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ABSTRACT 
A better understanding of T-cell memory formation is crucial for rationale vaccine 
design and the identification of correlates of immune protection. The CD8αα 
homodimer expressed on CD8+ T-cells is not anymore considered to represent a TCR 
co-receptor, it may rather represent a mechanism to modulate T-cell avidity and 
identify a subset of memory T-cells. The aim of the work presented in this thesis was to 
characterize the CD8αα+ T-cell compartment in the context of vaccination, where T-
cell memory plays a pivotal role. We analyzed in Paper I the phenotype of CD8αα+ T-
cells in healthy donors and in rhesus macaque monkeys (Macaca mulatta) which 
represent a very valuable animal model for preclinical vaccine trials. CD8αα+ T-cells 
were present in healthy donors and in a higher frequency in rhesus monkeys. In both 
species, the CD8αα+ T-cell compartment was enriched in differentiated (effector and 
memory) T-cells, as compared to the CD4+ and CD8αβ+ T-cell compartments, and 
displayed a polyfunctional capacity. We developed assays allowing to study the T-cell 
compartment in rhesus monkeys, and showed that CD8αα+ T-cells can be studied in 
rhesus monkeys. In Paper II, we assessed longitudinally the presence of CD8αα+ T-
cells in patients with melanoma who underwent peptide-based vaccination and showed 
a partial or complete tumor regression. CD8αα+ T-cells represented a stable population 
with an effector or terminally differentiated phenotype, and Melan-A/MART-1-specific 
CD8αα+ T-cells were detected in one patient up to five years after vaccination. The 
oligoclonal TCR repertoire of CD8αα+ T-cells and the similar TCR repertoire of 
Melan-A/MART-1 of CD8αα+ and CD8αβ+ T-cells, supported our hypothesis that 
CD8αα+ T-cells arise from CD8αβ+ T-cells which downregulated CD8β chain 
expression upon Ag stimulation. We identified, in Paper III, an increase of Mtb-specific 
CD8αα+ T-cells in rhesus monkeys after TB vaccination. The characterization of 
CD8αα+ T-cells phenotype in rhesus monkeys after TB vaccination and after Mtb 
infection was further analyzed in Paper IV. CD8αα+ T-cells underwent similar 
phenotypical changes as observed in the CD4+ and CD8αβ+ T-cell compartments, in 
vaccinated but not in non-vaccinated animals: loss of IL-7Rα after the first Ad boost, 
and transient decrease of precursor T-cells (defined by CD45RA/CCR7 expression) 
after Mtb challenge. These results suggest that CD8αα+ T-cells contribute to the 
formation of immunological memory and participate in the formation of the cellular 
immune response. We hypothesize that the expression of CD8αα enables to modulate 
the avidity of CD8+ T-cells with high affinity TCRs. Yet, the mechanisms of CD8αα+ 

T-cells formation need to be further elucidated. Altogether, our data underscores the 
role of CD8αα+ T-cells in the establishment of immune memory in humans and rhesus 
monkeys.  The detection and characterization of Ag-specific CD8αα+ T-cells may 
represent a relevant marker in the context of vaccine trials and to custom-tailor immune 
therapeutic strategies with the aim to establish long-lived and Ag-specific immune 
responses.  
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1   INTRODUCTION 
 
Innate and adaptive immune responses protect against microorganisms which entered 

the body and crossed the epithelial barrier. Innate and adaptive immunity differ in 

kinetics, cellular subsets and mechanisms of pathogen recognition. Cells of the innate 

immune system express germline encoded receptors specific for surface repeating 

structural patterns shared by many microorganisms. Phagocytic cells (neutrophils, 

macrophages) of the innate immune system are able to detect and eliminate 

microorganisms. Natural killer cells (NK cells) represent a subset of lymphocytes with 

cytotoxic capacity that recognize lost or altered cell surface expression of major 

histocompatibility complex (MHC) molecules on infected cells. If a pathogen is not 

efficiently eliminated by the innate immune system, an adaptive immune response may 

then take place. Dendritic cells (DCs) are specialized in the capture (by phagocytosis 

and macropinocytosis) and in microbial antigens (Ags) presentation to T-cells. They act 

as a link between the innate and the adaptive immune system. The adaptive immune 

system is composed of B- and T-cells which express non-germline encoded receptors 

with unique specificity, they are virtually able to recognize any foreign Ag. Upon 

recognition of ‘foreign’ Ags and activation, B- and T-cells differentiate into effector 

cells. B-cells produce antibodies that bind directly to Ags, and T-cells (composed of 

CD4+ and CD8+ T-cells) produce cytokines and display cytotoxic effector functions. 

CD4+ T-cells recognize Ags mainly derived from extracellular proteins presented in the 

context of MHC-II molecules. CD8+ T-cells are specialized in the recognition of 

intracellular Ags derived from cytosolic enodogenously synthetized proteins presented 

in the context of MHC-I molecules. They play a pivotal role in the protection against 

intracellular pathogens and in anti-tumor immunity. After elimination of the pathogen, 

most of the effector cells die, but some lymphocytes persist and constitute a pool of 

memory cells which are able to mount a more rapid and effective immune response 

upon a subsequent encounter with the nominal Ag. The establishment of long-term 

immune memory is the basis of vaccination. 

Some lymphocytes (NK-T-cells, B-1 subset of B-cells and γδ T-cells) express non-

germline encoded receptors with limited diversity (‘relative invariant receptors’). They 

represent ‘innate-like’ lymphocytes. 
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1.1   T-cell development and differentiation 

1.1.1   CD4+ and CD8+ T-cell differentiation  
 

Hematopoietic stem cells give rise to common lymphoid progenitors (CLPs) in the 

bone marrow, which differentiate in the thymus into T-cells. The interaction with the 

thymic stroma provides the signals necessary for CLPs to commit to the T-cell lineage 

associated with expression of the first T-cell markers. In the first stages of 

differentiation, thymocytes do not express the T-cell receptor (TCR) neither the co-

receptors CD4 or CD8. The gene products of the recombination activating genes (RAG-

1 and RAG-2) induce the rearrangement of Dβ and Jβ gene segments, followed by the 

rearrangement of DJβ to the Vβ gene segment. The TCRβ chain is expressed at the cell 

surface together with the pre-T-cell receptor α chain forming a ‘pre-TCR’ in 

association with the CD3 molecules. Cell surface expression of the ‘pre-TCR’ leads to 

degradation of RAG-2, halt of gene rearrangement, proliferation, CD4 and CD8 

expression. Double–positive CD4+CD8+ thymocytes re-express then RAG-1 and RAG-

2, rearrange the α-chain genes (Vα and Jα gene segments) until a productive α-chain 

gene rearrangement is generated which leads to the TCRαβ cell-surface expression. At 

this stage, CD4+CD8+TCRαβ+ thymocytes successively undergo positive and negative 

selection. Thymocytes are first selected based on the ability of the TCRαβ to recognize 

self-MHC molecules, thymocytes that fail to recognize any MHC molecule die by 

apoptosis (positive selection). At the end of this process, TCRαβ+ thymocytes are 

committed either to the CD8 or CD4 lineage: TCRαβ+ thymocytes which interact 

specifically with MHC-I molecules will eventually only express the CD8 co-receptor, 

and TCRαβ+ thymocytes restricted to MHC-II molecules will express the CD4 co-

receptor. In the second step of selection, CD4+/CD8+TCRαβ+ thymocytes which 

interact strongly with ‘self-Ags’ presented in the context of MHC molecules are 

eliminated and undergo apoptosis (negative selection). CD4+/CD8+TCRαβ+ 

thymocytes, which do not strongly interact with ‘self-Ags’-MHC complexes mature 

into TCRαβ+ T-cells. Most of the thymocytes (98%) die during these selection 

processes. Ultimately, only a small number of cells leave the thymus as mature (αβ) T-

cells.  
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1.1.2   The TCR complex, CD4 and CD8 co-receptors 
 

The TCRαβ complex is formed by the TCR receptor heterodimer (TCRα and TCRβ 

chains), the CD3 complex (γε and δε heterodimer) and the disulfide-linked ζ chain 

(Figure 1). TCRs recognize peptides presented either in the context of MHC-II or 

MHC-I molecules depending if the T-cell expresses the co-receptor CD4 or CD8. CD4 

and CD8 co-receptors are essential for the selection of thymocytes in the thymus. They 

are also expressed on mature T-cells in order to stabilize the TCR/peptide-MHC 

complex through their interaction with MHC class II and MHC class I molecules. CD4 

and CD8 molecules are surface glycoproteins, CD4 is a single-chain molecule; CD8 is 

a disulfide-linked dimmer, consisting either of an αβ-chain heterodimer, or an αα-

chain homodimer. The CD8β chain is retained and degraded in the endoplasmic 

reticulum unless associated with the CD8α chain. The CD4 and the CD8 co-receptors 

enhance the avidity of the TCR for peptide-MHC complexes by interacting with MHC 

molecules. They are also linked via their intracellular domain with the tyrosine kinase 

Lck (Veillette, Bookman et al. 1988), a key kinase in TCR signaling.  CD4 and CD8 

molecules colocalize with the TCR to lipid raft microdomains which play an important 

role for the optimal orientation of TCR signaling molecules and signal transduction 

(Viola 2001). The CD8α and the CD8β chain display different functions: the CD8α is 

responsible for the interaction with Lck (Veillette, Bookman et al. 1988; Hoeveler and 

Malissen 1993), the CD8β chain for the lipid raft localization (Pang, Hayday et al. 

