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Résumé 

Les cellules T CD8+ jouent un rôle primordial dans le contrôle des infections virales en 

limitant la dissémination des cellules infect®es. Lors de lôinfection chronique par le virus 

HIV, les cellules T CD8+ HIV-spécifiques  ne se différencient pas en cellules effectrices 

fonctionnelles capables de tuer les cellules infectées par le virus ; ces cellules ne sont plus 

capables de prolif®rer ou de produire lô IL-2. Ces cellules expriment PD-1 et lôengagement 

de PD-1,  par son ligand, aboutit a plusieurs de ces déficits fonctionnels des cellules T .  Le 

rôle de PD-1 dans la régulation d'évènements transcriptionnels contrôlant la différentiation 

et l'obtention des fonction effectrices des cellules T CD8+ reste à démontrer.  

Id2 joue un rôle central dans la différenciation des cellules T CD8+ effectrices. Nous avons 

®mis lôhypoth¯se que le d®faut de maturation observ® chez les cellules T CD8+ PD-1 high 

HIV-spécifiques (CD8+PD-1hi) au cours de lôinfection chronique par le virus HIV pouvait 

°tre li® ¨ la  diminution dôexpression du r®gulateur Id2. Nous avons ainsi d®montr® que  

l'engagement de PD-1 contribuait à une diminution  d'expression de Id2 et de ses cibles 

transcriptionnelles. La surexpression de Id2 de ces cellules a permis de restaurer 

l'expression de marqueurs tels que Granzyme B et Bcl-2 et diminuir lôexpression du 

marqueur de maturation de CD27. 

La famille des cytokines ¨ chaine ɔ joue un r¹le clef dans la survie et lôhom®ostasie des 

cellules T. Dans ce travail, nous avons d®montr® que lôIL-15 était  unique  grâce à ses 

capacit®s de stimulation de lôexpression dôId2 et ses propri®t®s favorisant la survie ainsi que 

la diff®renciation des cellules T CD8+ effectrices. lôIL-15 induit la prolifération de toutes 

les  populations  de cellules T m®moires provenant de donneurs sains. Lôaddition de cette 
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cytokine aux  sous-populations cellulaires Ttm et Tem a permis  leur  différenciation en 

cellules effectrices capables de produire Granzyme B alors que la stimulation par lôIL-15 

des cellules Tcm ne favorise pas leur différenciation. Un test de cytotoxicitié par cytométrie 

en flux nous a permis de   confirmer  que la stimulation de cellules T CD8+ HIV 

sp®cifiques par  lôIL-15 favorisait lôexpression de Id2 et restaurait les fonctions 

cytotoxiques des cellules T CD8+ HIV spécifiques. 

En conclusion, nous avons pour la première fois dans cette thèse défini  les mécanismes 

mol®culaires impliqu®s dans la modulation de lôexpression du r®gulateur transcriptionnel 

Id2 par lôIL-15. Nous avons ®galement r®v®l® comment lôengagement de PD-1 conduisait a 

une alt®ration de lôexpression et de la fonction  dôId2 et favorisait la diminution des 

fonctions effectrices des cellules T CD8-HIV spécifiques. Une perspective de traitement 

avec des agents tels que lôIL-15 ou le bloquage de PD-1, en combinaison avec les 

traitements conventionnels, pourrait contribuer à une meilleure stimulation des réponses 

immunes favorisant ainsi la réactivation des cellules T CD8+ et permettant la destruction de 

cellules T CD4+ infectées de manière latente. 

 

 

 

 

 

Mots-clés : HIV, CD8 CTL, PD-1, Id2, IL-15, différenciation des cellules effectrices, 

cytotoxicité 
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Abstract 

CD8+ T cells play a fundamental role in controlling viral replication and dissemination by 

killing virus-infected cells. However during chronic HIV infection HIV-specific CD8+ T 

cells fail to differentiate to functional cytotoxic effector cells and develop functional defects 

such as loss of IL-2 secretion, decreased proliferation and express high levels of PD-1. 

Persistent expression of PD-1 and triggering by its ligand results in immune dysfunction; it 

is not known how PD-1 signaling influences transcriptional events involved in T cell 

differentiation and effector function.  

We found that the transcriptional regulator Id2 was downregulated in PD-1hi HIV-specific 

CD8+ T cells when compared to PD-1low CMV-specific CD8+ T cells from the same 

HIV-infected donors. Since Id2 has been shown to play a central role during differentiation 

of effector CD8+T cells, we hypothesized that skewed maturation of the PD-1hi HIV-

specific CD8+ T during chronic HIV infection could result from decreased levels of Id2. 

We found that signals transduction pathways downstream of PD-1 ligation inhibited the 

expression of Id2; transfection of PD-1hi effector cells from HIV infected individuals with 

a Tat-Id2 construct could reverse an apoptotic fate associated with the exhausted 

phenotype. Finally, overexpression of Id2 restored expression of Granzyme-B and Bcl-2 

and led to a decreased expression of the T cell maturation marker CD27. 

Although the extrinsic signals and costimulation needed to activate cell proliferation and 

effector function are well known, signal-transduction pathways that regulate differentiation 

of memory cells to effector cells are beginning to be understood. The g-chain family of 

cytokines is essential for the survival and homeostasis of T cells; they have pleiotropic 
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effects on the differentiation of effector and memory virus-specific CD8+ T cells. IL-15 

was unique among g-chain cytokines in upregulating the expression of Id2 and promoting 

the survival and differentiation of effector memory CD8+ T cells.  

IL-15 induced proliferation of all memory subsets from healthy subjects but only induced 

differentiation, Granzyme-B production, and cytotoxic effector function in CD8+ Ttm and 

Tem cells. Stimulation of Tcm with IL-15 failed to induce their differentiation; this was 

associated with their decreased ex vivo levels of IL-15Ra when compared to Tem and Ttm 

subsets. Finally, we developed a single cell flow-cytometry cytotoxicity assay, and found 

that stimulation of CD8+T cells from HIV chronically infected subjects with peptide plus 

IL-15 induced the differentiation of tetramer+ CD8+ Ttm cells and restored Id2 expression 

and their cytotoxic activity .  

Overall, we illustrate in this thesis, for the first time, the molecular mechanisms of effector 

T cell differentiation mediated by IL-15 and its downstream transcriptional regulator Id2; 

we reveal how PD-1 engagement leads to alteration of the Id2 pathway leading to decreased 

effector function of the HIV-specific CD8+ T cells.  Immunotherapy with agents such as 

IL-15  or PD-1 blocking antibody that increase levels of Id2 expression , in combination 

with HAART, should   trigger the functional re-activation of HIV-specific CD8+ T cells 

and the killing of latently HIV-infected CD4+ T cells. 

 

 

 

Keywords : HIV,  CD8 CTL, PD-1, Id2; IL-15, effector cell differentiation, cytotoxicity 
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1. Immunological Memory 

Immunological memory is defined as the ability of the immune system to respond against a 

previously encountered pathogen. This characteristic was described for the first time by 

Thucidydes in the fifth century B.C., indeed he noticed that people who survived plague 

were not infected a second time.  The property of the immunological memory are based on 

the fact that both antibody and T cell responses which mediate the adaptive immune 

response, are more efficient in responding the second time to the same antigen than in the 

first encounter. Immunological memory is the basis for generating protective immunity 

against many pathogens and  represents the hallmark for vaccine strategies. While it is clear 

that B cell production of antibody is critical for the protective features of many vaccines, 

long-lived T cell immunity is also a critical component for good vaccine.  

 

1.1 Generation of memory CD8+ T cells 

Once a mature naïve T cell population exits the thymus after positive and negative 

selection, it circulates in the blood and in the periphery while expressing a wide repertoire 

of diverse T cell receptors (TCRs) that can recognize pathogens and induce efficacious 

immune responses. Naïve T cells are maintained by the signals provided by the continuous 

but transient interaction of their TCR with selfïpeptide major histocompatibility complexes 

(MHC) on antigen-presenting cells (APCs). Upon infection dendritic cells migrate to the 

lymphoid organs and present antigen to naïve T cells. This interaction is responsible for the 

formation of immunological synapses (ISs) between T cells and APC leading to more 

stable interactions. A naïve T cell activated by antigen stimulation undergoes proliferation, 

cytokine production, and differentiates into effector cells.  Several studies have shown that 

the immune response requires three signals: 1) antigenic stimulation upon engagement of 

the TCR and CD8 as a coreceptor, 2) costimulatory signals, such as CD28, and 3) 

inflammatory cytokines such as IL-12 and IFNs (Curtsinger, Schmidt et al. 1999; 

Curtsinger, Johnson et al. 2003; Curtsinger, Lins et al. 2003; Kolumam, Thomas et al. 

2005). The T cell-APC interactions lead to clonal expansion and effector and memory 

formation. The few naïve T cells specific for the cognate antigen are able to divide more 
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than 15 times (up to 50.000 fold expansion) in response to lymphocytic choriomeningitis 

virus (LCMV) and Listeria monocytogenes (LM), leading to their differentiation into 

effector cytotoxic T lymphocytes (CTLs) that will kill infected cells (effector phase). 

Functional CTLs exert their cytotoxic activity through the secretion of effector molecules, 

such as granzymes and perforin, as well as the secretion of cytokines such as interferon-g 

(IFN) and tumor necrosis factor (TNF). CD4+ T cells may also differentiate into T helper 1 

(Th1) cells that secrete IFNg, TNF and interleukin-2 (IL-2). These events regulate the 

antiviral immune response and mediate direct killing of virus infected cells.  Once the 

antigen has been cleared, most of the effector CTL (90%-95%) die by apoptosis 

(contraction phase) while the remaining cells (5-10%) establish a pool of the long-lived 

population of memory cells. It was originally proposed that the few cells that survive the 

contraction phase were randomly selected. However, recent studies have shown that some 

cells have more memory potential when compared to others. Studies in mice have helped in 

the discovery of transcription factors (described later) and cell surface markers that can 

predict which cells differentiate into effector function and those that instead  generate the 

memory T cell population for life-long persistence. Among these markers, increased levels 

of IL-7 receptor subunit Ŭ (IL-7RŬ or CD127), CD27, and B cell lymphoma 2 (BCL-2), as 

well as decreased expression of killer cell lectin-like receptor G1 (KLRG1) have been 

shown to preferentially induce the generation of long lived memory CD8+ T cells (Schluns, 

Kieper et al. 2000; Kaech, Tan et al. 2003; Joshi, Cui et al. 2007; Kurtulus, Tripathi et al. 

2011; Dunkle, Dzhagalov et al. 2013). While adoptive transfer experiments using TCR 

transgenic cells have shown that KLRG
hi
 CD127

lo
 cells slowly decrease in number after 

transfer in comparison to the long lived KLRG
lo
 CD127

hi
 cells that were maintained over 

time (Joshi, Cui et al. 2007; Sarkar, Kalia et al. 2008). Thus KLRG
hi
 CD127

lo
 cells have 

been referred as ñshort-lived effector cellsò (SLECs), while KLRLG
lo
 CD127

hi
 cells asò 

memory precursor effector cellsò (MPECs). Memory cells that are generated after the 

contraction phase have the ability to control secondary exposure to antigen by the rapid 

acquisition of effector function, increased frequency and localization to peripheral sites of 

infection. 
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1.2 Central memory and Effector memory T cell subsets: 

Memory T cells are heterogeneous and different subsets have been identified among 

CD4+ and CD8+ T cell population. The main two subsets are central memory and 

effector memory cells (Tcm and Tem, respectively). These two populations are 

distinguished based on their homing capabilities and effector functions. Effector cells 

home preferentially to the periphery; indeed they lack the expression of lymph-node 

homing markers such as CD62L and CCR7. In contrast central memory cells are found 

preferentially in the lymph-node as they are CD62L+ and CCR7+. Tcm share similar 

properties with naïve T cell, but do not express CD45RA on their cell surface and can 

rapidly differentiate into effector cells upon re-exposure to the same antigen.  They have 

high proliferative potential and secrete high levels of IL-2 (Sallusto, Lenig et al. 1999); 

Tcm  are more efficient at reconstituting the memory T cell pool and mediating protective 

immunity compared to Tem (Wu, Kirman et al. 2002; Wherry, Teichgraber et al. 2003; 

Castiglioni, Gerloni et al. 2004; Bouneaud, Garcia et al. 2005; Klebanoff, Gattinoni et al. 

