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Introduction 
 

1.1   General introduction to the immune system and T cell biology 

The immune system defends the host against all kinds of potentially harmful and 

infectious agents. It is formed by a complex network of cells and organs that interact with 

each other and their environment. The cells of the immune system are able to discriminate 

between self-molecules that are components of the organism, from foreign substances, 

called antigens, that must be eliminated. However, in some pathological situations the 

immune response can be directed to noninfectious antigens or self-molecules giving rise to 

allergy or autoimmune disease. 
The first defense against foreign molecules is driven by cells of the natural or innate 

immune system. These cells react fast, do recognize pathogens merely by conserved 

patterns and do not develop memory of the pathogen encountered. Mast cells, phagocytes, 

basophils, eosinophils, (natural killer) NK cells and invariant NK T cells belong to this 

group. In contrast, cells highly specialized to recognize antigens by antigen-specific 

receptor and to act only after the exposure to them are members of the acquired or 

adaptive immunity. After the first encounter with a pathogen, these cells develop an 

immunological memory that enables an efficient and faster response on re-exposure to the 

same pathogen. T cells, B cells and the antibodies secreted by B cells are part of the 

adaptive immunity (1, 2). 
Whereas B cells and antibodies recognize intact antigens, T cells recognize antigens that 

are degraded into peptide fragments, processed and presented by antigen presenting cells 

(APC) in the context of the major histocompatibility complex (MCH) (3, 4). MHC 

molecules are classified in two types: MHC class I molecules bind peptides deriving from 

new proteins synthesized and degraded in the cytosol such as fragments of viral proteins. 

MHC class II molecules bind peptides deriving from protein degraded inside of endocytic 

vesicles (5, 6). While most of the nuclear cells have MHC class I molecules only few type 

of cells are able to internalize and express the antigen by MHC class II molecules. These 

professional antigen presenting cells comprise dendritic cells (DC), B cells and 

macrophages. However, only dendritic cells are able to prime naive T cells and thereby 

initiate a primary immune response (7, 8). DC are generated in the bone marrow and 

migrate through the blood into tissues where they have the chance to encounter pathogens. 

During this phase DC display an immature phenotype and are equipped with a highly 

active endocytic machinery for the sampling of antigens (7). During the encounter with 

antigens of pathogenic origin they come in contact with various microbial factors such as 
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Pathogen Associated Molecular Patterns (PAMP), which are recognized by Pathogen 

Recognition Receptors (PRR) like Nod-like Receptors (NLR), C-type lectin receptors 

(CLR) and Toll-like Receptor (TLR) (9, 10). Upon stimulation with TLR-ligands DC 

undergo a process of maturation that results in a migration from the tissue into the T cell 

areas of secondary lymphoid organs as well as with the up-regulation of MHC and 

costimulatory molecules on the cell surface (7). T cells present in the T cell areas 

recognize the MHC-antigen complex by means of the T cell receptor (TCR). The major 

subset of mature T cells expresses a TCR composed of the two glycoprotein chains α and 

β which are associated with the glycoprotein CD3 and the co-receptors CD4 or CD8. 

CD4+ T cells and CD8+ T cells show different functions and can be subdivided themselves 

into specialized subsets according to their localization, production of cytokines and 

functional properties. CD8+ T cells recognize antigen peptide bound to the MHC Class I 

molecules. These cells are defined as cytotoxic T lymphocytes (CTL) because of their 

ability to kill infected or tumor cells. CD4+ T cells recognize antigen peptide bound to the 

MHC Class II molecules and are defined as helper T (Th) cells because of their ability to 

modulate activation and differentiation of other cells through the production of specific 

cytokines. The latter are proteins released by cells that mediate and regulate the immune 

response. However, there are also cytotoxic CD4+ T cells present at low frequency in 

human peripheral blood (11). Antigens and the cytokine milieu determine effector 

properties of helper T cells which can be subdivided into the Th1, Th2 (12, 13) and Th17 

lineage (14, 15). Th1 cells are generated under direction of the cytokine IL-12 and the T-

box transcription factor T-bet. Th1 cell-mediated inflammation is mainly characterized by 