2007). Both CD8αβ and CD8αα dimers bind to the MHC-I complex. The CD8αβ 

heterodimer has been shown to be more efficient as compared to the CD8αα 

homodimer (Wheeler, von Hoegen et al. 1992; Renard, Romero et al. 1996).  
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Figure 1. Components of the TCR complex, CD4 and CD8 co-receptors (adapted 

from Janeway et al. Immunobiology 6th edition). 

 

1.1.3  Unconventional T-cells 

 
In the thymus, most of the CLPs give rise to αβ T-cells, while a minority of CLP 

differentiate into γδ T-cells. The mechanisms underlying the lineage commitment 

towards the αβ T-cell or γδ T-cell lineage are not yet fully understood. γδ T-cells 

express TCRs (composed of the TCRγ and TCRδ chains) with limited diversity. The 

detailed function and specific ligands of γδ T-cells are still to be explored. γδ T-cells 

may be specialized in the recognition of non-peptide ligands, they are not necessarily 

restricted by MHC molecules but rather by non-classical MHC molecules, i.e. T10 and 

T22 molecules in mice (Schild, Mavaddat et al. 1994; Weintraub, Jackson et al. 1994). 

Most of the γδ T-cells in humans are CD4- and CD8-, but a small subset of γδ T-cells 

displays a CD8dim phenotype (Scott, Richards et al. 1990). Human γδ T-cells may be 

restricted by CD1 (a-d) molecules (Russano, Bassotti et al. 2007). 

Intestinal intraepithelial lymphocytes (IELs) represent another subset of unconventional 

T-cells. Different subsets of IELs can be identified based on their TCR (either αβ or γδ 

TCR) and their co-receptor expression. The first subgroup of IELs expresses the 

TCRαβ and the CD4 or the CD8αβ co-receptor. The second subgroup of IELs 

expresses the TCRαβ or the TCRγδ, and CD8αα homodimers (Lambolez, Kronenberg 
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et al. 2007). CD8αα+TCRαβ+ IELs are abundant in the small intestine of mice, they 

can also be found in the human fetal intestine, but their frequency decreases with age: 

in adult humans thymic CD8αβ+TCRαβ+ cells represent the majority of small intestine 

IELs. During thymic negative selection, ‘self-reactive’ αβ T-cells are deleted, whereas 

CD8αα+TCRαβ+ IELs are enriched for ‘self-reactive’ TCRs. This suggests that 

CD8αα+TCRαβ+ IELs develop extrathymically (Rocha, Vassalli et al. 1991). 

However, it was also shown that the thymus supports the development and selection of 

CD8αα+TCRαβ+ IELs by ‘agonist selection’ a process that positively selects ‘self-Ag‘ 

reactive T-cells (Leishman, Gapin et al. 2002). 

 

1.1.4  The CD8αα co-receptor? 

 
The CD8αα homodimer and the CD8αβ heterodimer share a very similar structure 

(Chang, Tan et al. 2005), they both interact with MHC-I molecules. It was assumed that 

the CD8αα homodimer acts as a TCR co-receptor, although less efficiently as 

compared to the CD8αβ heterodimer. The CD8αα homodimer on thymocytes does not 

support as efficiently as the CD8αβ heterodimer the selection of CD8+ T-cells in 

CD8β-deficient mice (Nakayama, Nakayama et al. 1994), and it was recently shown 

that in CD8β-deficient mice, CD8-independent TCRs are preferentially selected 

(Angelov, Guillaume et al. 2009). Activation of T-cells with low affinity TCRs requires 

the CD8αβ co-receptor, whereas CD8αα fails to support their activation. Pang and 

colleagues demonstrated in a human T-cell line that CD8αβ, but not CD8αα dimers 

were localized to lipid rafts (Pang, Hayday et al. 2007). The expression of CD8αα may 

sequestrate Lck essential for T-cell activation away from the lipid raft and the TCR 

complex. This may modulate the ability of T-cells to efficiently transduce TCR 

signaling after activation depending on CD8αβ and CD8αα dimer formation:  CD8αα 

expression is thought to modulate the avidity of T-cells by increasing the activation 

threshold. Cheroutre and coworkers proposed a new model of TCR activation in which 

CD8αα functions rather as a TCR co-repressor than as a TCR co-receptor (Cheroutre 

and Lambolez 2008). 

 

 The CD8αα homodimer is expressed by many cell types: CD8αα+TCRαβ+ cells can 

be found in the peripheral circulation (Konno, Okada et al. 2002), the CD8αα 

homodimer can also be co-expressed with CD8αβ or CD4 co-receptors on activated 
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MHC-I or MHC-II restricted T-cells, on γδ T-cells, on ‘self-reactive’ IELs, on NK 

cells, and DCs. CD8αα binds to MHC-I molecules and to non-classical MHC-I 

molecules: to the thymus leukemia (TL) Ag expressed on epithelial on the small 

intestine in mice (Attinger, Devine et al. 2005), but also to human leukocyte antigen 

(HLA)-G (Sanders, Giblin et al. 1991). The ligation of CD8αα on NK cells was shown 

to induce influx of calcium (Addison, North et al. 2005), demonstrating that CD8αα-

induced signalisation is not necessarily associated to T-cell activation and TCR 

signaling. The role of the CD8αα homodimer expression on DCs is still unclear. 

 

 The crystal structure of the human CD8αα and the MHC-I HLA-A2 complex was 

reported in 1997 by Gao and colleagues (Gao, Tormo et al. 1997). The contribution of 

the two CD8α subunits to HLA-A2 binding was shown to be asymmetric, with both 

subunits interacting with the HLA-A2 α3, and one subunit making an additional 

contact with the HLA-A2 α2 domain and β2 microglobulin. The crystal structure of the 

murine CD8αα homodimer and the MHC-I H-2Kb complex showed shared and 

species-specific recognition features (Kern, Teng et al. 1998). The CD8αα/MHC-I 

interaction in mice appears to be substantially stronger than in humans. Gao and 

coworkers solved the crystal structure of the murine CD8αβ heterodimer and revealed 

similarities between CD8αα and CD8αβ structures that likely bind to the MHC-I 

molecule in a similar way. However, differences between CD8αα and CD8αβ 

complementary determining region-1 (CDR-1) and CDR-2 contribute to a different 

positioning of the three CDRs to each other, which may influence the interaction of 

CD8αβ or CD8αα dimers with the MHC-I molecule. More recently, the crystal 

structure of the rhesus CD8αα homodimer was shown to display closer resemblance to 

the human CD8αα than to the murine CD8αα homodimer. The presence of an extra 

hydrogen bound in the homodimeric surface indicated a tighter CD8αα homodimeric 

interaction (Zong, Chen et al. 2009). The crystal structure of the murine CD8αα and 

the TL complex was solved by Liu and colleagues. Subtle conformational changes 

between the CD8αα/TL and CD8αα/H-2Kb resulted in higher binding affinity of 

CD8αα to TL as compared to H-2Kb (Liu, Xiong et al. 2003). TL binds also to CD8αβ 

but with a much weaker affinity. The authors suggested the preferential (stronger) 

binding of CD8αα to TL, than to MHC-I molecules, disrupts the CD8αα/MHC-I 

interaction:  this may represent a mechanism to modulate T-cell activation. 
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1.2   Effector and memory T-cell differentiation 
1.2.1   T-cell compartments 