2005). Tem have lower proliferative capabilities and IL-2 production, however, they can 

rapidly exert cytotoxic and effector functions (IFN-g secretion). Many other transitory 

subsets have been identified in both CD4+ and CD8+ and within the Tem other subsets 

that can be distinguished based on the expression of CD27 and CD28 (Romero, Zippelius 

et al. 2007). In humans, there is another effector memory CD8+ T subset,  the terminally 

differentiated effector cells (Temra), that are positive for CD45RA expression but they do 

not express CCR7. Recently, a human memory T cell subset with stem cellïlike 

properties has been described (Tscm)(Gattinoni, Lugli et al. 2011). These cells share 

many of the characteristics of naïve T cells cell (CD45RO
ī
, CCR7

+
, CD45RA

+
, CD62L

+
, 

CD27
+
, CD28

+
 and IL-7RŬ

+
 ), however, they also  express CD95, IL-2Rɓ, CXCR3, and 

LFA-1, typical markers of memory T cells (Gattinoni, Lugli et al. 2011). Therefore, Tscm 

are a long-lived human memory T cell population with increased capacity for self-

renewal and increased ability to generate central memory and effector memory T cells.  In 

summary, Tem provides immediate protection against second exposure to a previously 
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encountered pathogen and provide rapid protection at entry sites of infection, whereas 

Tcm remain principally in the lymphoid tissue where they can rapidly proliferate and 

differentiate into effector cells to resupply the effector T cells at peripheral sites.  

 

1.3 Models of memory T cells generation 

Because of the heterogeneity among the effector and memory CD8+ T cell population, 

different models of T cell differentiation have been proposed during infection. 

Separate-precursor model: this model proposes that when naïve T cells exit the thymus, 

these cells are differentially pre-selected to become effector or memory CD8+ T cells upon 

activation. However, evidence suggests that this model is unlikely. More sophisticated 

studies using adopting transfer of single CD8+ T cells have shown that naïve T cells can 

differentiate in both effector and several memory CD8+ T cell subsets (Stemberger, Huster 

et al. 2007; Gerlach, van Heijst et al. 2010). 

 Linear differentiation model: this model suggests that naïve T cells that respond to 

antigenic stimulation can give rise to effector cells. Once the antigen has been cleared, 

effector cells can either die by apoptosis, become senescent terminally differentiated T 

cells, or differentiate into memory CD8+ T cell subsets (Wherry, Teichgraber et al. 2003).  

Bifurcative differentiation model (or asymmetric cell division): this model implies that early 

after antigen stimulation, within the first cell division, one T cell precursor can give rise to 

two daughter cells: the proximal daughter cell (closer to the antigen-presenting cell (APC)) 

differentiates into effector cells that will die by apoptosis once the antigen has been cleared. 

The distal daughter cell (further from the APC) gives rise to Tcm, Tem and Ttm (Chang, 

Palanivel et al. 2007) .  

Self-renewing effector model: this model proposes that Tcm and effector T cells, generated 

from naïve T cells, have self- renewal abilities. Tcm are found in the lymph nodes and 

undergo homeostatic proliferation and can differentiate into Tem. Tem can give rise to 

terminally differentiated effector cells but cannot self-renew (Ahmed, Bevan et al. 2009). 

 

1.4 Role of cytokines in the homeostasis and differentiation of effector CD8+ T cells 
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Memory CD8+ T cells that are generated after an acute infection are maintained in a 

cytokine-dependent manner. Several studies have shown the role of g-chain cytokines (IL-

2, IL-4, IL-7, IL-9, IL-15 and IL-21) in regulating survival and homeostatic proliferation of 

memory CD8+ T cells. Among them IL-2, IL-15 and IL-7 have been shown to regulate 

different stages of memory differentiation and maintenance. These cytokines have some 

overlapping functions, but at the same time, regulate different points of the immune 

response. These overlapping functions are due to the fact that these cytokines share a 

common cytokine-receptor subunit and signaling pathways. All the receptors of the gamma 

chain cytokines utilize the gamma chain (gc) subunit, which signals through JAK3. 

Moreover, IL-2 and IL-15 receptors share a common ɓ chain which signals through Janus 

kinases 1 (JAK1). IL-15RŬ may also mediate signaling through tumor necrosis factor 

receptor associated factor 2 (TRAF2) binding motif. IL-2 binds to IL-2Ra alone with low 

affinity while IL-7 binds IL7R, which is composed of two subunits: the common gchain 

and the unique a-chain that confers cytokine specificity. Memory cells are known to be 

maintained by homeostatic proliferation which leads to high division rate when compared 

to naïve T cells (Tough and Sprent 1994) and the continual division is mediated by IL-15 

while inhibited by IL-2 (Ku, Murakami et al. 2000). Different groups have shown that IL-7 

and IL-15 are the major cytokines involved in the maintenance and homeostatic 

proliferation of memory CD8+ T cells (Schluns, Kieper et al. 2000; Schluns, Williams et al. 

2002; Mueller, Petrovas et al. 2005; Purton, Tan et al. 2007). In particular, IL-15 seems to 

mediate T cell proliferation while IL-7 is implicated in providing survival. Other 

researchers have also revealed that overexpression of IL-15, through IL-15 transgenic mice, 

increases the total number of memory CD8+ T cells (Marks-Konczalik, Dubois et al. 2000; 

Fehniger, Suzuki et al. 2001).  IL-7 seems to regulate the differentiation of effector CD8+ T 

cells that express high levels of CD127 (IL-7Ra) into long lived memory cells (Kaech, Tan 

et al. 2003). Indeed IL-7 is more important than IL-15 in supporting memory cell formation 

from recently activated CD8+ T cells. Other groups have shown reduced maintenance of 

antigen-specific CD8+ T cells in IL-15-deýcient mice (Becker, Wherry et al. 2002; 

Schluns, Williams et al. 2002). Rubinstein et al. demonstrated that IL-15 and IL-2 induced 
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the preferential accumulation of short-lived effector/memory (KLRG1hiCD127lo) CD8+ T 

cells while stimulation with IL-7 mediates increased numbers of the long lived memory 

precursors KLRG1loCD127hi cells (Rubinstein, Lind et al. 2008). As cytokines that signal 

through the gc receptors, IL-15 and IL-7 support survival of memory CD8+ T cells at the 

molecular level by increasing the levels of anti-apoptotic molecules such as Bcl-2. Antigen 

specific CD8+ T cells have high levels of Bcl-2 while naïve T cells express lower Bcl-2. In 

addition, CD8+ T cells  express higher levels of Bcl-2 than the CD4+ memory cells 

(Homann, Teyton et al. 2001). The signaling pathway triggered by the gc cytokines signal 

through signal transducer and activator of transcription 5 (STAT5) and are inhibited by 

suppressor of cytokine signaling-1 (SOCS-1).  

 

1.5 Transcription factors that control effector and memory CD8+ T cell differentiation 

Several transcription factors that regulate effector and memory CD8+ T cell development 

have been identified. These transcriptional regulators have been shown to act in pairs: when 

the expression of one of the two molecule increases, they induce either memory or effector 

differentiation. Among these pairs of transcriptional regulators, t-bet and eomesodermin, 

Id2 and Id3, Bcl-6 and Blimp-1 have been shown to function in coupled to regulate these 

properties. In particular, cells that express increased levels of T-bet, B lymphocyte-induced 

maturation protein (Blimp-1), inhibition of DNA binding 2 (Id2) and signal transducer and 

activator of transcription 4 (Stat4) during an immune response, induces the differentiation 

of effector CD8+ T cells in short lived effector cells. These molecules contrast the 

expression of other transcriptional factors, Eomesodermin (Eomes), B cell lymphoma 6 

(Bcl-6), Id3 and Stat3 that, when upregulated, induce the differentiation of effector cells 

into long-lived memory CD8+ T cells for life-long persistence (reviewed in (Kaech and Cui 

2012)).  
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Figure 1: Different stages of CD8+ T cell differentiation: 

 

Memory CD8+ T cells are heterogeneous and  can be distinguished based on cell surface 

markers or the expression of different sets of transcriptional factors: central memory are 

less differentiated and express CD27, CCR7, and CD28 expression on their cell surface 

while showing greater self-renewal and proliferative capabilities. At the transcriptional 

level, Tcm express high levels of BCL-6, Id3, STAT3 and eomes. As cells differentiate in 

effector cells, they lose expression of CCR7, CD27, and CD28 on their cell surface and 
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express high levels of transcriptional factors T-bet, Id2, Blimp-1 and STAT4 that regulate 

their effector functions. Adapted from (Kaech and Cui 2012) 

 

1.5.1 T-bet and eomesodermin  

T-bet and eomesodermin are two T box transcription factors that play important roles in 

promoting effector and memory CD8+ T cell differentiation. Their role in mediating 

effector CD8+ T cell functions is confirmed by studies where they show that the two 

transcription factors are required for the expression of INFg, granzyme B, perforine, 

CXCR3 and CXCR4 (Intlekofer, Takemoto et al. 2007; Joshi, Cui et al. 2007; Banerjee, 

Gordon et al. 2010; Pipkin, Sacks et al. 2010). Expression of T-bet is upregulated in the 

effector phase of the immune response by antigen presentation and by IL-12 and 

mammalian target of rapamycin (mTOR) activity (Takemoto, Intlekofer et al. 2006; Joshi, 

Cui et al. 2007; Rao, Li et al. 2010; Joshi, Cui et al. 2011).When memory CD8+ T cell are 

generated, T-bet expression decreases whereas eomes is induced by RUNX-3 and IL-2 

(Banerjee, Gordon et al. 2010; Joshi, Cui et al. 2011).  

 

1.5.2 Blimp-1 and Bcl-6 

Blimp-1 and Bcl-6 are another pair of transcription factors involved in B and T cells 

differentiation. Blimp-1 expression is high on effector CD8+ T cells and its levels are 

increased by IL-2, IL-12 and IL-21 cytokines (Gong and Malek 2007; Kwon, Thierry-Mieg 

et al. 2009; Kalia, Sarkar et al. 2010; Pipkin, Sacks et al. 2010). In these cells Blimp-1 

regulate effector functions such as T cell trafficking to sites of inflammation and INFg and 

Granzyme B expression (Kallies, Xin et al. 2009; Rutishauser, Martins et al. 2009).  As 

memory CD8+ T cells form Blimp-1 expression levels decrease and Bcl-6 levels increase 

(Cui, Liu et al. 2011). In mice, IL7Rahi KLRGlo memory precursors express high levels of 

Bcl-6 and its levels are maintained and increased in antigen-specific memory cells after 

LCMV infection, and this coincides with decreased levels of Blimp-1 (Gong and Malek 

2007). Other studies have shown that Bcl-6 is important for the formation of Tcm and its 
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expression may be mediated by IL-10 and IL-21 (Ichii, Sakamoto et al. 2002; Gong and 

Malek 2007; Ichii, Sakamoto et al. 2007). 

