 

production by epithelial and stromal cells. A gene expression profile of HS-27 cells 

was carried out and revealed profound alterations induced by IL-1 and/or IFN- 

treatment. Indeed, chemokine, cytokine and TLR gene expressions were found 

dysregulated. In addition, stromal cells are important for survival of PCs in the 

bone marrow, and inflammatory cytokines also disturb the gene expression of 

factors implicated in plasma cell survival [267]. These results highlight the 

important role of epithelial and stromal cells in shaping the capacity of the 

immune system to respond to pathogens and call for more studies, especially in 

the context of HIV-1 infection where mucosal immunity is profoundly impaired 

[57, 119]. 

The effect of IL-7 has been preferentially examined on T cells; however in      

Paper IV, we studied the potential impact of elevated levels of IL-7 on B cell 

activation and survival. Despite the lack of expression of IL-7R, IL-7 was 

proposed to act on B cells through the release of IFN- by T cells [240]. IL-7 pre-

treated T cells induced Fas expression on B cells, rendering them sensitive to Fas-

mediated apoptosis. We also found that IL-7 pre-treated T cells stimulate B cell 

activation and proliferation. In the presence of IL-7 pre-treated T cells, B cells 

produce large amount of IgA, IgM and IgG, and display a plasmablast phenotype 
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(CD20lowCD38high). This effect was mediated by the up-regulation of CD70 on IL-7 

treated T cells, as confirmed by CD70 blocking experiments. These results confirm 

previous publications linking the hypergammaglobulinemia found during HIV-1 

infection to the CD70 expression on T cells [244, 258]. Additionally, IL-7 pre-

treated T cells enhance B cell survival through the production of BAFF. Blocking 

BAFF signaling did not affect Ig secretion by B cells but increased B cell apoptosis. 

Notably, BAFF levels are also elevated in HIV-1 infected patients [297-299] and 

may thus participate to the increased survival of activated B cell leading to the 

high levels of circulating IgG present in patients. Our results revealed a new role 

for IL-7 in regulating B cell functions, which needs further evaluation in the 

context of HIV-1 infection.  

 

The pathogenesis of HIV-1 infection is complex and it is often hard to distinguish 

when the alterations of B and T cell functions are the result or the cause for the 

observed systemic activation of the immune system. With the introduction of ART, 

the life of HIV-1 infected individuals has greatly changed, and in most cases 

associated with the restoration of immune functions. However, immune activation 

persists in ART-treated individuals and is still associated with increased mortality 

in treated HIV-1 infected individuals. Therapeutic strategies including 

immunosuppressive drugs have been proposed in the context of HIV-1 infection 

[300], but their efficacy remains to be proven. Impaired immune reconstitution of 

HIV-1 infected individuals has been also suggested to originate from the loss of IL-

7R expressing CD4+ T cells [39]. Recent data also showed that rather than IL-7 

levels, the lack of T cell responsiveness to the cytokine, seems to be responsible 

for impaired CD4+ T cell reconstitution [301]. Indeed, some ART-treated 

individuals, despite successful viral suppression, do not recover their CD4+ T cells 

[302]. The lymphoid tissue fibrosis occurring in the course of HIV-1 infection is 

associated with poor T cell recovery after ART [303]. These studies suggest the 

necessity for ART initiation early after the onset of HIV-1 infection, in order to 

preserve the tissues from destruction. Indeed, it has been shown that HIV-1 

infected individuals starting ART early display preserved immune responses and 

longer survival [261, 262, 304-306]. In addition, the role of microbial 

translocation and depletion of Th17 cells from the gut during HIV-1 pathogenesis 

has also led to new therapeutic strategies aiming at restoring normal 

gastrointestinal flora or decreasing signaling through TLRs [119]. A better 

understanding of immune alterations occurring at the mucosa during HIV-1 

infection may lead to new therapeutic interventions and help uncovering the 

mechanisms necessary for the design of an effective vaccine against HIV-1. 
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