 
After leaving the thymus, mature T-cells are released into the blood stream and 

commute between the peripheral circulation and secondary lymphoid organs. T-cells 

enter lymph nodes via the high endothelial venules. The migration of T-cells is 

mediated by the interaction of appropriate ligands (CC chemokine 21 and PNAd) on 

high endothelial venules with the CC chemokine receptor 7 (CCR7) and L-selectin 

CD62L expressed by T-cells. In lymph nodes, T-cells interact with professional Ag-

presenting cells (APC), e.g. DCs. T-cells bind transiently to DCs via adhesion 

molecules interaction and screen for the presence of their cognate Ag. The fate of T-

cells is determined if they ultimately meet their cognate Ag-MHC complex presented 

by DCs. T-cells, that do not recognize Ag-MHC complexes, leave the lymph node and 

re-enter the blood circulation via the thoracic duct. These T-cells are defined as ‘naive’ 

or precursor T-cells as opposed to T-cells that recognized via their TCR Ag-MHC 

complexes presented by DCs. A secondary signal is necessary for T-cells to undergo 

clonal proliferation and differentiation into effector cells. This is provided by the 

interaction between the co-stimulatory molecules CD28 and CD27 (on T-cells) and 

CD80 and CD70, expressed by activated DCs. CD4+ T-cells differentiate into three 

classes of helper T-cells (Th) Th1, Th2 or the recently identified Th17 CD4+ T-cells, 

differentiated by their cytokine pattern production. Th1 CD4+ T-cells produce 

interferon-γ (IFN-γ) and control cell-mediated immunity, whereas Th2 CD4+ T-cells 

produce interleukin-4 (IL-4), IL-5, IL-13 and direct the immune response more toward 

humoral immunity. Th17 CD4+ T-cells produce IL-17A, IL-17F, IL -21, IL-22, and 

play a role in the defence against extracellular bacteria and fungi. CD8+ T-cells 

differentiate into effector cytotoxic T-cells, produce IFN-γ, tumor necrosis factor-α 

(TNF-α), lytic granules (perforin, granzymes) and express the Fas ligand. Effector T-

cells leave the secondary lymphoid organs and migrate into tissues to kill infected cells. 

After the ‘effector phase’, a contraction phase occurs and ∼90-95% of the effector T-

cells die. Some activated T-cells remain, they constitute the memory T-cell pool. 

Memory T-cells show a higher sensitivity to Ag stimulation, they are less dependant on 

co-stimulatory signals, and display effector functions more rapidly and efficiently than 

precursor T-cells. Precursor and subsets of Ag-experienced T-cells show a differential 

expression of cell surface markers. The expression of CCR7 in combination with the 
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CD45RA tyrosine phosphatase allows to differentiate central memory T-cells (TCM) 

(CD45RA-CCR7+) that reside mainly in secondary lymphoid organs, and effector 

memory T-cells (TEM) (CD45RA-CCR7-) able to home to extralymphoid organs 

(Sallusto, Lenig et al. 1999). TEM cells display more rapid effector functions that TCM 

cells. TCM cells produce IL-2, have higher proliferative capacity, undergo less cell 

division in vivo (measured by telomere length) than TEM cells. They are also able to 

differentiate into effector cells upon secondary stimulation. The CD45RA+CCR7- 

phenotype is associated with terminal stages of T-cell differentiation. The latter T-cell 

subset is referred as TEMRA (effector or terminally differentiated cells), it displays the 

most differentiated phenotype and potent effector functions. Terminally differentiated 

CD8+ T-cells express large amounts of perforin (Sallusto, Lenig et al. 1999). Table 1 

shows a (non-exhaustive) summary of the phenotype of the T-cell compartments (in 

humans). Ag-specific CD8+ T-cells can be found in different T-cell compartments. For 

instance, Epstein-Barr virus (EBV)-specific CD8+ T-cells are enriched in TEM and 

cytomegalovirus virus (CMV)-specific CD8+ T-cells in terminally differentiated T-cells 

(Appay, Dunbar et al. 2002). 

 

Table 1. T-cell phenotype at different stages of differentiation. 

 

              Precursor              Central               Effector                       Terminally   

                                                     memory             memory                       differentiated 

CD45RA        

CCR7   

 CD28       

CD27        

IL-7Rα                                                                 low                                low  

CD62L                                                                        low                                low 

 

The expression of other cell surface markers such as the homing receptor CD62L, the 

co-stimulatory receptors CD28 and CD27, and the IL-7 receptor α chain (IL-7Rα 

chain) are also used to define the different T-cell compartments. In (human) healthy 

blood donors, CD8+ and CD4+ precursor and TCM cells display a homogeneous 

CD28+CD27+ expression, whereas heterogeneous expression of CD28 and CD27 is 

observed in CD8+, CD4+ TEM and CD8+ terminally differentiated cells (Rufer, 
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Zippelius et al. 2003; Romero, Zippelius et al. 2007; Okada, Kondo et al. 2008). The T-

cell memory compartment is highly heterogeneous in terms of phenotype and function.  

Many groups have studied the differentiation of CD8+ memory T-cells. It is possible, 

using mice models, to study in vivo the generation and fate of memory T-cells. For 

instance, adoptive transfer experiments allow to study different memory T-cell subsets 

which can be tracked based on their phenotype and their ability to confer protection 

upon (pathogen) challenge. In humans, the T-cell memory compartment can be 

assessed by characterizing the Ag-specific T-cell phenotype ex vivo (by flow 

cytometry), by performing in vitro Ag-stimulation experiments, or TCR repertoire or 

gene expression analysis of T-cell memory subsets. Ag-specific T-cells can be 

visualized using tetramer MHC-I peptide complexes along with T-cell differentiation 

markers. 

 

Whether memory T-cells arise directly from precursor cells, or differentiate from 

effector cells is still under debate. Different models of CD8+ effector and memory T-

cell differentiation have been proposed (Figure 2). 

  

The linear differentiation model proposes that effector T-cells arise from precursor T-

cells after Ag stimulation resulting in memory T-cell formation. Wherry and colleagues 

showed with adoptive T-cell transfer experiments in a mouse model (using TCR 

transgenic T-cells) that effector T-cells give rise to TEM cells; subsequent Ag clearance 

converted TEM to TCM cells (Wherry, Teichgraber et al. 2003) (Figure 2a). This is 

supported by data obtained from the analysis of human peripheral blood mononuclear 

cells (PBMCs), where a small proportion of in vitro activated TEM re-expressed CCR7 

and acquired a TCM phenotype (expression of CCR7) and functional TCM properties 

(comparable levels of perforin expression and proliferative capacity) (Schwendemann, 

Choi et al. 2005).  

 

A different model proposed by Marzo and colleagues suggested that CD8+ TEM and 

TCM represent two different stable cell lineages which arise from effector cells (Marzo, 

Klonowski et al. 2005) (Figure 2b). If ‘non-physiological’ high numbers of Ag-specific 

T-cells were used, TEM cells converted to TCM cells. If ‘physiologically’ low numbers 

of TEM cells were transferred, TEM cells did not convert to TCM cells. These results 

suggested that weak Ag signals favor TCM, and strong signals favor TEM development.  

This is in line with observations from Sallusto and colleagues (Sallusto, Geginat et al. 
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2004). The genomic expression of effector and memory T-cells generated upon 

continuous and short antigenic stimulation supports this model (Sarkar, Kalia et al. 

2008). Two other models in which the strength of the antigenic stimulation determines 

the T-cell memory differentiation have also been proposed: 

 

- the ‘decreasing potential model’, where after antigenic stimulation T-cells 

differentiate progressively towards terminal differentiation (Joshi and Kaech 2008). 

The level of Ag exposure drives cell differentiation that is accompanied by an increased 

susceptibility to apoptosis and a decreased potential for memory cell development 

(Figure 2c).  

 

- the ‘signal strength model’ (Sallusto, Geginat et al. 2004). Low antigenic stimulation 

leads to the differentiation into non-effector cells that differentiate into TCM. High 

antigenic stimulation induces the differentiation into effector cells that will later 

differentiate into TEM cells. Since not all T-cells receive the same strength of Ag signal, 

T-cells with different stages of differentiation can be generated (Figure 2d).  

 

The understanding of T-cell memory formation and the relationship between the 

different effector/memory subsets remains challenging, but it represents an important 

goal for rational vaccine design and for the identification of immunological endpoints 

to evaluate vaccine efficacy. 
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Figure 2. Models of effector and memory CD8+ T-cell differentiation. 

 

1.2.2 T-cell memory homeostasis 
 

The pool of memory T-cells can persist for a very long time. In individuals, vaccinated 

against smallpox, memory T-cells showed a half-time of 8-15 years (Hammarlund, 

Lewis et al. 2003). IL-15 and IL-7, which are both member of the γ-common chain 

family of cytokines, are required for proliferation and maintenance of memory T-cells. 

IL-15 mediates T-cell turn-over, and IL-7 ensures T-cell survival via STAT-5 

phosphorylation which increases the expression of the anti-apoptotic molecules Bcl-2 

and Bcl-XL. The requirement of IL-15 and IL-7 for CD8+ T-cell memory homeostasis 

is well established, however their role in the maintenance of CD4+ memory T-cells has 

been more controversial (Lantz, Grandjean et al. 2000). Recent reports showed that 

CD4+ memory T-cells require IL-7 and IL-15 (Lenz, Kurz et al. 2004; Purton, Tan et al. 