 

2. Id proteins  

Inhibitor of DNA binding or differentiation (Id) proteins belong to a family of helix-loop-

helix (bHLH) transcription factors. There are two main families of the HLH proteins: E-

proteins and Id proteins. Id proteins were named due to their ability to inhibit DNA binding 

(Benezra, Davis et al. 1990). In mammals, four known members of Id proteins exist; Id,1 

Id2, Id3 and Id4, all encoded by four different genes (Benezra, Davis et al. 1990; Deed, 

Jasiok et al. 1994). 

 

2.1  The properties of Id proteins 

Id proteins and E proteins both have a highly conserved helix-loop-helix (HLH) domain 

that consist of two amphipathic Ŭ-helices separated by a loop of variable sequence and 

length (Pesce and Benezra 1993). The HLH domain is required for homo- and hetero-

dimerizzation of these proteins. Next to the HLH domain, E proteins contain a basic amino 

acid domain which is fundamental for their binding to DNA within the canonical ñE-boxò 

recognition sequence, CANNTG (Figure 2) (Barone, Pepperkok et al. 1994). However, Id 

proteins do not possess the basic domain, thus they are not able to bind DNA and act by 

inhibiting the transcriptional regulation of bHLH factors, in particular, the E-proteins 

(Figure 3) (Lasorella, Uo et al. 2001) (Zebedee and Hara 2001; O'Toole, Inoue et al. 2003)  

Id proteins, through the inhibition of E-protein transcriptional activity, control various 

critical cells function, including cell cycle, differentiation, apoptosis, cell senescence, 

tumorigenesis and neoplastic transformation (Barone, Pepperkok et al. 1994) (Andres-

Barquin, Hernandez et al. 2000). 
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Figure 2: Schematic structure of E-proteins and Id- proteins 

The basic DNA binding region (b) that bound the HLH region is shown. (Adapted from 

(Norton 2000)). 

 

 

 

 

 

 

 

 

Figure 3: Id and E-protein interaction 

E-proteins form heterodimers that bind DNA and induce transcription of genes involved in 

apoptosis and blockage of cell cycle progression. When Id proteins bind to E-proteins, they 

form a complex that cannot bind to DNA and thus inhibits E-proteins transcriptional 

activity (adapted from (Engel and Murre 2001)). 

 

  

όE-proteinsύ 

(ID proteins) 

 



13 

 

2.2 Id proteins in cell cycle control 

The role of Id proteins in regulating cell cycle has been shown in mice and cell line models. 

These studies have shown that Id proteins are implicated in the G1/S transition of the cell 

cycle. Lasorella et al. have demonstrated that resting and undifferentiated cells have lower 

levels of Id proteins and its expression increases when cells enter the cell cycle and 

proliferate, suggesting that Id proteins may play a role in regulating cell growth (Lasorella, 

Uo et al. 2001). Mechanistic studies via the use of small interfering RNA have shown that 

the silencing of Id proteins results in cell cycle arrest (Barone, Pepperkok et al. 1994). Two 

main pathways have been shown to correlate Id proteins to cell cycle control. The first one 

is by inhibiting the binding of E-protein transcription factors: following mitogenic signals, 

increased levels of Id may sequester E-proteins from forming heterodimers and prevent 

them from binding the DNA. The Id-E protein interaction results in a consequent inhibition 

of E-protein target gene expression such as the cyclin-dependent kinase (CDK) inhibitors, 

(i.e. p21CIP1 and p27KIP1) (Trabosh, Divito et al. 2009). Moreover, Ids can inhibit the 

expression of p16INK4a promoter through an E-protein-dependent mechanism, while Id2 

inhibits p15INK4b (Alani, Young et al. 2001). Id proteins have been shown to 

preferentially target the ubiquitously expressed E-proteins (E12, E47, E2-2, and HEB), 

(Benezra, Davis et al. 1990; Norton and Atherton 1998). In addition to E proteins, Ets 

transcription factors and the tumor suppressor proteins of the Retinoblastoma (pRb) family 

are also targets of Id proteins (Iavarone, Garg et al. 1994; Biggs, Zhang et al. 1995; 

Lasorella, Iavarone et al. 1996).  The direct interaction between pRB and Id proteins (Id2 in 

particular) is thought to potentiate the S phase. This interaction in fact results in the 

dissociation of pRB from the E2F transcription factor. Once dissociated from pRB, (p107 

and p130) E2F is free to bind to DNA and induce the expression of genes involved in cell 

cycle progression. Free E2F transcriptional complex then activates the expression of genes 

required for progression through S phase of the cell cycle (Figure 4).  
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Figure 4: Id proteins in cell cycle control 

Schematic representation shows how Id proteins regulate cell cycle progression. Mitogenic 

signaling pathways, during G1 phase of the cell cycle, promotes events that induce the 

phosphorylation of the cyclin-dependent kinase (CDKs). CDKs phosphorylate pRB (p107 

and p130), leading to release of the transcription factor E2F. Free E2F is able to bind to 

DNA and thus to induce the expression of genes important for the S phase of the cell cycle. 

(Norton 2000). 

 

2.3 Ids in Development and Differentiation 

Because of the ability of Id proteins in regulating proliferation and differentiation, these 

proteins regulate many aspects of development. Studies in mice with Id protein knockout 

have shown that the absence of Id1 and Id3 together leads to altered differentiation and 
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proliferation of neural cells and are embryonic lethal, whereas the absence of Id2 resulted 

in decreased proliferation of many cell types and decreased body size was observed in these 

mice (Lasorella, Uo et al. 2001; Sikder, Devlin et al. 2003). Id1 knockout mice alone have 

no evident defects whereas Id3 knockout mice exhibit defects in B cell proliferation and 

humoral immunity. The importance of Id2 in regulating development was further 

confirmed by a study where the loss of Id2 lead to the absence of Peyerôs patches and 

lymph nodes as well as decreased numbers of epidermal Langerhans cells and natural killer 

cells (Sikder, Devlin et al. 2003).  

 

2.4 Role Id2 and Id3 in memory CD8+ T cell differentiation 

Few studies in mice have recently shown the new role of Id2 and Id3 in regulating the 

differentiation of effector and memory CD8+ T cell formation. The first study from 

Cannarile et al in 2006 had shown that after antigen stimulation, Id2 expression was 

increased in effector cells and its expression remained high in the memory compartment 

(Cannarile, Lind et al. 2006). CD8+ T cells from Id2 knockout mice infected with Listeria 

monocytogenes were able to respond to the antigen, to proliferate, and differentiate into 

effector cells but were more susceptible to spontaneous apoptosis compared to wild-type 

cells, resulting in a decreased ability to clear Listeria after infection (Cannarile, Lind et al. 

2006). CD8+ T cells in absence of Id2 have decreased levels of the pro-survival Bcl-2 

molecule and increased levels of the proapoptotic Bim and Ctla-4, suggesting that Id2 was 

mediating the survival of effector cells that undergo contraction during the immune 

response. Moreover, the few cells that survived in the absence of Id2 expression expressed 

a different phenotype, maintaining CD27 and CD127 expression and exhibiting a more 

central memory phenotype in comparison to wild-type cells that had instead differentiated 

into effector memory CD8+ T cells (Cannarile, Lind et al. 2006). 

Another more recent study in mice showed that the ratio between Id2 and Id3 expression 

levels are important for determining which cells become long-lived memory cells and those 

that become short-lived effector cells after an immune response (Yang, Best et al. 2011). 

Indeed, high levels of Id3 preferentially lead to the differentiation of long-lived memory 
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cells while low levels of Id3 promote short-lived effector cell differentiation. Contrary to 

Id2 expression that is upregulated early after antigen stimulation, Id3 expression levels 

were decreased in  effector cells and its expression became high when memory cells were 

generated. Id3 levels were found to be modulated right before the change in KLRG-1 and 

CD127 expression on the cell surface. Therefore, Id3 expression could be an indicator for 

the identification of memory precursors (CD127
hi
KLRG-1

lo
). Id3 deficient mice were not 

able to accumulate CD127
hi
 memory cells. Moreover, Id2 knockout cells were lacking 

KLRG-1
hi
 short lived effector cells. This study suggest that Id2 and Id3 regulate the 

differentiation of effector and memory cells differently and that their expression could be 

used to predict memory precursors. 

 

3.  CD8+ T cell exhaustion  

During an acute infection, naïve T cells are stimulated by antigen to undergo clonal 

expansion, differentiate into effector T cells that secrete cytokines and exert cytolytic 

activity.  Once the infection is resolved, a small subset of these functional effector T cells 

survive the contraction phase and further differentiate into highly polyfunctional memory T 

cells. Memory cells have the capacity to rapidly respond to previously encountered 

antigens, which include the ability to reacquire the homing receptors to secondary 

lymphoid tissues, high proliferative capabilities, and the ability to self-renew by undergoing 

homeostatic proliferation driven by IL-7 and IL-15 (Becker, Wherry et al. 2002; Goldrath, 

Sivakumar et al. 2002). These properties allow memory T cells to confer protective 

immunity. However, during a chronic viral infection, T cells lose these characteristics 

because of the continued exposure to the antigen, a functional impairment known as 

exhaustion. T cell exhaustion was described for the first time almost 10 years ago in murine 

LCMV models where researchers showed that during chronic infection, antigen-specific T 

cells were dysfunctional and were not able to kill virally infected cells (Barber, Wherry et 

al. 2006). During exhaustion, CD8+ T cells undergo a progressive loss of their effector 

functions. The events that regulate this loss are influenced by the level and persistence of 

antigen stimulation and by CD4+ T cell help. If the viremia is low and CD4+ T cell 
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numbers are not lost, CD8+ T cells are still functional, as during some latent infections. 

Typically, when viral infection persists, IL-2 production, proliferation, and ex vivo killing 

are the first effector functions to be lost during chronic infection (exhaustion I) (Wherry, 

Blattman et al. 2003). This stage is followed by partial exhaustion II when TNF-

a production begins to be impaired. Reduction in INF-g production following antigen 

stimulation follows, a stage of exhaustion that is the result of high viral load and low CD4+ 

T cell numbers (Wherry, Blattman et al. 2003). Finally, the continuous presentation of the 

antigen to antigen-specific CD8+ T cells leads to death by apoptosis.  After these first 

studies in mice, it became evident that humans had similar kinds of CD8+ T cell 

exhaustion. For example during human immunodeficiency virus (HIV), hepatitis C virus 

(HCV) or hepatitis B virus (HBV) infections, virus-specific CD8+ T cells appear to lack ex 

vivo effector functions. 

 

3.1 HIV infection 

 Human immunodeficiency virus (HIV) is a lentivirus, a member of the retrovirus family, 

and if untreated, leads to acquired immunodeficiency syndrome (AIDS). HIV is an 

enveloped viral particle that contains two copies of positive single-stranded RNA that code 

for nine genes: gag, pol, env, tat, rev, nef, vif, vpr and vpu. HIV infects CD4+ T cells, 

macrophages and dendritic cells. HIV infection leads to a gradual loss of CD4+ T 

cells through direct or indirect mechanisms: killing of CD4+ T cells directly mediated by 

the virus, indirect killing of infected cells by cytotoxic CD8+ T cells, killing of CD4+ T 

cells mediated by abortive HIV infection and/or increased rates of apoptosis of uninfected 

cells (Banda, Bernier et al. 1992; Groux, Torpier et al. 1992; Cottrez, Manca et al. 1997; 

Herbein, Van Lint et al. 1998; Badley, Pilon et al. 2000; Esser, Graham et al. 2001; 

McCune 2001; Alimonti, Ball et al. 2003; Doitsh, Cavrois et al. 2010). When the numbers 

of CD4+ T cells become very low, the immune system is compromised and the disease is 

characterized by susceptibility to infection with organisms that are not typically pathogenic 

(McCune 2001; Mattapallil, Douek et al. 2005). 