recruitment of CD4+ T cells that produce IFN-γ and mediate protection against 

intracellular pathogens such as bacteria and viruses. Conversely, the cytokine IL-4 and the 

zinc-finger transcription factor GATA-3 drive differentiation towards Th2 cells. Th2 cell-

mediated inflammation is characterized by CD4+ T cells producing IL-4, IL-5 and IL-13 

that mediate protection against nematodes and contribute to allergic responses. Finally, in 

the presence of some cytokines such as IL-6, IL-1β, IL-23, IL-21 and TGF-β, CD4+ T 

cells are induced to up-regulate the expression of the retinoic orphan receptor (ROR)γt and 

to differentiate into Th17 cells (16-19). These cells produce IL-17, IL-6, IL-22 and TNF-α 

and are thought to protect against extracellular bacteria and fungi. In addition, 

involvement of Th17 cells in some autoimmune diseases cells has been observed (20, 21). 
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Another preeminent group of CD4+ T cells are the regulatory T cells (Treg). These cells 

are characterized by the ability to suppress adaptive T cell responses, preventing 

autoimmunity (22, 23). According to the conditions of their generation, natural regulatory 

T cells (nTreg) and adaptive (aTreg) or inducible Treg (inTreg) are distinguished. Natural 

Treg develop in the thymus and express the forkhead-winged helix transcription factor 

Foxp3 (22) whereas adaptive or inducible Treg develop from CD4 T cells in the periphery 

in parallel to effector T cells and do only partly express Foxp3 (24, 25). 

1.2  Role of chemokine receptors in regulating T cell traffic 

After maturation in the thymus, naive T cells enter the blood and continuously recirculate 

through secondary lymphoid organs in search of antigen presented on APC. Priming of 

naive T cells involves recognition of an antigen presented on DC and the subsequent 

activation of T cells which then start to proliferate and differentiate into effector and 

memory cells. Effector T cells are specialized in the fast elimination of pathogens and 

migrate to the tissue where they can interact with other leukocytes. On the other hand 

memory T cells maintain the memory for already encountered antigens and provide a 

rapid and efficient response against a secondary challenge. They are able to reach both the 

secondary lymphoid organs as well as inflamed tissues (26). The migration of DC and T 

cells during an immune response is finely controlled by chemokines and adhesion 

molecules that are localized on the appropriate cells and at the right place. 

Leukocyte migration can be subdivided into two steps. The first step consists of the 

extravasion of leukocytes from the blood to the lymph nodes (LN), Peyer’s patches (PP) 

or inflamed tissues. In this step adhesion molecules such as selectins and integrins are 

involved (27, 28). The interaction between selectins on T cells and their ligand on 

endothelial cells allows leukocytes to roll on the endothelium wall until a specific 

chemokine receptor is recognized by their related ligand on the surface of the endothelial 

cells. The ligation of chemokine receptors and the activation of integrins lead to a stable 

adhesion of the cells, followed by the transmigration of leukocytes into the secondary 

lymphoid organs and tissues. An example of L-selectin is CD62L that recognizes some 

molecules expressed on high endothelial venules (HEV). These are highly specialized 

post-capillary venules that allow the transit of lymphocytes from the blood to lymph nodes 

and Peyer’s patches (29).  
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In the second step leukocytes are guided within the secondary lymphoid organs or the 

inflamed tissue by means of a chemotactic or chemokinetic gradient formed by 

chemokines (30, 31). Chemokines are recognized by seven-transmembrane domain 

receptors, which signal via heterotrimetric GTP-binding proteins (32, 33). Based on the 

site of production and the functional role chemokines can be classified into 

“inflammatory” and “homeostatic” (26, 34). Inflammatory chemokines are produced 

under conditions of inflammation by endothelial, epithelial and stromal cells as well as by 

leukocytes. They regulate the recruitment of effector leukocytes and thus, determine the 

composition of inflammatory infiltrates. In contrast, homeostatic chemokines are produced 

constitutively within lymphoid tissues where they control the homeostatic cell traffic. 

Importantly, some of the chemokines can have different roles depending on the context in 

which they are produced (26).  