2007). In rhesus macaques, IL-7 injections increased the number of CD4+ and CD8+ 

memory T-cells (Beq, Nugeyre et al. 2006). 
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After Ag clearance, memory T-cells are maintained. Many studies have shown that 

MHC contact is not required for the maintenance of CD4+ or CD8+ T-cell memory 

(Murali-Krishna, Lau et al. 1999; Swain, Hu et al. 1999). However, Kassiotis and 

colleages showed that CD4+ memory T-cells are maintained in MHC-II deficient mice, 

but they displayed functional defects (Kassiotis, Garcia et al. 2002). In an adoptive 

transfer experiment, it was shown that the maintenance of CD8+ memory-T-cells 

required the presence of MHC-I molecule but not necessarily the restricting MHC-I 

allele (Tanchot, Lemonnier et al. 1997). Interestingly, it was recently shown in mice 

that CD8+ and some CD4+ memory T-cells were able to survive (with no impairment of 

T-cell functionality) in the absence of TCR expression and in competition with other T-

cells for survival factors (Leignadier, Hardy et al. 2008). We cannot exclude that 

certain memory T-cell subsets are maintained by ligation of the TCR to Ag-MHC 

complexes that display sequence homology with the ‘original’ cognate Ag (molecular 

mimicry). The existence of ‘cross-reactive’ T-cells is well documented (Selin, Brehm et 

al. 2006), their nominal ligands may represent Ags that derive from related or unrelated 

pathogens (Hohn, Kortsik et al. 2003). The cross-reactivity of CD4+ and CD8+ memory 

T-cells specific for human influenza A (H3N2) to avian influenza A (H5N1) Ags was 

recently shown in PBMCs from healthy individuals (Lee, Ha do et al. 2008). 

 

1.2.3 CD8αα+ T-cells and T-cell memory formation 

 

The CD8αα homodimer binds in mice to TL. This allows to use TL tetramers to detect 

T-cells expressing CD8αα. The role of CD8αα expression in the generation of CD8+ 

T-cell memory has been studied by Madakamutil and colleagues in a murine model of 

lymphocytic choriomeningitis virus infection (LCMV) (Madakamutil, Christen et al. 

2004). Seven days after LCMV infection, the expression of CD8αα on CD8αβ+ 

LCMV-specific T-cells was observed, and disappeared with viral clearance. 

CD8αα+CD8αβ+ LCMV-specific T-cells displayed enhanced expression of the IL-

7Rα, IL-15Rβ, and high levels of Bcl-XL. CD8 enhancer (E8I) knockout mice, which 

do not express CD8αα, showed equivalent formation of LCMV-effector CD8+ T-cells 

as compared to wild-type mice but they showed impaired T-cell memory formation. 

The authors proposed that the expression of CD8αα promotes the cellular survival and 

memory formation. However, two subsequent reports using E8I-/- mice infected with 

LCMV and influenza virus A did not support the notion that CD8αα+ T-cells are 
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crucial for CD8+ T-cell formation (Chandele and Kaech 2005; Zhong and Reinherz 

2005).  

CD8α+βlow and CD8αα+ T-cells in the peripheral circulation of healthy donors have 

been described by Konno and colleagues (Konno, Okada et al. 2002). CD8α+βlow T-

cells were composed of effector memory cells (CD45RO+CD95+CD62L-CCR7-), 

CD8αα+ T-cells effector memory and terminally differentiated T-cells (CD45RO+/-

CD95+CD62L-CCR7-). The TCR repertoire of CD8α+βlow and CD8αα+ T-cells was 

less diverse as compared to the TCR repertoire in CD8α+βhigh T-cells. Identical T-cell 

clones were found among CD8α+βlow and CD8αα+ T-cells, and the level of TCR 

excision circles (TRECs), which decreases with proliferative history, was lower in 

CD8α+βlow and particularly in CD8αα+ T-cells as compared to CD8α+βhigh T-cells. The 

authors speculated that the downregulation of the CD8β expression on CD8+ T-cells 

leads to the generation of the CD8αα+ T-cell population. This may represent an Ag-

driven mechanism: CD8α+βlow and CD8αα+ T-cells displayed a memory T-cell 

phenotype, they produced IFN-γ, and they increased with age. 

 

1.3   Vaccine-induced immunity  
 

The ultimate aim of vaccination is to induce protective long-lasting humoral and 

cellular immune responses achieved by increasing the magnitude and the quality of 

antibodies and Ag-specific immune memory cells. In most of the currently applied 

successful vaccines (for instance vaccines against rubella, tetanus) protection is 

mediated primarily by neutralizing antibodies. In the development of vaccines against 

the human immunodeficiency virus (HIV) responsible for the acquired 

immunodeficiency disease syndrome (AIDS), both humoral and cellular responses are 

targeted. Neutralizing antibodies would allow to prevent infection, and CD8+ T-cells 

may kill infected cells. Vaccines against tuberculosis (TB) caused by M. tuberculosis 

(Mtb) target primarily T-cell mediated immune responses. For infectious diseases such 

as AIDS, and TB, prophylactic vaccines are urgently needed. Therapeutic vaccines may 

also be necessary to treat patients who are already infected. The same situation is true 

for patients with cancer, who would benefit from therapeutic (anti-tumor) vaccination. 

CD8+ T-cells play a central role against viruses, intracellular bacterial pathogens and in 

anti-tumor immunity. Vaccine candidates against HIV, TB, melanoma, colorectal, and 

prostate cancer are being developed and have entered various stages of clinical trials. 
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1.3.1   Vaccine strategies 
 

Different approaches are possible for vaccine development (Table 2). Live attenuated 

vaccines containing the pathogen (virus or bacteria) can replicate within the host 

allowing endogenous and exogenous Ag processing and may elicit a strong immune 

response (both humoral and cell-mediated immunity), whereas inactivated vaccines 

induce a weaker response (mostly humoral immunity), but they are more stable and 

safer. Live attenuated vaccines against measles, polio or hepatitis A are being used, but 

they cannot be considered in the case of highly hazardous pathogens such as HIV. The 

identification of immunogenic Ags from pathogens and in tumors has allowed the 

development of subunit vaccines. Subunit vaccines contain only parts of the pathogen 

(or tumor Ags). The identified target Ags can be delivered directly as purified or 

recombinant proteins, peptides, or indirectly via a plasmid DNA or a recombinant viral 

vector. The latter approach allows Ag presentation in the context of MHC-I and MHC-

II molecules. Therefore, both cellular and humoral immune responses can be 

stimulated. An alternative approach represents the vaccination of patients with DCs 

loaded with defined peptides. The latter strategy is applied in patients with cancer. It 

needs to be tailored for each patient and does not represent a broad-based vaccination 

approach. 

 

In many cases, a single dose of a vaccine does not induce a strong immune response. 

The administration of a second vaccine dose (boost) allows to expand Ag-specific 

memory T-cells. The heterologous prime-boost strategy represents the administration 

of two different vaccines expressing the same Ags. This approach is applied in a 

number of novel TB and HIV vaccine candidates. 

 

The identification of surrogate markers of vaccine efficacy represents an essential goal. 

It will require the development of reliable standardized immunological assays allowing 

to measure the vaccine-induced immune response (usually by detecting the presence of 

vaccine-induced Ag-specific circulating T-cells). The characterization of ‘protective T-

cell responses’ will be able to escort vaccination efforts and enable early ‘STOP-GO’ 

decisions in clinical trials. The presence of polyfunctional Ag-specific T-cells, able to 

produce simultaneously IFN-γ, TNF-α and IL-2 was identified in a protected group of 

mice in a L. major vaccination and infection model (Darrah, Patel et al. 2007). Up to 
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now, it is not clear if similar mechanisms contribute in immune protection in other 

diseases, e.g. cancer or Mtb infection. 

 

Table 2. Vaccine approaches currently in clinical use or in clinical trials. 