 

http://en.wikipedia.org/wiki/T_cells
http://en.wikipedia.org/wiki/T_cells
http://en.wikipedia.org/wiki/CD8_cytotoxic_lymphocyte
http://en.wikipedia.org/wiki/Apoptosis
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3.1.1 Clinical Course of HIV infection 

HIV infection is characterized by a peak in plasma viremia, usually reaching more than a 

million RNA copies/ml, and occurring 3-4 weeks after HIV entry. This period is 

characterized by non-specific flu-like symptoms and coincides with decreased numbers of 

circulating CD4+ T cells (McMichael, Borrow et al. 2010). The partial viral control 

correlates temporally with an HIV-specific CD8+ T cell response which peaks just prior to 

the decline in viremia and is important in maintaining the viral load at stable levels (Koup, 

Safrit et al. 1994). This essential role of CD8+ T cells in controlling HIV disease 

progression has been confirmed in non-human primate models (Matano, Shibata et al. 

1998; Jin, Bauer et al. 1999; Schmitz, Kuroda et al. 1999). Indeed, it has been shown that 

depletion of CD8+ T cells leads to a rapid increase in viremia while upon reappearance of 

CD8+ T cells, viremia decreases during acute and chronic SIV (Jin, Bauer et al. 1999; 

Schmitz, Kuroda et al. 1999). Chronic HIV infection, also known as the latent phase, lasts 

an average of 10 years and begins when the viral load decreases and CD4 T cell counts are 

stabilized. Throughout this phase, CD4+ T cells are gradually depleted from the circulation 

(McMichael, Borrow et al. 2010). When CD4+ T cells numbers decrease below 200 

cells/ɛl, the immune system is susceptible to opportunistic infections and tumors and this 

immune dysfunction leads to AIDS. The rate of this depletion varies from one individual to 

another, for reasons that remain to be fully elucidated (Sun, Williams et al. 2004). The 

depletion of CD4+ T cells is thought to contribute to the inability of CD8+ T cells to mount 

effective responses and control viremia during chronic infection. 

 

3.1.2 Role of CD8+ T cells in HIV infection: 

CD8+ T cells play an important role during HIV infection and are essential in controlling 

viral replication and for the killing of virally infected cells. Their ability in controlling 

viremia is mediated by the secretion of soluble factors (CAF, MIP-1Ŭ, MIP-1ɓ, RANTES) 

and by the release of perforin and Granzyme A and B that mediate direct lysis of infected 

cells. HIV-specific CD8+ T cells from patients in the acute phase of HIV infection are still 

able to control viremia and exert strong cytotoxic activity. Indeed, the development of 
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tetramer stainings have provided the data showing that the frequency of antigen-specific 

CD8+ T cells can reach up to 18% during acute infection (Gea-Banacloche, Migueles et al. 

2000; Addo, Yu et al. 2002). As the infection progresses, the CD4:CD8 T cell ratio is 

inverted as a consequence of CD4+ T cells loss (Chun, Justement et al. 2002). During the 

late stages of infection, the frequency of CD8+ T cells begins to decline (Margolick, 

Munoz et al. 1995). Furthermore, during chronic HIV infection, the capability of CD8+ T 

cells to exert a cytolytic response diminishes and usually, in the absence of treatment, the 

disease progresses to AIDS (Klein, van Baalen et al. 1995). How CD8+ T cells are lost 

during HIV infection is still under debate and different mechanisms have been proposed 

(Reviewed in: (Gougeon 2003)).  HIV specific CD8+ T cells have been shown to be more 

sensitive to Fas/CD95-induced apoptosis when compared to cytomegalovirus (CMV)-

specific CD8+ T cells (Mueller, De Rosa et al. 2001). One possible mechanism of CD8+ T 

cell apoptosis was shown to be the effect mediated by HIV infected macrophages on 

bystander cells (Cottrez, Manca et al. 1997; Herbein, Van Lint et al. 1998; Badley, Pilon et 

al. 2000; Vlahakis, Algeciras-Schimnich et al. 2001). In contrast, other groups have shown 

that increased apoptosis of antigen-specific CD8+ T cells was not dependent on Fas but 

these cells were more sensitive to TNF receptor 2 and caspase mediated apoptosis leading 

to decreased levels of the pro-survival Bcl-2 molecule (Derby, Snyder et al. 2001). Other 

groups have shown that apoptosis of antigen-specific and total CD8+ T cells can occur in 

vitro by interaction between gp120 and CXCR4 that is expressed on the cell surface of 

CD8+ T cells. However, other mechanisms of CD8+ T cell depletion as a consequence of T 

cell exhaustion have been more recently described during HIV infection. 

 

3.2 T cell exhaustion during HIV infection  

It has been shown that negative regulatory pathways play an important role in T cell 

exhaustion. Among them, three different pathways are the principal mediators of 

exhaustion: cell surface inhibitory receptors (such as PD-1), cytokines (such as IL-10) and 

immunoregulatory cells (such as Treg cells). Inhibitory receptors have the important 

function of limiting T cell activation by reducing downstream signaling of the T-cell 
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receptor (TCR). Thus, a robust immune response is mediated by a perfect balance between 

positive and negative signals. However, the persistant expression of negative regulatory 

receptors during chronic infection leads to an impaired ability to respond to infections, 

further leading to exhaustion.  

 

 

3.2.1 Programmed death 1 (PD1) 

3.2.1.1 Structure 

Programmed death 1 (PD-1) and its ligands, PD-L1 and PD-L2, mediate inhibitory signals 

that control the balance between T cell activation, tolerance and autoimmunity (Nishimura, 

Nose et al. 1999; Nishimura, Okazaki et al. 2001). PD-1 is a 288 amino acid type I 

transmembrane protein consisting of one immunoglobulin (Ig) superfamily domain and an 

intracellular domain containing an immunorecepor tyrosine-based inhibitory motif (ITIM) 

as well as an immunoreceptor tyrosine-based switch motif (ITSM). PD-1 expression is very 

low or undetectable on resting cells and its expression is induced transiently on activated T 

cells, B cells, natural killer T cells, activated monocytes, and dendritic cells (DCs). PD-1 

binds to two ligands, both members of the B7 family, called PD-L1 (programmed death 

ligand-1 or B7-H1) and PD-L2 (B7-DC) (Chen 2004; Greenwald, Freeman et al. 2005). 

PD-L1 is constitutively expressed on many cell types whereas PD-L2 is induced on 

antigen-presenting cells during inflammation. PD-1 binding to its ligands (PD-L1 and PD-

L2) induces a cascade of events that inhibit TCR signaling. This is a mechanism to control 

autoimmunity and to prevent constant T cell activation, proliferation, cytokine production, 

particularly IFN-g, TNF-a, IL-2, and cytolytic function. The mechanisms that PD-1 uses to 

dampen TCR signaling are mediated, in part, by the inhibition of ZAP70 phosphorylation 

and the association of the TCR with CD3z. Moreover, engagement of PD-1 inhibits glucose 

metabolism mediated by CD3-CD28 and also inhibits downstream signaling of Akt by 

inhibiting CD28 mediated activation of phosphatidylinositol 3-kinase. The role of PD-1 in 

regulating peripheral tolerance to self-antigen is mediated by its function in the 

development of regulatory T cells and in inhibiting self-reactive T cells. The role of PD-1 



21 

 

in regulating immune tolerance has been described with PD-1 knockout mice that develop 

autoimmune disease (Nishimura, Nose et al. 1999; Nishimura, Okazaki et al. 2001). Other 

studies have demonstrated  the treatment with blocking PD-1 antibodies as a therapeutic 

intervention for immunotherapy to cancer.   

 

 

3.2.1.2 Role of PD-1 in CD8+ T cell exhaustion 

The signaling pathways that are mediated by PD-1 are still not well understood, however, 

extensive studies have been conducted in the role of PD-1 for mediating T cell exhaustion 

during immune response. The first studies that were done in order to understand PD-1 

function during chronic viral infection have been conducted in a lymphocytic 

choriomeningitis virus (LCMV) mouse model (Barber, Wherry et al. 2006). Barber et al. 

were the first to describe that PD-1 expression regulates CD8+ T cell exhaustion in mice 

infected with LCMV clone 13 (a LCMV variant that generates chronic viral infection). PD-

1 expression levels were high on virus-specific CD8+ T cells and blocking the PD-1: PD-

L1 interaction during chronic viral infection rescues T cell function while decreasing viral 

load, suggesting that the inhibition of PD-1 crosslinking may be used as a potential 

application in the treatment of chronic infection. These first studies were conducted in 

mice, however, the role of PD-1 in regulating exhaustion of CD8+ T cells was then 

confirmed in humans during chronic viral infections, such as HIV (Petrovas, Casazza et al. 

2006; Trautmann, Janbazian et al. 2006; Zhang, Zhang et al. 2007) and in SIV infected 

Rhesus macaques (Petrovas, Price et al. 2007), (Velu, Titanji et al. 2009). Different groups 

have shown that PD-1 expression levels from chronically HIV infected donors are 

upregulated in particular on HIV-specific CD8+ T cells and its levels were positively 

correlated with viremia and negatively with CD4+ T cell number. Moreover, PD-1hi cells 

show a decreased capacity to proliferate and to produce cytokines. Longitudinal studies 

have shown that the use of highly active antiretroviral therapy (HAART) was able to 

decrease PD-1 levels on HIV-specific CD8+ T cells, suggesting that the continuous antigen 

presentation to these cells and viremia are responsible for the increased PD-1 expression 
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(Day, Kaufmann et al. 2006; Trautmann, Janbazian et al. 2006). In support of this, other 

groups have shown that SIV-specific CD8+ T cells for a specific epitope that had 

undergone mutational escape had decreased PD-1 expression on their cell surface. 

(Petrovas, Price et al. 2007; Salisch, Kaufmann et al. 2010). Other groups have shown that 

dominant clonotypes within the HIV-specific CD8+ T cell pool with increased levels of 

PD-1 failed to survive in culture and produced lower levels of cytokine when compared to 

subdominant clonotypes (Conrad, Ramalingam et al. 2011). The role of PD-1 in regulating 

apoptosis has also been shown by Petrovas et al. in 2006 where they showed that PD-1 

expression levels during HIV-infection correlated with increased susceptibility to 

spontaneous and CD95/Fas-induced apoptosis and is associated with decreased Bcl-2 

expression levels (Petrovas, Casazza et al. 2006). HIV-specific CD8+ T cells have been 

shown to be more susceptible to apoptosis when compared to CMV-specific CD8+ T cells 

from the same HIV-infected patients, possibly due to the higher levels of PD-1 on their 

cells surface. In fact, PD-1hi populations were found to be more susceptible to apoptosis 

than PD-1 negative CD8+ T cells, independent of antigen specificity. Moreover, increased 

PD-1 expression on CD8+ T cells from HIV-infected donors correlates with a pro-apoptotic 

phenotype with lower levels of the pro-survival Bcl-2 molecule, decreased levels of 

CD127, and higher levels of CD95/Fas surface receptor when compared to the PD-1lo 

compartment. PD-1hi cells also showed increased binding of MitoTracker suggesting that 

modification within the mitochondria of these cells may be responsible for increased 

susceptibility to apoptosis (Petrovas, Mueller et al. 2007).  

 

3.3 HIV Impairment of CD8+ T cell maturation 

As discussed earlier, during an acute infection, naïve T cells after antigen stimulation give 

rise to effector and memory T cells. These populations are distinguished based on their 

specific phenotype. Naïve T cells express CD45RA, costimulatory molecules, and homing 

receptors. As cells differentiate into effector cells (CD45RA+ CD28-CD27-CCR7-), Tem 

(CD45RA-CCR7-CD28-CD27-) and Tcm (CD45RA-CD28+CCR7+CD27+), certain 

markers, such as CCR7 for Tem and CD27 for Tcm, are gained or lost. Appay at al. showed 
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that during the chronic phase of HIV infection, antigen-specific cells that were generated 

expressed a distinguishable differentiation phenotype (based on CD28 and CD27) when 

compared to Epstein-Barr Virus (EBV) and HCV-specific CD8+ T cells (Appay, Dunbar et 

al. 2002). Other groups have shown that HIV-specific CD8+ T cells expressed lower levels 

of perforin on their cell surface and these cells were not able to exert cytotoxic functions in 

relation to CMV and EBV-specific cells in HIV-infected patients that instead are granzyme 

A/perforin+ CD45RA+ CD27- (Strengell, Matikainen et al. 2003; Zhang, Shankar et al. 

2003). Moreover, different groups demonstrated that HIV-specific CD8+ T cells have 

lower CD28 expression and are CD27+, suggesting a decreased effector phenotype (Ogg, 

Kostense et al. 1999; Roos, van Lier et al. 2000). CD28 and CD27 are costimulatory 

receptors. CD28 mediates TCR activation upon TCR triggering while CD27 facilitates the 

generation of antigen-specific CD8+ T cells. CD28+ cells have longer telomere lengths and 

therefore, have increased proliferative potential in contrast to CD28- cells. As a result, 

decreased levels of CD28 on HIV-specific CD8+ T cells are associated with diminished 

proliferation (Speiser, Migliaccio et al. 2001). CD27 negative cells that are associated with 

an effector phenotype express more Granzyme A and perforin when compared to cells that 

express CD27 on their cell surface (van Baarle, Kostense et al. 2002). Therefore, HIV-

specific CD8+ T cells that express high levels of CD27 and have lower proliferative 

capabilities and decreased perforin and cytotoxic activity. Moreover, HIV-specific memory 

CD8+ T cells were also found to have a pre-terminally differentiated phenotype (CD45RA-

CCR7-), when compared to CMV-specific cells that instead expressed a terminally 

differentiated (CD45RA+CCR7-) phenotype (Champagne, Ogg et al. 2001; Ellefsen, Harari 

et al. 2002). In summary, during the chronic phase of HIV infection, antigen-specific CD8+ 

T cells should have an effector/effector memory phenotype, however these cells express a 

pre-terminally differentiated phenotype. The skewed maturation of these cells is 

responsible for decreased effector functions and this leads to viral escape from immune 

containment. 
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3.4 Highly Active antiretroviral Therapy 

Highly active antiretroviral therapy (HAART) is the treatment for HIV infected individuals. 

HAART is able to decrease the rates of viral replication thus delaying the progression to 

AIDS. HAART is a combination therapy of three different drugs: two nucleoside reverse 

transcriptase inhibitors (NRTIs) and protease inhibitors (PI), two NRTIs and non-

nucleoside reverse transcriptase inhibitors (NNRTI) or other such combinations. HAART 

therapy has been shown to efficiently decrease viremia and increase CD4+ T cell numbers 

in the majority of cases. Upon initiation with HAART, the plasma viral load undergoes two 

exponential phases of decay (Perelson, Essunger et al. 1997). The first phase is 

characterized by a rapid decline of the viral load as result of the loss of productively 

infected CD4+ T cells, which are mainly activated CD4+ T cells. The second phase is less 

rapid and consists of the loss of infected macrophages and dendritic cells, which are more 

resistant to virusïinduced cytopathic effects than CD4+ T cells. The majority of the 

patients treated with HAART have a reduction in viremia that drops below 25 copies of 

viral RNA per ml of plasma (the detection limit of sensitive assay) by week 20 and remains 

low to undetectable except for occasional increases in viral load called viral ñblipsò 

(Perelson, Essunger et al. 1997; Posevitz, Arndt et al. 2008). Following HAART, the 

recovery of CD4+ T cell numbers undergoes two phases. First, there is a rapid increase in 

the CD4+ T cells that mostly have a memory phenotype, which happens during the first 

weeks from the treatment (Autran, Carcelain et al. 1997). This phase is followed by an 

increase in the naïve CD4 + T cell numbers (Autran, Carcelain et al. 1997). 
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HYPOTHESIS AND AIMS:  

We have previously shown that during chronic HIV infection, there is an impaired 

distribution of the memory CD8+ T cell subsets that is associated with high levels of PD-1. 

The majority of CD8+ T cells are arrested in a transitional memory (Ttm) phenotype, are 

not able to differentiate to effector/effector memory (Tem) cells and lack cytotoxic 

functions. Functional and phenotypical defects are not restored even under HAART 

treatment. PD-1 limits T cell activation by attenuating T cell receptor signaling, however, it 

is not known whether PD-1 also acts by downregulating genes important for differentiation 

and T cell functions. 

In the first part of my thesis (Chapter 2) I used a system biology approach as an unbiased 

methodology in order to identify pathways downstream of PD-1 that are associated with 

CD8+ T cell dysfunction and T cell exhaustion. I analyzed global gene expression profile 

of highly purified PD-1 high HIV-specific CD8+ T cells when compared to PD-1 low 

CMV-specific CD8+ T cells from the same chronic HIV-infected individuals and found 

that HIV-specific CD8+ T cells express low levels of the transcriptional modulator Id2. 

Due to the fundamental role of Id2 in mediating effector CD8+ T cell differentiation we 

decided to further investigate whether defects in Id2 expression could be responsible for the 

impaired maturation of the PD-1 high cells during chronic HIV infection. We hypothesized 

that: 

-  PD-1 crosslinking inhibits T cell function by interfering with the expression of Id2, 

leading to decreased maturation of CD8+ T cells and exhaustion.   

 

In the second part of my thesis (Chapter 5) I wanted to identify upstream signals that can 

upregulate Id2 expression and that could restore CD8+ differentiation during HIV-

infection. Id2 and the common g-chain cytokine IL-15 play similar roles in mediating 

survival and differentiation of effector CD8+ T cells; both Id2 or IL-15 knock-out mouse 

lack cells with an effector/Tem phenotype. Moreover, Id2 has two potential STAT5 binding 

sites at its promoter and IL-15 mediates survival of effector cells by inducing 

phosphorylation and transcriptional activity of STAT5. Finally, both Id2 and IL-15 
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upregulate the pro-survival Bcl-2 and downregulate the proapoptotic Bim molecules. Thus 

I focused on defining the mechanisms of action of IL-15 in promoting CD8+ T cell 

differentiation and defining the role of Id2 in this outcome. We hypothesized that: 

a) Id2 upregulation by IL-15 is responsible for human effector CD8+ T cell 

differentiation; 

b) treatment with IL-15 will rescue Id2 expression and differentiation of HIV-specific 

CD8+ T cells and effector function.  

In order to assess the impact of IL-15 on effector function of HIV-specific CD8+ T cells, I 

optimized a cell-based flow cytometry assay (Chapter 4) that measures the cytolytic activity 

at the single cell level. 

A better understanding of the molecular events involved in the generation of effector cell 

mediated by IL-15 is critical for the development of effective strategies for HIV treatment 

that aim at the restoration of effector and cytotoxic ability of antigen-specific CD8+ T cells. 
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CHAPTER 2 

LOSS OF ID2 DURING CHRONIC HIV INFECTION IS MEDIATED BY 

PD-1 TRIGGERING AND IS RESPONSIBLE FOR THE EXHAUSTION 

OF HIV-SPECIFIC CD8+ T CELLS 
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ABSTRACT 

Background: During chronic HIV infection virus-specific CD8
+
 T cells develop functional 

defects such as loss of IL-2 secretion, decreased proliferation and selfïrenewal capability 

and high level of expression of co-inhibitory molecules, most notably PD-1. We have 

shown that PD-1hi cells accumulate at the Ttm/Tem  memory subsets and do not progress 

to fully differentiated effector cells. Little is known on the mechanisms downstream of  PD-

1 signaling that influence transcriptional/epigenetic events involved in T cell differentiation 

and effector function.  

 

Results: Transcriptional profiling allowed us to show that the transcriptional modulator 

Id2, which is important for proliferation and survival of many cell types, was 

downregulated during HIV infection in cells expressing high levels of PD-1. We 

hypothesized that PD-1 might be inhibiting T cell differentiation to effector cells  by 

interfering with the expression of Id2. We found that HIV-specific CD8
+
 T cells from 

viremic donors showed  decreased levels of Id2 mRNA when compared to CMV-specific 

CD8+ T cells from the same HIV-infected individual. Id2 levels were most profoundly 

decreased in the PD-1 high population compared to PD-1 negative counterparts. We further 

showed that engagement of PD-1 inhibited expression of Id2 mRNA and protein in CD8
+
 T 

cells from healthy uninfected subjects that resulted in decreased proliferation and increased 

apoptosis. Transfection of PD-1hi effector cells from HIV infected individuals with a Tat-

Id2 construct that localizes in the nucleus can reverse the apoptotic defect and restore 

effector function of these cells associated  with the exhausted phenotype.  

 

Conclusion: This study provides a molecular mechanism for PD-1/PD-L1 interaction in 

downregulation of Id2 expression and decreased differentiation of CD8 effector cells in 

chronic infection and strongly supports the potential therapeutic benefit of anti-PD-1 

blocking antibody in restoring immune function in individuals with HIV infection and other 

chronic viral diseases.  
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INTRODUCTION  

CD8+ T cells play a fundamental role in chronic viral infections; they are essential for 

controlling viral replication and for killing of virally infected cells. During chronic HIV 

infection HIV-specific CD8+ T cells are continuously exposed to the antigen and are found 

to be functionally impaired, as measured by reduced proliferative abilities, decreased 

capacity to produce cytokines and effector molecules leading to exhaustion (Greenwald, 

Freeman et al. 2005; Barber, Wherry et al. 2006). Others and we have shown that HIV-

specific CD8+ T cells during chronic HIV infection upregulate the levels of the 

programmed death 1 (PD-1) receptor (Day, Kaufmann et al. 2006; Trautmann, Janbazian et 

al. 2006; Zhang, Zhang et al. 2007). PD-1 expression levels strongly correlate both with 

viral load and with the reduced capacity to produce cytokines and to proliferate. 

Cytomegalovirus (CMV)ïspecific CD8+ T cells from the same donors express decreased 

levels of PD-1 on their cell surface and their cytokine production is not affected 

(Trautmann, Janbazian et al. 2006). HIV-specific CD8+ T-cells have been shown to express 

a pre-terminally differentiated phenotype  (CD45RA-CCR7- CD27+), when compared to 

CMV-specific cells that instead express a terminally differentiated effector phenotype 

(CD45RA+/-CCR7-CD27-) suggesting that HIV-specific CD8+ T cells may not complete 

their differentiation during the immune response (Champagne, Ogg et al. 2001; Appay, 

Dunbar et al. 2002; Ellefsen, Harari et al. 2002). PD-1 crosslinking results in attenuation of 

the signaling pathways downstream of TCR, but it can also induce the expression of genes 

that are specifically modulated upon its engagement by the ligand leading to decreased T 

cell function (Quigley, Pereyra et al. 2010; Patsoukis, Sari et al. 2012). However, it is not 

known whether PD-1 crossliniking also inhibits genes that are involved in CD8+ T cell 

differentiation during infection. Extensive studies have recently shown that transcription 

factors are important in regulating the memory versus effector differentiation of CD8+ T 

cell subsets during an immune response. Among them T-bet and eomes, Blimp-1 and Bcl-6 

and the inhibitors of DNA binding (Id2 and Id3) have been shown to act as pairs of 

antagonistic transcriptional regulators that play critical roles in this process (Intlekofer, 

Takemoto et al. 2007; Joshi, Cui et al. 2007; Banerjee, Gordon et al. 2010; Pipkin, Sacks et 
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al. 2010) (Cannarile, Lind et al. 2006; Gong and Malek 2007; Kwon, Thierry-Mieg et al. 