 

Type of vaccine            Examples                 

Live attenuated Oral polio, measles, varicella 

    Bacille Calmette-Guérin (BCG) (M. bovis) 

   Recombinant BCG (over-expression of Ag85B Mtb protein; 
Phase I clinical trial)(Hoft, Blazevic et al. 2008) 
 

Whole inactivated Influenza, hepatitis A 

 

Purified protein Diphteria, tetanus 

 

Recombinant protein Hepatitis B, papilloma 

 

Fusion proteins Hybrid-1 (Ag85B-ESAT-6 Mtb proteins; Phase I clinical 
trial) (Andersen 2007) 

 

Peptide   Melan-A/MART-1, Tyrosinase, gp100 (Clinical trials in 
patients with melanoma cancer) (Jaeger, Bernhard et al. 
1996) 

 

DNA   HIV gp160, Rev, Gag, RT (Phase I clinical trial) 
(Sandstrom, Nilsson et al. 2008) 

 
   NY-ESO-1 (expressed in ∼ one third of lung, melanoma, 

ovarian, oesophageal, bladder, and prostate cancers, clinical 
trials in patients with cancer) (Gnjatic, Altorki et al. 2009) 

 
Recombinant viral vector MVA85A (modified vaccinia virus encoding Ag85A; Phase 

I/II clinical trial) (Sander, Pathan et al. 2009) 
 
   STEP trial (recombinant adenovirus 5 expressing HIV Gag, 

Pol and Nef genes; trial was halted due to an increase in 
HIV infections among vaccinated volunteers) (Buchbinder, 
Mehrotra et al. 2008) 

  
Dendritic cells Dendritic cells pulsed with Melan-A/MART-1, Tyrosinase, 

gp100 and MAGE-3 peptides (Clinical trials in patients 
with melanoma) (Banchereau, Palucka et al. 2001) 
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1.3.2   Non-human primates animal model 
 

Non-human primates (NHPs) and humans are genetically and physiologically related, 

susceptible to similar infectious and to chronic diseases. For instance, baboons, 

pigtailed, cynomologus and rhesus macaques develop an AIDS-like disease upon 

infection with simian immunodeficiency virus (SIV). This is not true for African 

monkeys, the natural hosts of SIV (Ambrose, KewalRamani et al. 2007). Similarly, 

cynomologus and rhesus macaques are susceptible to Mtb infection and develop a TB 

disease very similar to humans. After low-dose aerosol infection with Mtb, 50-60% of 

infected cynomologus macaques develop active TB, while the remaining animals 

develop latency (Capuano, Croix et al. 2003) as seen in the human population (although 

in humans, 90% of Mtb infected individuals develop latency). Cynomologus and rhesus 

macaques are therefore widely used as NHP models for HIV/AIDS and for the 

development of TB vaccines. 

 

Many human reagents cross-react with molecules expressed by PBMCs in monkeys, 

this allows the assessment of their immune compartments. In order to better understand 

similarities and differences between NHPs and humans, the composition and phenotype 

of the T-cell compartments in rhesus and cynomologus macaques need to be more 

extensively characterized.  
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2 AIM OF THE THESIS 
 

The CD8αα expression is thought to represent a mechanism to modulate T-cell 

activation, it may also play a role in T-cell memory formation or T-cell survival.  

 

The aim of this work was to characterize the CD8αα+ T-cell compartment in 

vaccination settings where T-cell memory plays a pivotal role, and where the role of 

CD8αα+ T-cells has not yet been addressed.  

 

First, we wanted to identify and characterize the phenotype of the CD8αα+ T-cell 

compartment in humans and in rhesus macaques, a relevant animal model for 

preclinical vaccine trials (Paper I). 

 

We assessed longitudinally the presence of CD8αα+ T-cells (and particularly Ag-

specific CD8αα+ T-cells) i) in patients with melanoma who underwent peptide-based 

vaccination and showed a clinically measurable response (Paper II), ii) and in rhesus 

macaques after TB vaccination (Paper III). 

 

The phenotype of the CD8αα+ T-cell compartment in rhesus macaques was then 

analyzed longitudinally in response to TB vaccination and after Mtb challenge to assess 

the dynamics associated with T-cell priming and encounter with the virulent pathogen  

(Paper IV). 
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3   RESULTS AND DISCUSSION 

 
The CD8αα homodimer expression was shown to mediate the survival and 

differentiation of CD8+ memory T-cells in a mouse model of LCMV infection 

(Madakamutil, Christen et al. 2004). In humans, the biological significance of the 

CD8αα+ T-cell compartment has only been addressed in two reports to our knowledge: 

Konno and colleagues showed that CD8αα+ T-cells were present in the peripheral 

circulation of human healthy donors (HDs), CD8αα+ T-cells displayed an effector 

memory and terminally differentiated phenotype (Konno, Okada et al. 2002). CD8αα+ 

T-cells were shown to be decreased in aviremic and viremic (but not long-term non-

progressors) patients with HIV (Boulassel, Mercier et al. 2007), CD8αα+ T-cells 

exhibited also lower levels of IL-7Rα expression. In the four papers described below, 

we were able to further characterize the biological role of CD8αα+ T-cells in humans 

and in NHPs where the CD8αα+ T-cell compartment has not yet been described: i) 

CD8αα+ T-cells displayed a differentiated T-cell phenotype in healthy subjects and 

NHPs ii) CD8αα+ T-cells have the capacity to be mobilized upon infection Mtb in 

NHPs iii) CD8αα+ Ag-specific T-cells were expanded in vivo by anti-tumor and TB 

vaccination. 

 

3.1   T-cell compartments in humans and rhesus monkeys 
(Paper I) 

 

In order to characterize the T-cell compartment from HDs and rhesus macaques, 

PBMCs were isolated from freshly drawn blood. We assessed by multicolor flow 

cytometry, using the same panel of cell surface markers, the phenotype of the T-cell 

compartment in humans and rhesus macaques. After exclusion of monocytes, NK and 

NK-T-cells, the frequency of the different CD3+ T-cell compartments was measured. 

CD4+ and CD8αβ+ T-cells represented the major T-cell subsets in HDs and NHPs. 

Three other minor T-cell subsets could be identified: CD8αα+ T-cells, and CD4+ T-

cells expressing either the CD8αα homodimer or the CD8αβ heterodimer. CD8αα+ T-

cells were present in NHPs, and showed a significantly higher frequency as compared 

to HDs. In HDs and NHPs, CD8αα+ T-cells represented 1.22%, and 5.16% of CD3+ T-

cells, respectively. 
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In HDs, CD8αβ+ and CD4+ T-cells were present in the four T-cell populations defined 

by CD45RA and CCR7 expression: precursor (CD45RA+CCR7+), effector memory 

(CD45RA-CCR7-), central memory (CD45RA-CCR7+) and terminally differentiated 

(CD45RA+CCR7-) immune cells. CD8αα+ T-cells were mainly present in the 

terminally differentiated and effector memory compartments as observed previously 

(Konno, Okada et al. 2002). Effector memory and terminally differentiated CD8αα+ T-

cells showed a heterogeneous expression of CD28 and CD27 (Figure 3). CD8αα+ T-

cells were mainly present in the CD45RA-CCR7-CD28+CD27+/- and CD45RA+CCR7-

CD28-CD27+ T-cell subsets. Romero and colleagues have shown that CD45RA-CCR7-

CD28+CD27+/- CD8+ T-cells shared similar features with central memory cells: similar 

replicative history, low levels of IFN-γ, perforin, granzyme B, and a high level of IL-

7Rα expression (Romero, Zippelius et al. 2007). Overall, the CD8αα+ T-cell 

compartment displayed a lower frequency of IL-7Rα-expressing cells as compared to 

CD8αβ+ T-cells with the exception of CD45RA-CCR7-CD28+CD27+/- CD8αα+ T-cells 

which showed a higher frequency of IL-7Rα-positive cells, comparable to the 

frequency observed in CD8αβ+ T-cells. CD45RA+CCR7-CD28-CD27+ CD8+ T-cells 

were described by Rufer and colleagues (Rufer, Zippelius et al. 2003). These cells 

displayed functions intermediate between precursor and effector T-cells. Our data 

showed that CD8αα+ T-cells displayed an effector memory or terminally differentiated 

phenotype based on CD45RA and CCR7 expression, but the analysis of the CD28 and 

CD27 expression suggest that they may not be completely differentiated: they resemble 

TCM. Interestingly, it was recently shown in a NHP model (Macaca nemestria) using 

adoptive T-cell transfer, that the transfer of Ag-specific TCM cells, but not of Ag-

specific TEM cells, is able to establish persistence of TCM cells, which were able to 

differentiate into effector T-cells (Berger, Jensen et al. 2008). This suggests that 

CD8αα+ T-cells with a ‘TCM’ like phenotype may also contribute to long-term immune 

memory and to effector T-cell functions. 

 

In NHPs, the majority of CD8αβ+ and CD4+ T-cells co-expressed CD45RA and CCR7, 

whereas CD8αα+ T-cells displayed a more differentiated phenotype (mainly 

CD45RA+CCR7+/-CD28+CD27-). CD8αα+ T-cells, obtained from HDs and from NHPs 

displayed a more differentiated phenotype than CD8αβ+ T-cells. These cells showed 

also polyfunctional cytokine production capacity which has been associated with 

protection against L. major infection in mice (Darrah, Patel et al. 2007).  
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Figure 3. Profile of CD45RA/CCR7/CD28/CD27 and IL-7Rα  expression on 

CD8αα+ T-cell subsets from HDs and NHPs. 