2009; Kalia, Sarkar et al. 2010; Pipkin, Sacks et al. 2010; Cui, Liu et al. 2011; Yang, Best 

et al. 2011) .   

Id proteins together with the E-proteins belong to the family of the helix-loop helix (HLH) 

family of transcriptional regulators  (Barone, Pepperkok et al. 1994; Iavarone, Garg et al. 

1994; Lasorella, Uo et al. 2001) (Andres-Barquin, Hernandez et al. 2000). Id proteins are 

not able to bind to DNA because they lack a basic DNA binding domain and instead they 

function by inhibiting E-protein transcriptional activity leading to increased survival, cell 

cycle and differentiation of many cell types (Norton 2000; Engel and Murre 2001). 

Recently it has been shown that Id proteins regulate T cell differentiation of mature CD8+ 

T cells (Cannarile, Lind et al. 2006; Yang, Best et al. 2011; Masson, Minnich et al. 2013). 

Knockout studies in mouse models  demonstrated that, in the absence of Id2 ,CD8+ effector 

cells were  more susceptible to apoptosis when compared to wild type cells, and these cells 

consistently showed decreased levels of the pro-survival Bcl-2 and increased levels of the 

pro-apoptotic Bim mRNA (Cannarile, Lind et al. 2006). This study was confirmed by 

others where they show that Id2 is required for the formation of short-lived effector 

memory CD8+ T cells after infection, while Id3 expression is required for the generation of 

long lived memory cells (Yang, Best et al. 2011).  

Here we used a systems biology approach to identify genes that are modulated in exhausted 

cells from chronically HIV infected individuals in order to assess if the  downregulation of  

genes involved in the generation of effector CD8+ T cell  could explain the decreased 

differentiated phenotype and effector functions of  PD-1hi antigen-specific CD8+ T cells.  

Transcriptional profiling allowed us to show that Id2 was downregulated in  HIV-specific 

CD8+ T cells when compared to CMV-specific CD8+ T cells from the same subjects . We 

hypothesized that inhibitory receptors such as PD-1 act by inhibiting T cell effector 

functions not only by reducing TCR signaling, but also by decreasing the expression of 

genes that control differentiation of antigen specific CD8+ T cells into terminally 

differentiated effector cells. 
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RESULTS 

1. Ex vivo Id2 levels are greatly reduced in HIV-specific CD8+ T cells 

We compared the transcriptional profiles of sorted HIV-specific and CMV-specific CD8+ 

T cells from HIV viremic individuals using BioConductor Linear models (LIMMA). 

Extracted RNA from these populations was analyzed for global gene expression in order to 

identify a unique signature for  exhausted HIV-specific CD8+ T cells (Fig.1). We found 

that HIV-specific and CMV-specific CD8+ T cell populations exhibited differential 

expression (upregulated or downregulated) of 307 genes. Among them 149 mRNAs were 

downregulated in  HIV-specific CD8+ T cells and 158 were upregulated when compared to 

CMV-specific CD8+ T cells. By microarray analysis we found that genes upregulated in 

HIV-specific CD8+ T cells were enriched for those of inhibitory receptors such as PD-1 

and CD160. Surface expression of PD-1 also showed increased levels of PD-1 in the HIV-

specific CD8+ T cells as previously reported (Supplementary Figure 1D) (Trautmann, 

Janbazian et al. 2006). HIV-specific CD8+ T cells have a poorly differentiated effector 

phenotype indeed we found that they expressed higher levels of CD27 and decreased 

expression of all  kil ler cell lectin-like receptors (KLRs); the latter  molecules  regulate  

effector memory differentiation (Sarkar, Kalia et al. 2008) . At the cell surface levels when 

we stained HIV-specific CD8+ T cells for CD45RA, CCR7 and CD27 we found that more 

than 60% of the cells expressed a transitional memory (Ttm) phenotype (63% ± 7) and only  

20% of them had an effector memory  (Tem) phenotype (29% ± 4), while a small fraction  

of these cells differentiated into TEMRA suggesting that these cells were blocked at the 

Ttm stage and could not progress to fully differentiated effector cells (Supplementary 

Fig.3). By gene array analysis we found  that Id2, which inhibits E protein transcription 

factors and is associated with  survival and differentiation of effector CD8+ T cells in mice 

(Cannarile, Lind et al. 2006; Yang, Best et al. 2011; Masson, Minnich et al. 2013), was 

downregulated during HIV infection in HIV-specific CD8+ T cells when compared to 

CMV-specific CD8+ T cells from the same HIV infected individuals (Fig.1). The array data 

were validated by Real Time PCR and we found that for all the epitopes examined (Table I) 

not only Id2 levels were decreased in the HIV-specific CD8+ T cells when compared to 
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CMV-specific CD8+ T cells (0.8± 0.1, 4.9± 0.7, P<0.01), but also the prosurvival  Id2 

target molecule , Bcl-2, (1.1± 0.5, 3.2 ±0.2 , P<0.01) while we found increased levels of the 

pro-apoptotic  Bim  molecule (22.1±2, 1.7± 1.8, P<0.01) (Supplementary Fig.1A, B,C). 

Studies in vivo have shown that members of the Bcl-2 family play an important role in 

regulating the contraction phase  and that loss of Bcl-2 is associated with a decreased 

number of effector CD8+ T cells suggesting that loss of both Id2 and Bcl-2 in the HIV-

specific CD8+ T cells may be responsible for the decreased survival of these cells 

especially of those with an effector phenotype (Hildeman, Zhu et al. 2002; Pellegrini, Belz 

et al. 2003; Wojciechowski, Jordan et al. 2006).   Id2 has been shown to bind to E-protein 

transcription factors, thus inhibiting E-protein target genes that are involved in cell cycle 

arrest and apoptosis (Norton 2000; Cannarile, Lind et al. 2006). Therefore, we examined 

the global gene expression profile of genes downstream of E-protein transcription factors 

(supplementary Fig.2). We identified sets of genes upregulated in HIV-specific CD8+ T 

cells that regulate apoptosis (increased levels of Caspase 9 and Bid molecules, decreased 

Bcl-2 expression) and genes associated with blockage of the cell cycle (upregulation of the 

cyclin-dependent kinase inhibitors p21CIP1, and p15). Of note, p21CIP1 and p15 are 

upregulated by PD-1 crosslinking most probably as a result of the  downregulation of Id2 

expression  (Kowanetz, Valcourt et al. 2004; Schlegel, Eichhoff et al. 2009; Patsoukis, Sari 

et al. 2012).  

Taken together, these results show that PD-1 high HIV-specific CD8+ T cells from viremic 

patients do not differentiate to terminal effector cells ;  this is associated with a distinct 

gene expression profile when compared to CMV-specific cells from the same patients. 

Moreover, genes involved in survival of effector CD8+ T cells leading to cell 

differentiation, such as Id2  were decreased in the HIV-specific CD8+ T cells when 

compared to CMV-specific CD8+ T cell subset.   

 

2.   Effector memory and transitional memory subsets from chronically infected 

HIV+ individuals have decreased levels of Id2 when compared to healthy donors. 

Other groups have already shown that PD-1 expression levels are increased not only in 

HIV-specific CD8+ T cells, but also correlates with cellular differentiation (Petrovas, 
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Chaon et al. 2009; Yamamoto, Price et al. 2011). To study the impact of PD-1 on Id2 

expression and CD8+ T cell differentiation, we further investigated whether the defect of 

Id2 expression during HIV-1 infection was specific to antigen-specific CD8+ T cells or 

whether it was  a general defect of effector cells. We sorted memory CD8+ T cell subsets 

(gating strategy on Supplem. Fig. 4) and we compared Id2 expression from chronically 

HIV infected and uninfected individuals in the different subsets. Comparison of gene 

expression of each subset  shows that in healthy individuals Id2 was expressed at higher 

levels  in effector and transitional memory CD8+ T cells when compared to Tcm (Fig.2 

A,B,C). However during chronic HIV infection Tem and Ttm failed to upregulate Id2 

expression levels that we found to be significantly lower in viremic patients when 

compared to healthy individuals (Fig. 2 A,B). No significant differences were found in the 

Tcm compartment between the two groups of subjects (Fig 2C). PD-1 levels gated on naïve 

CD8+ T cells were used as a negative  control for  PD-1 expression. The decreased levels 

of Id2 in Tem and Ttm from viremic subjects correlated with  increased levels of PD-1 in 

these cells. As previously described, we found that Tem and Ttm expressed higher levels of 

PD-1 compared to Tcm and that PD-1was increased in all  memory subsets from viremic 

patients when compared to healthy donors (Fig.2 D, E, F respectively).   

 

3. High levels of PD-1 during HIV -infection negatively correlate with Id2 expression 

The low levels of  Id2 expression in Ttm and Tem, the subsets  that express the highest 

levels of PD-1 during chronic HIV-1 infection, prompted us to further validate our 

hypothesis of decreased Id2 expression during HIV infection as a consequence of PD-1 

expression. Thus CD8+ CD45RA-  PD-1 positive and negative cells from 9 HIV viremic 

patients were highly purified (>95%) as shown in supplementary Figure  5 and  Id2 

expression was assessed by Real Time PCR. We found that PD-1 hi cells had decreased 

levels of Id2 mRNA when compared to the PD-1 negative counterpart (0.1± 0.05, 0.9±0.2 

respectively, P=0.0045) (Fig.3 A). Moreover, levels of Id2 negatively correlated with PD-1 

expression (p=0.0045 spearman r=0.8) (Fig.3B). We assessed the expression levels of Bcl-2 

and Bim by Real Time PCR and showed that Bcl-2 expression was also drastically 
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decreased in the PD-1 positive compartment when compared to PD-1 negative populations 

(5±1, 25±6 respectively, P<0.03)(Fig.3D) while Bim mRNA levels were increased (17±3, 

2±0.9,  P=0.007) (Fig.3C). When we measured PD-1 ligand (PD-L1) on monocytes from 

the same donors we found that there was a significant positive correlation between PD-1 

and PD-L1 expression levels (p=0.01, r=0.7)(Fig.3D). Interestingly, Id2 expression levels 

were not decreased in successfully HAART treated patients (ST) or in HIV infected 

patients that controlled infection without treatment (elite controllers) (data not shown). Of 

note, CD8+ T cells from elite controllers and ST patients express lower levels of PD-1 on 

their cell surface (Day, Kaufmann et al. 2006; Trautmann, Janbazian et al. 2006). 

Collectively, these data show that during chronic HIV infection the levels of Id2 and its 

target molecule Bcl-2 are decreased in the PD-1 high population when compared to PD-1 

negative cells in patients that express high levels of PD-L1 suggesting that PD-1 modulates 

of their expression levels.  

 

4. PD-1 crosslinking decrease Id2 mRNA and protein levels 

The inverse correlation between PD-1 and Id2 levels prompted us to further investigate 

whether the crosslinking of PD-1 by its ligand, PD-L1, resulted in the downregulation of 

Id2 expression levels. Primary human CD8+ T cells were cultured with anti-CD3-CD28-

isotype beads or PD-L1-anti-CD3-CD28 beads for 24 to 48h and we assessed Id2 mRNA 

levels by Real Time PCR or protein levels by Western Blot. Incubation of CD8+ T cells 

with PD-L1 anti-CD3-CD28 beads for 24h resulted in downregulation of Id2 gene 

expression (Fig.4A) when compared to the Isotype beads control  (3±0.5, 0.1 ±0.07, 

P=0.008). ID2 protein levels were also found to be drastically reduced after 48h of 

incubation with PD-L1 CD3-CD28 when compared to ISO-CD3-CD28 beads (Fig.4 D,E) 

(25± 5, 100 ±0, P=0.004). Incubation with PDL1-CD3-CD28 beads resulted in a 

significantly decreased production of IL-2 as measured by ELISA when compared to cells 

incubated with ISO-CD3-CD28 beads (Fig.4C) (358±74, 7±2 P=0.009). Triggering of PD-1 

resulted in increased apoptosis most probably as a consequence of decreased levels of Bcl-2 

expression (Fig. 4B)( ISO 1.7±0.2 PD-L1 0.08±0.03, P=0.013).  
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We investigated the signaling pathways that were modulated during HIV-infection after 

PD-1 crosslonking. We found that many of the signaling pathways downstream of Id2 were 

downregulated in the PD-1 positive cells after PD-1 crosslinking when compared to the 

PD-1 negative compartment. We found decreases in the cyclins and cell cycle regulation, 

and in G1/S checkpoint regulation. Increased TNFR-1 and TNFR-2 signaling was observed 

within the PD-1 positive cells  and more interestingly there was a downregulation of IL-15 

and Jak/STAT signaling involved in effector CD8+ T cell differentiation (Fig. 4F).  These 

data suggest that PD-1 ligation in CD3-CD28 stimulated cells induces both decreased T cell 

function such as IL-2 production and a specific transcriptional program in primary human 

cells that leads to a loss of Id2 expression. 

 

5. Ectopic Id2 expression rescues the survival of PD-1 hi effector memory CD8+ T 

cells 

Finally, we tested whether overexpression of Id2 would improve the function of HIV-

specific T cells. To rescue Id2 expression we cloned Id2 cDNA into a tat vector, purified 

the protein and labeled this recombinant protein  with FITC in order to track  transduced 

cells by flow cytometry (Supplementary Fig.6A) (Becker-Hapak, McAllister et al. 2001). 

Tat peptide allows the protein to enter the cells by micropinocytosis (Wadia, Stan et al. 

2004). To track the cellular localization of the protein we extracted nuclear and cytosolic 

fraction and assessed ID2 protein expression by Western Blot analysis (Supplementary 

Fig.6B). We found that  1 h post transduction by Id2-tat all the protein was localized  

within  the nucleus of CD8+ T cells probably due to Id2 nuclear localization signals 

(Kurooka and Yokota 2005). This system allowed us to overexpress Id2 in CD8+ T cells 

purified from chronically HIV infected donors; transduced cells and controls were then 

recultured in the presence of autologous PBMCs depleted of CD8+ T cells, to allow PD-1 

triggering by its ligand that is highly expressed on antigen presenting cells (APC). 

Overexpression of Id2 resulted in a significant decrease in apoptosis of PD-1 hi effector 

CD8+ T cells as measured by Annexin V, staining when compared to  control tat 

transfected cells (22% ± 9%, 72% ± 7%, respectively P=0.014) (Fig.5A,B). CD8+ T cells 

that were transduced with the two proteins were sorted after 12h for Tem ID2-FITC 
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positive and Tat-FITC positive cells to assess whether ID2 overexpression was able to 

restore CD8+ T cell effector function at the molecular level. We found that Ttm and Tem 

transfected cells with ID2 had increased levels of the effector molecule Granzyme B, and 

decreased levels of the inhibitor of cell cycle p21CIP1 (Fig.5C,D). Moreover, ID2 

expression also rescued cells from their apoptotic phenotype as measured by increased 

levels of Bcl-2, Myc and decreased Bim expression; they also expressed a more 

differentiated phenotype as measured by decreased levels of CD27 (Fig.5 E,F,G,H). 

Therefore, enforced ID2 expression increases survival of exhausted PD-1 hi effector T cells 

and leads to their differentiation into effector cells. 

 

DISCUSSION 

During an immune response, naïve T cells are primed by antigen to undergo clonal 

expansion and to differentiate into antigen-specific effector cells that secrete cytokines 

and exert cytolitic activity. Once the antigen is cleared, most of the effector cells (90%-

95%) die by apoptosis (contraction phase) while the remaining cells (5-10%) establish the 

pool of long-lived population of memory cells. Under normal conditions, several 

transcription factors have been shown to regulate effector and memory CD8+ T cell 

development. Among them Id2 plays a critical role in the generation of effector CD8+ T 

cells during an immune response and its expression levels are maintained in the memory 

compartment both in mice and humans in the most differentiated Ttm and Tem 

populations (Cannarile, Lind et al. 2006) (Chapter 4). Effector CD8+ T cells from mice 

lacking Id2 are not able to survive and this results in decreased antigen clearance 

(Cannarile, Lind et al. 2006). We (chapter 4) and others have also shown that after 

antigen priming, activated virus specific CD8+ T cells receive signals that induce Id2 

expression (Cannarile, Lind et al. 2006). The increased levels of Id2 promote 

differentiation and survival of effector cells which are important to exert cytotoxic 

function, proliferation and cytokine production.  Antigen-specific CD8+ T cells that are 

able to limit infection, as during CMV infection, have a terminally differentiated 

phenotype, they lack the expression of  CD27, CCR7 and CD28 molecules,  and have a 
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better ability to produce granzyme B (Appay, Dunbar et al. 2002; Jaspan, Gaumer et al. 

2003; Trautmann, Janbazian et al. 2006). Thus, transcriptional regulation is required for 

memory differentiation to confer protective immunity.  During chronic infection, such as 

HIV, the continued exposure to the antigen leads to a functional impairment of T cells 

known as exhaustion (Barber, Wherry et al. 2006).  It has been already shown that the 

functional exhaustion of CD8+ T cell is affected also at the transcriptional level and this 

might reflect their altered phenotypic and effector characteristics.  PD-1 plays an 

important role in T cell exhaustion, and its engagement by PD-L1 has been shown to 

affect both genes downstream of TCR as well as specific gene expression signature that 

reflects the transcriptional consequences of PD-1 receptor ligation (Quigley, Pereyra et al. 

2010). 

 In this study, we show that PD-1 hi HIV-specific CD8+ T cells from chronic HIV 

infected individuals are blocked in a transitional memory phenotype and this is associated 

with a downregulation in Id2 expression levels when compared to CMV-specific CD8+ T 

cells from the same HIV-infected donor. Moreover not only  was  Id2 downregulated in 

the HIV-specific CD8+ T cells, but there was a modulation of its target genes with 

decreased levels of the pro-survival Bcl-2 molecule and increased levels of the pro-

apoptotic Bim. Members of the Bcl-2 family have been shown to regulate survival of 

effector cells during the contraction phase of an immune response. Indeed overexpression 

of Bcl-2 mediated survival of antigen specific cells that survive the contraction phase 

(Hildeman, Zhu et al. 2002; Pellegrini, Belz et al. 2003; Wojciechowski, Jordan et al. 

2006). These findings suggest that the decreased frequency of cells that have an effector 

phenotype within the HIV-specific CD8+ T cells may be due to decreased levels of genes 

involved in the survival and differentiation of effector cells. 

Here we have also compared Id2 expression levels in memory CD8+ T cell subsets from 

chronic HIV-infected subjects and healthy individuals. Under normal conditions Id2 

expression levels are upregulated on transitional memory and effector memory CD8+ T 

cells and lower Id2 expression levels are found in the central memory compartment. 

However, when we compared the gene expression profiles of CD8+ T cell memory 
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subsets from chronic to healthy individuals we found that only in Tem  and Ttm  

populations from HIV infected individuals was Id2 expression reduced, and these two 

memory subsets are those that express the highest PD-1 levels. No significant differences 

in Id2 expression were found in the Tcm compartment between the two groups of subjects 

probably because Tcm express lower levels of PD-1 on their cell surface. Indeed, when 

we compared Id2 expression from total memory PD-1 positive and PD-1 negative 

populations Id2 expression levels were found to be drastically decreased in the cells with 

high PD-1 levels and we also found a negative inverse correlation between Id2 expression 

levels and PD-1 MFI. PD-1 expression during HIV infection has been associated with an 

apoptotic phenotype as measured by decreased levels of the prosurvival molecules Bcl-2 

and CD127 (IL-7 receptor a) and increased binding of MitoTracker, a marker that 

measures mitochondrial mass (Petrovas, Chaon et al. 2009). Here we show that the 

apoptotic phenotype of the PD-1 high cells is mediated by its engagement by PD-L1.  

During chronic HIV infection, the continuous antigenic stimulation is responsible of the 

increased levels of both PD-L1 on monocytes and PD-1 on pre-terminally differentiated 

cells (Trautmann, Janbazian et al. 2006; Meier, Bagchi et al. 2008). Our results show that  

PD-1 crosslinking on CD8+ T cells from healthy individuals with anti-CD3-CD28-PD-L1 

beads results in the downregulation of both Id2 protein and mRNA expression levels 

which leads to decreased survival abilities (measured as Bcl-2 levels) and decreased 

proliferation (measured by IL-2 production).    

Finally we have shown that restoration of Id2 expression with a tat fusion protein rescues 

survival of PD-1 hi effector CD8+ T cells from chronic HIV-infected individuals 

measured by Annexin V levels and that at the molecular level Id2 overexpression restores 

Bcl-2 upregulation and decreases Bim. Id2 overexpression leads to increased Granzyme B 

expression and decreased levels of the maturation marker CD27, showing that these cells 

are able to exert cytotoxic function and to differentiate into effector cells. 

In conclusion, this study identifies a new molecular pathway that is important for CD8+ T 

cell differentiation that is negatively regulated during chronic HIV infection and is 

downstream of PD-1. Our studies do not identify the mechanism by which PD-1 ligation 
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induces downregulation of Id2, or whether this happens by direct or indirect pathways. 

However, our results suggest   further investigations into how Id2 regulates T cell 

differentiation of antigen-specific cells and how we may reverse the decreased Id2 levels 

observed in patients with chronic phase HIV infection.   

 

METHODS 

Study population 

Study population included 9 chronically progressing subjects (CHI) infected for more than 

6 months based on CD4 T cell counts under 500/mm3 or declining CD4 T cell counts. 

Informed consent was obtained and research conformed to ethical guidelines established by 

the ethics committee of Centre Hospitalier de lôUniversit® de Montreal. 

 

 Peptides and Tetramers  

Soluble pMHC monomers were generated as previously described (Altman, Moss et al. 