 

CD4+CD8+ T-cells have previously been reported in PBMCs from humans and NHPs, 

they were shown to increase with age in humans (Herndler-Brandstetter, Schwanninger 

et al. 2007). CD4+CD8+ T-cells showed an effector/memory phenotype and cytotoxic 

activity (Nam, Akari et al. 2000; Nascimbeni, Shin et al. 2004; Macchia, Gauduin et al. 

2006). We could show that CD4+CD8+ T-cells obtained from HDs and NHPs, 

displayed a ‘mirror image’ of all maturation/differentiation stages in ‘conventional’ 

CD4+ T-cells. CD107a (lysosomal associated membrane protein-1) a marker of 

degranulation was detected on the cell surface of CD4+CD8+ T-cells. CD4+CD8αα+ 

and CD4+CD8αβ+ T-cells shared a very similar phenotype. One could speculate that 

either activated CD4+ downregulate the CD8αα homodimer or the CD8αβ 

heterodimer. Alternatively CD4+CD8αα+ T-cells may arise from CD4+CD8αβ+ T-cells 

(or vice versa) (Figure 4). We propose that in HDs and NHPs, CD4+CD8+ T-cells 

represent a ‘back-up’ T-cell population which arise from each 

maturation/differentiation compartment from ‘conventional’ CD4+ T-cells endowed 

with effector capacity. 

The CD8αα homodimer can be expressed on different cell types: DCs, macrophages, 

or NK cells. The ligation of CD8αα to MHC-I or possibly to non-classical MHC 

molecules was shown to increase intracellular calcium levels associated with 

prevention of apoptosis and enhancement of cytotoxic acivity (Addison, North et al. 
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2005). We speculate that CD8αα expression on CD4+ T-cells may mediate similar 

effects. It has been shown in humans that CD4+CD8+ T-cells (expressing the CD8αα or 

the CD8αβ dimer) produced cytokines in response to MHC-II and MHC-I-restricted 

Ags (Nascimbeni, Shin et al. 2004) but it was not defined on the single cell level if a 

CD4+CD8+ T-cell was able to recognize the nominal Ag presented by MHC-I and 

MHC-II molecules.  

 

 
 

Figure 4. Model of CD3+CD4+CD8+ T-cell differentiation. 

 

Regulatory T-cells (Tregs) play an important role in the control of autoimmune 

responses and the termination of immune responses (Walker 2009). We observed in 

NHPs higher frequencies of i) CD4+CD25interm./highFoxP3+  ii) 

CD4+CD8+CD25interm./highFoxP3+ and iii) CD8+CD25 interm.FoxP3+ Tregs as compared to 

PBMCs from HDs. The expression of IL-7Rα was shown to be negatively correlated to 

FoxP3 expression (Liu, Putnam et al. 2006). It was recently shown in patients with 

multiple sclerosis, that expression of IL-7Rα on CD4+CD25high Tregs defines a Treg 

population interfering with the suppressive capacity of CD4+CD25highIL-7Rαlow Tregs 

(Michel, Berthelot et al. 2008). We observed in NHPs decreased IL-7Rα expression on 

CD4+CD25interm./highFoxP3+ Tregs as compared to HDs, suggesting that Tregs may 

display differential suppressive functions in NHPs as compared to HDs.  
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3.2   Tumor-specific CD8αα+ T-cells in patients with melanoma 

(Paper II) 

 
The discovery of several melanoma-associated Ags has led to the development of 

cancer vaccines. One of the approaches consists in tumor-derived peptide vaccination 

of patients with melanoma in order to induce tumor-specific CD8+ T-cell responses. 

This was shown to induce tumor regression in some patients (Slingluff, Chianese-

Bullock et al. 2006). The identification of surrogate markers to predict clinical response 

is of great importance for the development of new cancer vaccines and for immune 

monitoring of patients. 

 

In order to characterize the role of CD8αα+ T-cells and their role in T-cell memory 

formation, we analyzed longitudinally the CD8αα+ T-cell compartment in four patients 

with melanoma who underwent a peptide-based vaccination and showed a partial or 

complete tumor regression. 

 

CD8αα+ T-cells represented a stable cell population detected in the peripheral 

circulation of the four patients before and after vaccination. The frequency of CD8αα+ 

T-cells was higher than the frequency of CD8+ T-cells expressing the mucosal homing 

marker CD103, indicating that CD8αα+ T-cells do not represent CD8αα+ 

intraepithelial cells which are prevalent in the small intestine in mice, but also present 

in humans (Cheroutre 2005). 

 

CD8αα+ T-cells were present in the effector memory and terminally differentiated T-

cell compartments, and a majority of CD8αα+ T-cells had lost the expression of CD28 

and/or CD27. The current model of T-cell differentiation suggests that CD8+ T-cells 

sequentially lose the expression of CD28 and CD27 (Appay, Dunbar et al. 2002). This 

supports the notion that CD8αα+ T-cells represent a T-cell compartment enriched for 

differentiated T-cells. Higher cell surface expression of CD107a was detected on 

CD8αα+ T-cells as compared to CD8αβ+ T-cells. Melan-A/MART-1-specific CD8αβ+ 

and CD8αα+ T-cells were detected using tetramers in one patient up to five years after 

vaccination.  The TCR Vβ repertoire of CD8αα+ T-cells obtained from PBMCs from 

two patients was more oligoclonal as compared to the TCR Vβ repertoire in CD8αβ+ 

T-cells. Melan-A/MART-1-specific CD8αβ+ and CD8αα+ T-cells expanded in vitro 
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from two other patients, showed very similar TCR Vβ repertoires. We propose that 

Melan-A/MART-1-specific CD8αα+ T-cells arise from differentiated CD8αβ+ T-cells 

which downregulated expression of the CD8αβ heterodimer (Terry, DiSanto et al. 

1990). The CD8αα homodimer is less efficient as compared to the CD8αβ heterodimer 

in regard to co-receptor functions (Wheeler, von Hoegen et al. 1992; Renard, Romero 

et al. 1996). The preferential expression of CD8αα on tumor-activated CD8+ T-cells 

may represent a mechanism to modulate the avidity of T-cells with high-affinity TCRs: 

they are less dependent on CD8 engagement. Not mutually exclusive, CD8αα 

homodimer expression may prevent apoptosis or anergy by chronic antigenic 

stimulation (Cebecauer, Guillaume et al. 2005) induced by prolonged exposure to the 

Ag displayed by the tumor, or by peptide vaccination. Establishment of Ag-specific 

CD8αα+ T-cells may represent a desirable element in inducing long-term CD8+ T-cell 

responses. This may be particularly important in designing therapeutic cancer vaccines. 

 

3.3 Ag-specific CD8αα+ T-cells in TB vaccinated NHPs                                 

(Paper III) 
 

The Bacille Calmette-Guérin (BCG) vaccine confers protection against disseminated 

TB during childhood, but it does not protect against pulmonary TB in adults. New TB 

vaccines are urgently needed. Different vaccine strategies are being developed and 

some have entered clinical trials (Skeiky and Sadoff 2006). Mtb is phagocytosed by 

APCs, but it is able to persist within macrophages. Mtb prevents the phagolysosome 

fusion and evades the antimicrobial effects of the lysosome (Flynn and Chan 2003). 

Mtb is thought to localize in the phagosome and not in the cytoplasm. This may prevent 

the presentation of Mtb Ags in the context of MHC-I molecules and thus recognition of 

Mtb-infected macrophages by CD8+ T-cells. However, it was recently shown that Mtb 

(but not BCG) resides in the cytosol of human monocyte-derived DCs and 

macrophages, suggesting that Mtb can translocate from the phagosome to the cytosol 

(van der Wel, Hava et al. 2007). A similar situation may be true for NHP APCs. NHPs 

are susceptible to TB infection and present clinical symptoms similar to those observed 

in humans (Capuano, Croix et al. 2003) and represent therefore a very valuable animal 

model to test new TB vaccines (McMurray 2000).   
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We analyzed the cellular immune response in the CD4+, CD8αβ+ and CD8αα+ T-cell 

compartments in rhesus macaques following TB vaccination consisting of a BCG or a 

recombinant BCG prime (rBCG, expressing the Ag85A, Ag85B and TB10.4 Mtb 

proteins, and perfringolysin O allowing endosome escape) followed by two adenoviral 

(Ad) boosts (replication deficient adenovirus 35 expressing Ag85A, Ag85B and 

TB10.4 Mtb proteins). This study allowed us to assess the presence of vaccine-induced 

TB-specific CD8αα+ T-cells in NHPs. 

 

We used a whole blood assay to assess the presence of Mtb Ag-specific T-cells. This 

assay allows to measure after seven days Ag-specific IFN-γ production and cellular 

proliferation (measured by blast formation) by FASCIA (Svahn, Linde et al. 2003). 

BCG and rBCG vaccinated animals displayed similar IFN-γ production in response to 

TB10.4 stimulation (detected only after the first Ad boost). BCG vaccinated animals 

showed an increase of IFN-γ production in response to Ag85A, Ag85B and particularly 

in response to BCG-stimulation four weeks after the prime, which is consistent with 

previous reports from BCG vaccination in humans (Ravn, Boesen et al. 1997; 

McShane, Pathan et al. 2004). In contrast, rBCG vaccinated animals showed a small 

increase of IFN-γ production only in response to BCG-stimulation four weeks after the 

prime. However, one week after the first Ad boost, a peak of IFN-γ production was 

observed in response to Ag85A, Ag85B, and TB10.4 stimulation in BCG and rBCG 

vaccinated animals. The levels of IFN-γ production in response to Ag85A and Ag85B 

stimulation were two-fold higher in rBCG vaccinated animals as compared to BCG 

vaccinated animals. The responses to Ag85A and Ag85B stimulation in rBCG 

vaccinated animals were delayed, but after the first Ad boost much higher as compared 

to BCG vaccinated animals (Figure 5), suggesting a different capacity of the rBCG to 

present Ag and or to stimulate T-cells as compared to BCG. BCG and rBCG 

vaccination may induce different memory subsets of Ag-specific T-cells: Ag85A- and 

Ag85B-specific memory T-cells induced by rBCG vaccination were more ‘effectively’ 

activated after the first boost than those induced by BCG vaccination. The dose of Ag 

has been shown to induce different subsets of memory cells: low amounts of Ag drive 

differentiation of long-lived central memory T-cells and higher amounts of Ag leads to 

the expansion of effector memory T-cells (Sallusto, Geginat et al. 2004).  
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Figure 5. IFN-γ production profile in response to Mtb Ag stimulation. 

 

We observed comparable increased cell proliferation in response to TB10.4 stimulation 

in BCG and rBCG vaccinated animals one week after the first Ad boost in CD8αα+ and 

CD8αβ+ T-cells (and to a much lesser extent in CD4+ T-cells). Increased cell 

proliferation in response to Ag85B and TB10.4 stimulation was detected in BCG and 

rBCG vaccinated animals (but not in control animals) one week after the first Ad boost 

in the CD4+, CD8αβ+ and CD8αα+ T-cell compartments. Interestingly, one week after 

the first Ad boost, rBCG vaccinated animals (which showed increased IFN-γ 

production) showed also increased CD4+ and CD8αα+ T-cell proliferation in response 

to Ag85B stimulation as compared to BCG vaccinated animals. In contrast, no 

substantial increase of cell proliferation in response to Ag85A or BCG stimulation was 

observed in BCG or rBCG vaccinated animals as compared to control animals, 

although IFN-γ production was observed. IFN-γ extracellular levels in whole blood 

cultures can be detected up to seven days (Lagrelius, Jones et al. 2006), but after seven 

days the cells which produced IFN-γ may have undergone apoptosis and cannot be 

detected. It has also been shown that IFN-γ production and cell proliferation can be 

dissociated (Lacabaratz-Porret, Urrutia et al. 2003). rBCG expressing perfringolysin O 

was designed to allow endosome escape and increased Ag presentation in the context of 

MHC-I molecules. The increased cellular proliferation of CD4+ and CD8αα+ T-cells in 
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rBCG vaccinated animals (as compared to BCG vaccinated animals) suggests that the 

rBCG prime enhanced MHC-II and MHC-I Ag-presentation. This is most likely 

associated with enhanced access of Mtb Ags to the cytosol and subsequent ‘better’ Ag-

presentation (Grode, Seiler et al. 2005). 

 

After the second Ad boost, we did not see any IFN-γ production or cell proliferation 

possibly due to the generation of anti-vector immunity after the first Ad boost.  

 

We analyzed by intracellular cytokine staining, IFN-γ, TNF-α and IL-2 production in 

the CD4+, CD8αβ+ and CD8αα+ T-cell compartments. After the first Ad boost, 

Ag85A/b and TB10.4-specific CD4+ and/or CD8αβ+ T-cells were detected in a few 

BCG and rBCG vaccinated animals (but not in control animals). Only one animal 

(vaccinated with BCG) showed CD4+, CD8αβ+ and CD8αα+ TB10.4-specific T-cells. 

The Mtb-specific T-cells detected after the boost displayed a polyfunctional profile 

with production of TNF-α either alone or in combination with IFN-γ. The rather limited 

Ag-specific T-cell responses may be due to the fact that the vaccination strategy did not 

induce effectively Ag-specific effector memory T-cells. Alternatively, the vaccination 

regime may have resulted in the redistribution of effector memory T-cells that could 

not be detected in the peripheral circulation. 

 

Our data showed that a rBCG prime induced stronger cellular immune response as 

compared to BCG prime, defined by IFN-γ production and cellular proliferation in the 

CD4+ and CD8αα+ T-cell compartments. Interestingly, in rBCG vaccinated animals, 

higher levels of cell proliferation in the CD8αα+ T-cell compartment were detected in 

response to Ag85B and TB10.4 stimulation as compared to CD4+ and CD8αβ+ T-cell 

compartments one week after the first Ad boost. 

 

3.4   Phenotype of the T-cell compartments in NHPs after TB   

vaccination and Mtb infection (Paper IV) 
 

CD4+ and CD8+ T-cells play an important role in protection against TB. The phenotype 

of the T-cell compartment after BCG vaccination has been described using a limited 

combination of T-cell surface markers in humans (Ravn, Boesen et al. 1997; Marchant, 

Goetghebuer et al. 1999; Soares, Scriba et al. 2008). Similar analysis were carried out 
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in humans during active TB disease (Bernal-Fernandez, Hermida et al. 2006; Al Majid 

and Abba 2008). Langermans and colleagues have shown that rhesus and cynomologus 

macaques respond differently to BCG vaccination and TB infection. Rhesus monkeys, 

after BCG vaccination, showed increased PBMC lympoproliferation and IFN-γ 

production upon PPD stimulation than cynomologus monkeys. However, rhesus 

monkeys were not protected, whereas cynomologus were protected upon Mtb infection 

(Langermans, Andersen et al. 2001). 

 

To our knowledge, the phenotype of the different T-cell compartments in response to 

TB vaccination or Mtb infection in NHPs has not been reported in detail. In this study, 

we analyzed in rhesus macaques the impact of TB vaccination (described in Paper III) 

followed by Mtb infection on CD4+, CD8αβ+ and CD8αα+ T-cells in PBMCs. 

  

We did not observe any differences in frequency or phenotype (based on CD45RA, 

CCR7, CD28 and CD27 expression) in CD4+, CD8αβ+ or CD8αα+ T-cells after BCG 

or BCG prime (and the two Ad boosts). However, four weeks after the first Ad boost, 

90% of CD4+, CD8αβ+ and CD8αα+ T-cells in vaccinated animals (but not in control 

animals) lost the expression of the IL-7Rα cell surface expression. The decrease of IL-

7Rα expression was transient, the levels of IL-7Rα expression in all T-cell subsets 

were restored five weeks after the first Ad boost. We could not detect changes in the 

IL-7Rα RNA in PBMCs or in soluble IL-7Rα levels in plasma. This suggests that the 

decrease in IL-7Rα may be due to cell surface downregulation of IL-7Rα, and not to 

decreased IL-7Rα transcription, or IL-7Rα shedding. IL-7Rα expression can be 

modulated through the TCR or by IL-7 (Park, Yu et al. 2004). No differences in IL-7 

levels in the plasma were detected, suggesting that T-cell activation was most likely 

associated with the decrease in IL-7Rα expression. Loss of IL-7Rα in patients with 

HIV has been described and defines a subset of CD8+ T-cells that also shows loss of 

CCR7 (Paiardini, Cervasi et al. 2005). In contrast, a different study showed in patients 

with hepatitis C virus (HCV) the loss of IL-7Rα expression in (total) CD4+ and CD8+ 

T-cells correlated with upregulation of CCR7 (Golden-Mason, Burton et al. 2006). Our 

data did not show additional changes concerning other markers on T-cells. Further 

studies are certainly needed to define the mechanisms of IL-7Rα downregulation after 

the Ad boost. Parallel to the loss of IL-7Rα on T-cells, we observed an increase of 

(CD56CD16)+/dimCD3+/-CD4-CD8- cells. In rhesus monkeys, NK cells are CD8+ 
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(Webster and Johnson 2005), and most NK-T-cells express CD4 and/or CD8 (Gansuvd, 

Goodwin et al. 2008). We speculate that (CD56CD16)+/dimCD3+/-CD4-CD8- cells 

represent activated T-cells expressing CD56, which have downregulated the expression 

of CD3, CD4 and CD8 as a result of Ag stimulation. 