1996). The peptides and tetramers used to analyze the CMV and HIV-specific CD8+ T cell 

response were: NLVPMVATV (A*02 CMV), TPRVTGGGAM (B*07 CMV), 

FLGKIWPSYK (A*02 Gag), ILKEPVHGV (A*02 Pol), SLYNTVATL (A*02 Gag), 

RLRPGGKKK (A*03 Gag), RPGGKKKYKL (B*07 Gag), TPGPGVRYPL (B*07 NEF), 

GEIYKRWII (B*08 Gag), FLKEKGGL(B*08 NEF), RLRPGGKKK (A*03 POL) 

 

 Phenotypic analysis 

PBMCs were resuspended in PBS containing 2% FCS and stained with Tetramer-PE at 

0.3ɛg per 10
6
 cells. The following cocktail was used for phenotyping CD8+ T cells: CD3-

Alexa 700 (BD), CD8 PB (BD), CD45RA H7 (BD), CCR7 Pe-Cy7 (BD), CD27 Qdot655 

(Invitrogen) and PD-1 APC (eBioscience). Dying cells were eliminated with a 

LIVE/DEAD viability dye (Invitrogen). We acquired a minimum of 1x10
6
 events for all 

cytometry-related experiments using a BD LSRII flow cytometer and analyzed with DIVA 

software v5.0 (BD).  
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Real Time PCR 

Primers and probes were obtained from IDT and Roche respectively. Multiple 100 cell 

samples from healthy or HIV infected individuals where sorted by FACS ARIA (BD) into  

a 96 well plate gating on the population of interest. We used the Cells Direct One-Step 

qRT-PCR Kit for reverse transcription and preamplification (18 cycles) of the RNA targets 

of interest without a separate RNA purification step.  qPCR was performed on a Roche 

Light Cycler 480 and analysis was performed according to the ææct method. 

 

Gene array analysis of HIV vs CMV specific CD8+ T cells 

Sorted HIV and CMV- specific CD8+ T cells  were processed as previously described 

(Peretz, He et al. 2012). Analysis of the genome array output data was conducted using the 

R statistical language (R Development Core Team) and various software packages from 

Bioconductor, an open source project for the analysis and comprehension of high-

throughput genomic data (Gentleman et al., 2004). First, arrays displaying unusually low 

median intensity, low variability, or low correlation relative to the bulk of the arrays were 

discarded from the rest of the analysis. Quantile normalization was applied, followed by a 

log2 transformation. The LIMMA package (Bioconductor; Smyth, 2004) was used to fit a 

linear model to each probe and to perform a (moderated) Studentôs t test on differences of 

interest. Here, samples were stratified into HIV and CMV specific groups. The contrast was 

designed and fit into a liner model. The results were displayed in individual heatmaps of 

genes differentially expressed between the different groups (HIV and CMV). Gene 

expression within each heatmap is represented as gene-wise standerized expression (Z-

score), with |FC|>1.3 and p-value <0.05 and FDR <5% chosen as the significant levels 

unless specified otherwise in the title or legend of the heatmap. The expected proportions of 

false positives (FDR) were estimated from the unadjusted p-value using the Benjamini and 

Hochberg method (Benjamini and Hochberg, 1995). 
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Pathway analysis of PD-1 high and PD-1 negative cells after PD-1 

crossliniking 

Highly purified CD8+CD45RA- PD-1 high  and  PD-1 negative cells (based on Suppl. 

FIg.5) from chronic HIV infected individuals were stimulated for 3h or 12h with PD-L1-

anti-CD3-CD28 beads and samples were processed as previously described (Peretz, He et 

al. 2012). Illumina Probe IDs were imported into the Ingenuity software and mapped to the 

Gene Symbol from Ingenuity database. Genes that had adjusted p-value < 0.05 at each 

comparison and Fold change > 1.3  or < -1.3 and associated with a canonical pathway in 

Ingenuityôs Knowledge Base were used for pathway analysis. Heat map colors represent 

the ratio of regulated genes / pathway  after stimulation with anti-CD3-CD28-PD-L1 beads 

(pathways not over-represented are dark blue). Pathways were regrouped according to some 

key immune or biological pathways. The over-representation test was performed using 

Fisher Exact Test. Statistical significance achieved at p < 0.05 

 Construction and Purification of Tat-Id2 Protein 

We cloned the Id2 cDNA into pTATv2.2 vector and expressed it in BL-21 (DE3) star E. 

coli (Novagen). The expression of the protein was  done using 1 mM isopropyl 

thiogalactoside. « After 5 h of induction at 37 °C and an additional overnight culture at 25 

°C, cells were harvested and sonicated in 6 M guanidine buffer containing 10 mM Tris·HCl 

and 100 mM NaH2PO4 (pH 6.3). Lysates were clarified by centrifugation and loaded (10 

mL/500 mL culture) on HisTrap chelating columns (Qiagen). Bound proteins were washed 

with 6 M urea buffer (pH 6.0), and the target proteins were eluted with 6 M urea buffer (pH 

4.5). The eluted proteins were desalted using PD-10 Sephadex G-25 columns (GE 

Healthcare) with PBS (10% glycerol), and aliquots were stored at ī80 ÁC. The purity of 

proteins was characterized by limulus amoebocyte lysate (LAL) (Lonza) and Picogreen 

assays (Invitrogen). The endotoxin level was 27.0 EU/mg, and the bacterial DNA level was 

8.6 ng/mg of protein in four independent preparations » (Michelle Becker-Hapak et al. 

2001). 
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Preparation of antibody-coupled beads 

Combinations of anti-CD3 (clone 2C11), PD-L1-hIgG1 or Iso-hIgG1 were covalently 

attached to Dynabeads M450 glycidyl ether beads following the manufacturer's directions 

(Invitrogen). We loaded same ammount of proteins during preparation by keeping constant 

the molar ratios of the proteins using hamster IgG or hIgG1-Fc antibodies as filler, as 

appropriate (Broeren, Gray et al. 2000; Riley, Mao et al. 2002). We used 1 ɛg of anti-CD3 

(20% of total protein) and 4 ɛg of PD-L1 (80%) or control Ig were used per 10
7
 beads. 

Statistical analysis 

We used GraphPad Prism 5.0c (GraphPad software, San Diego, CA) for statistical analysis. 

Statistical analysis of group differences was examined using the nonparametric Mannï

Whitney U test or unpaired two-tailed Studentôs t tests. *P < 0.05 and **P < 0.01 were 

considered to be significant. 
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FIGURE LEGEND 

 

Table I: Clinical characteristics of study population 

 

Figure 1: HIV -specific CD8+ T cells represent a distinct subset with a unique 

transcriptional profile : PBMCs were stained with Live/dead cell viability dye, anti-CD3, 

anti CD8 and sorted for HIV-specific and CMV-specific CD8+ T cells using MHCI/peptide 

tetramer staining. Heat map illustrating the differentially expressed genes between HIV and 

CMV-specific CD8+ T cells is shown.  

Figure 2: Effector memory and transitional memory subsets from chronically infected 

HIV+ individuals have decreased levels of Id2 when compared to healthy donors. 

PBMCs were stained with antibody against CD3, CD8, CD45RA, CCR7 and CD27, and 

memory CD8+ T cell subsets were sorted from Healthy donors and HIV+ chronically 

infected patients. a) Id2 mRNA levels on memory CD8+ T cell subsets was assessed by 

Real Time PCR and normalized by GAPDH. b) PD1 MFI on EM, TM and CM subsets 

from the two groups of subjects. 

Figure 3: Id2 expression is downregulated in exhausted PD1+ population cells during 

HIV chronic infection : PBMCs were stained with anti-CD3, anti-CD8, anti-CD45RA, and 

memory CD8+ T cells were sorted by gating on PD-1 positive and PD-1 negative 

populations form HIV chronic infected patients. Relative expression of a) Id2 d), Bcl-2 e) 

and Bim mRNA levels measured by Real Time. b) MFI of PD1 expression on sorted  cells 

in relation to Id2 mRNA levels and in relation to c) PD-L1 MFI on CD14+ cells. 

Figure 4: PD-1 crosslinking leads to decreased Id2 mRNA and protein levels and a 

consequent decrease in T cell function: Primary human CD8+ T cells were cultured with 

CD3-CD28-ISO or PDL1 beads. a) Id2 and b) Bcl-2  expression measured by Real Time 

PCR at 24h. c) Expression of IL-2 cytokine was measured by ELISA d)Total lysates of 

equal amount of cells were subjected to immunoblotting as indicated.  Id2 protein and actin 

blots were performed in parallel as loading controls. e) Densitometric quantification was 
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performed using ImageQuant software. F) Heat map showing statistically significant 

canonical pathways (Ingenuity PathwayAnalysis Software) commonly regulated at 3h and 

12h when comparing PD-1 high versus PD-1 low to baseline. Columns represent high 

versus low comparisons at each time point. Rows represent significantly regulated 

canonical pathways. 

Figure 5: Ectopic Id2 expression rescues the survival of PD-1 hi effector memory 

CD8+ T cells: We cloned the Id2 cDNA into the pTATv2.2 vector, purified the 

recombinant tat-tagged ID2 protein and labeled it with FITC. Primary human CD8+ T cells 

from chronic HIV infected donors were transduced with 3ug of the ID2-tat-FITC construct 

or tat-FITC alone and cocultured with CD8 depleted PBMCs. a) Gating strategy of Tem 

cell plotted for Annexin V after transfection with ID2-tat or tat alone. b) Histograms 

represent Annexin V levels in 5 chronic HIV-infected individuals after tranfection. 12h  

post transduction with tat or ID2-tat construct 100 CD8+  Tem and Ttm cells were sorted 

and expression of  c) GranzymeB, d)  p21, e) CD27, f) Bcl-2, g) Bim and h) Myc was 

assessed by Real Time PCR. Expression was measured by Fold change. 

Supplementary Figure 1: Ex vivo Id2 levels are greatly reduced in HIV-specific CD8+ 

T cells. Sorted HIV-specific and CMV-specific CD8+ T cells were analyzed for the mRNA 

expression of a) Id2 b), Bcl-2 c) and Bim, while d) MFI of PD-1 was measured by flow 

cytometry. 

Supplementary Figure 2: HIV -specific CD8+ T cells represent a distinct subset with a 

unique transcriptional profile : Heat map illustrating the differentially expressed genes 

with the Id2-Id3 filter between HIV and CMV-specific CD8+ T cells.  

Supplementary Figure 3: HIV -specific CD8+ T cells have a Ttm phenotype. PBMCs 

were stained for HIV-tetramers; HIV-specific CD8+ T cells were plotted based on 

CD45RA, CCR7, CD27, expression  for Tem (CD45RA-CCR7-CD27-), Ttm (CD45RA-

CCR7-CD27+), Tcm (CD45RA-CCR7+CD27+) and naïve (CD45RA+CCR7+CD27+). 

Supplementary Figure 4: Gating strategy for memory CD8+ T cell subsets. PBMCs 

were plotted for CD3+, CD8+ cells viable cells and CD45RA negative cells to sort memory 
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subsets. Memory subsets were sorted based on CCR7, CD27 expression for Tem 

(CD45RA-CCR7-CD27-), Ttm (CD45RA-CCR7-CD27+), Tcm (CD45RA-

CCR7+CD27+). 

Supplementary Figure 5: Gating strategy for sorted PD-1 high and PD-1 negative 

cells. Total PBMCs were stained with antibodies against CD3, CD8, CD45RA, and PD-1. 

Dead cells were excluded by LIVE/DEAD staining. CD3+, CD8+ cells were plotted for 

CD45RA. CD45RA negative cells were plotted for PD-1 and 100 positive and negative 

cells were sorted by FACS ARIA (BD). 

Supplementary Figure 6: ID2-TAT construct localizes into the nucleus of CD8+ T 

cells: a) Schematic representation of the ID2-tat construct. b) Nuclear and cytosolic 

fractions were extracted 1h post transduction and ID2 expression was measured by Western 

blot. 1mM of the ID2-tat was loaded directly on the gels of the WB and was used as 

positive control. 

Supplementary Figure 7: Id2 expression levels are decreased in PD-1 hi population 

independently of other negative regulators.  PBMCs were sorted for double positive 

(CD160+, PD-1+), double negative (CD160-, PD-1- ) and single positive (CD160-, PD-1+) 

memory (CD45RA -) CD8 + T cells from 9 chronic HIV infected individuals. A) Id2 

expression was assessed by Real Time PCR; B) PD-1 MFI on the different subsets. 
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