 

After Mtb challenge we observed a drop of the frequencies of CD4+, CD8αβ+ and 

CD8αα+ T-cells in the peripheral circulation, as seen previously in patients with active 

TB (Rodrigues, Medeiros et al. 2002). The redistribution of lymphocytes to lymph 

nodes, lungs and pleural spaces during TB in human has been described (Rook, 

Carswell et al. 1976; Ainslie, Solomon et al. 1992; Gerosa, Nisii et al. 1999) and may 

in part be responsible for this shift in PBMCs. This reflects most likely the mobilization 

of CD4+, CD8αβ+ T-cells and CD8αα+ T-cells to the site of infection. 

 

Two weeks after the Mtb challenge, a decrease of CD45RA+CCR7+CD28+/-CD27+ and 

concomitant increase of CD45RA-CCR7+/-CD28+/-CD27+ and CD45RA-CCR7+/-CD28-

CD27- CD4+, CD8αβ+ and CD8αα+ T-cells was observed in vaccinated but not in 

control animals. These results suggest that in vaccinated, but not in control animals 

effector T-cells able to home to lymphoid and extralymphoid organs, were mobilized 

after the Mtb challenge. Seven weeks after the Mtb challenge, vaccinated and control 

animals displayed a similar T-cell phenotype. Seven weeks after the Mtb challenge, 

CD8αβ+ and particularly CD4+ T-cells showed a transient increase of CD45RA+CCR7-

CD28+CD27+ T-cells. In the CD4+, CD8αβ+ and CD8αα+ T-cell compartments, the 

frequency of CD45RA+CCR7+CD28+CD27+ cells increased seven weeks after the Mtb 

challenge. This represented the main subset until the end of the study (twenty weeks 

after Mtb challenge). Of note, CD8αα+ T-cells were enriched in CD45RA+CCR7-

CD28+CD27+ cells, while CD8αβ+ T-cells were enriched in CD45RA+CCR7+CD28-

CD27+ cells. 

 

The increase over time in CD4+, CD8αβ+ and CD8αα+ T-cells with a precursor 

phenotype (CD45RA+CCR7+CD28+CD27+) may represent a redistribution of effector 

T-cells subsets from the periphery to the site of infection associated with an over-

representation of precursor T-cells in the periphery. Alternatively, 

CD45RA+CCR7+CD28+CD27+ T-cells may represent memory cells that reverted to a 

precursor phenotype. Ag-experienced T-cells returning to a precursor phenotype have 
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been demonstrated (Tough and Sprent 1994; Hayden, Tough et al. 1996). Interestingly, 

Andersen and colleagues have reported memory CD4+ T-cells that had reverted to a 

precursor phenotype in mice infected with Mtb (Andersen and Smedegaard 2000). 

 

From seven weeks after the Mtb challenge and until the end of our study (twenty weeks 

after Mtb challenge), (CD56CD16)-CD3lowCD4low cells, displaying mainly a IL-7Rα-

CD45RA-CCR7-CD27- and/or CD28- phenotype, represented the dominant T-cell 

subset. Parallel downregulation, and degradation of CD3 and CD4 following T-cell 

activation has been described (Viola, Salio et al. 1997). We propose that CD3lowCD4low 

T-cells arise from activated CD4+ T-cells which have downregulated CD3 and CD4 

expression. Reduced CD3ζ-chain expression in PBMCS from patients with TB has 

been previously showed (Seitzer, Kayser et al. 2001), but to our knowledge this is the 

first report of CD3 and CD4 downregulation on PBMCs during Mtb infection. 

 

This report shows for the first time that: 

i) IL-7Rα expression is downregulated on CD4+, CD8αβ+ and CD8αα+ T-cells after 

Ad35 boost; 

ii) TB vaccination leads to early and more rapid expansion of memory T-cells which is 

absent in non-vaccinated animals after Mtb challenge; 

iii) IL-7Rα expression is differentially regulated in CD4+ T-cells in BCG vaccinated 

animals, but not in non-vaccinated animals after Mtb challenge. This supports the 

notion that TB vaccination impacts as well on the dynamics of the 

expansion/contraction phase of the cellular immune system mediated by T-cell survival 

via IL-7Rα. 
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4   CONCLUSIONS      
 
We identified and characterized CD8αα+ T-cells in humans and in rhesus macaques 

(Paper I). In both species, CD8αα+ T-cells displayed a polyfunctional capacity. 

CD8αα+ T-cells were enriched in differentiated (effector and memory) cells (defined 

by CD45RA, CCR7, CD27 and CD28 expression) as compared to CD4+ and CD8αβ+ 

T-cells. Rhesus macaques, which represent a valuable animal model for the 

development of new vaccines, allowed to study the CD8αα+ T-cell compartment. We 

established new assays for the characterization of the T-cell compartment in rhesus 

macaques, and a new way to visualize the complexity of T-cell subsets using heatmaps 

(Figure 3). 

 

The identification and characterization of tumor-specific CD8αα+ T-cells in patients 

with melanoma (Paper II) supports the hypothesis that CD8αα+ T-cells arise from 

CD8αβ+ T-cells. It also suggests that the assessment of the CD8αα+ T-cell 

compartment may represent a useful marker to gauge the presence of effector and 

memory T-cells in patients. Analysis of CD8αα+ T-cells may provide valuable 

information for rationale vaccine design and help to escort experimental treatment 

strategies targeting CD8+ T-cell responses. 

  

The increase of Mtb-specific CD8αα+ T-cells after TB vaccination of rhesus macaques 

(Paper III) supports the notion that CD8αα+ T-cells participate in the establishment of 

clinically and biologically relevant immune memory responses. 

 

Similar patterns of phenotypical changes in CD4+, CD8αβ+ and CD8αα+ T-cells were 

observed in rhesus macaques in response to TB vaccination and after Mtb infection 

(Paper IV). Our data suggest that CD8αα+ T-cells represent a distinct subset within the 

CD8+ T-cell compartment with the ability to participate in the cellular immune 

response, mobilized upon Mtb infection: CD8αα+ T-cells loose IL-7Rα expression 

after the first Ad35 boost injection, they also exhibit dynamic changes in 

CD45RA/CCR7 expression after Mtb challenge. This underscores the notion that 

CD8αα+ T-cells contribute to biologically relevant immune memory formation. 

 

30



 31 

Altogether, this work emphasizes the potential role of CD8αα+ T-cells in the 

establishment of T-cell memory in humans and non-human primates. We postulate that 

CD8αα+ T-cells arise from CD8+ T-cells which have downregulated the cell surface 

expression of the CD8αβ heterodimer after Ag-recognition as a mean to modulate T-

cell avidity. The assessment of CD8αα+ T-cells in parallel to CD8αβ+ T-cells may help 

to better understand the pathways of CD8+ T-cell memory differentiation and represent 

a valuable marker for rational vaccine design and immune monitoring. 
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5   FUTURE PERSPECTIVES 

 
The mechanisms of CD8αα+ T-cell generation in response to Ag stimulation and 

establishment of CD8+ T-cell memory need to be further elucidated. 

 
In vitro experiments with peptide-pulsed murine splenocytes demonstrated differential 

modulation of the CD8α and CD8β chains following secondary Ag stimulation (Kroger 

and Alexander-Miller 2007). This supported the hypothesis that CD8αα+ T-cells arise 

from CD8+ T-cells which downregulated CD8αβ heterodimer expression. Yet this 

report did not demonstrate the generation of CD8αα+ T-cells. We hypothesize that 

CD8αα+ T-cells are generated upon Ag-stimulation in vivo in humans and NHPs.  In 

vitro stimulation of human CD8+ T-cells with phorbol 12-myristate 13-acetate (PMA) 

was shown to induce CD8αβ heterodimer downregulation, while CD8αα homodimers 

remained at the cell surface (Terry, DiSanto et al. 1990). More experiments, using 

human or NHP T-cells are needed to understand the effect of Ag-stimulation in CD8α 

and CD8β chain regulation. We postulate that the nature of the nominal target Ag, as 

well as the duration of Ag-exposure impacts on CD8αα+ T-cell formation. This may be 

clinically relevant if vaccines are developed for a ‘naive’ immune system or in the 

context of therapeutic vaccination. The question whether CD8αα+ T-cells participate in 

the establishment of T-cell memory due to ‘cross-reactive’ Ag recognition needs also to 

be addressed in this context. 

 
The detection and characterization of CD8αα+ T-cell phenotype in parallel to CD8αβ+ 

T-cells in clinical settings will help to understand the biological significance of 

CD8αα+ T-cells in the establishment of CD8+ T-cell memory in patients with defined 

clinical endpoints. The in situ detection by immunohistochemistry of CD8αα+ T-cells 

in the affected lungs of TB vaccinated rhesus macaques infected with Mtb, is currently 

underway and will provide new insights into the role of CD8αα+ T-cells in local 

immune responses. 
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