1.2.1  CCR7 as a key factor to enter the secondary lymphoid organs 

Naive T cells enter the lymph nodes (LN) and Peyer’s Patches (PP) via high endothelial 

venules (HEV). All naive T and B lymphocytes express the chemokine (C-C motif) 

receptor 7 (CCR7) (35, 36) while its two ligands CCL19/ELC (EBV-induced molecule 1 

ligand) and CCL21/SLC (secondary lymphoid tissue chemokine) are presented at the 

entrance of the luminal side of HEVs and afferent lymphatic vessels and inside the T zone 

areas of lymph nodes and Peyer’s Patches. In particular CCL21 is constitutively expressed 

by endothelial cells of HEVs and by stromal cells in the T cell zone in secondary 

lymphatic organs (37, 38), while CCL19 is expressed on interdigitating DC (39, 40). The 

presence of CD62L and CCR7 on the surface of naive lymphocytes leads naive T and B 

cells into the LNs and PPs. Moreover, during the maturation phase DC lose 

responsiveness to inflammatory chemokines such as CCR5 and instead up-regulate CCR7 

in order to leave the periphery and enter the lymph nodes through the afferent lymphatics 

(37, 39). 

The importance of CCR7 and its ligands in regulating the entry of T cells and DC into the 

LNs was demonstrated in studies of mice genetically deficient in CCR7 (41) and in mice 

homozygous for the spontaneous mutation plt that results in a defective production of 

CCL21 (42). These mouse strains show a profound defect of naive T and B cells homing 

due to their inability to adhere and pass through HEVs. Moreover, it has been shown that 
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the intradermal injection of CCL21/SLC in plt/plt mice, followed by its transport and 

localization into the HEVs leads naive T cells to enter the LNs, again (43). 

It must be noted that in the case of inflammation of the lymph nodes themselves the 

expression of the chemokines previously described is modulated. CCR7 ligands are 

donwregulated, whereas ligands for CXCR3 (such as CXCL9, CXCL10) are up-regulated 

on the luminal side of lymph node HEVs. This mechanism supports the recruitment of NK 

cells and Th1 cells at the site of inflammation (44, 45). 

1.2.2  Chemokine receptor expression reflects the functions of T cells 

Antigen-stimulation induces the differentiation of specialized T cells with different 

chemokine receptor patterns reflecting their homing potential. T helper cells that lose 

CCR7 expression but up-regulate CXCR5 are found in the tonsils (46-48). These cells, 

called follicular B helper T (TFH), are able to go into the B cell areas by interaction with 

the ligand CXCL13 (49) and provide help for antibody production by B cells. TFH differ 

from CXCR5+ T cells found in the blood, which maintain CCR7 and CD62L expression. 

This population of non-polarized circulating cells contains antigen-specific cells at low 

frequency that might have been recently activated (50, 51). Th1 polarized cells express 

preferentially the chemokine receptors CCR5 and CXCR3 that guide to sites of 

inflammation (52-55) (Fig. 1.1). CCR5 is also expressed on monocytes and macrophages 

which explains their colocalization with Th1 cells. Th2 polarized cells frequently express 

CCR3, CCR4, CCR8 and the prostaglandin D2 chemoattractant receptor CRTh2 (Fig. 

1.1). This receptor is known to be required to migrate to sites of allergic reactions (56-58). 

CCR3 is also expressed on eosinophilis and basophils whereas its ligand eotaxin is 

produced by mucosal tissue during an allergic inflammation. The shared expression of 

CCR3 may allow these three cell types to colocalize at sites of eotaxin production (59). 

Finally, the chemokine receptor CCR6 is expressed on IL-17 producing T cells in human 

peripheral blood (60). 

The expression of adhesion molecules and chemokine receptors identifies different types 

of tissue-specific T cells. For instance the simultaneous expression of cutaneous 

lymphocyte-associated antigen (CLA) and CCR4 identifies skin homing T cells (61), 

whereas the expression of integrin α4β7 and CCR9 is characteristic of gut-homing T cells 

(62). 
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It should be noted that though some chemokine receptors are preferentially expressed on 

either Th1 or Th2 cells they may also be found at lower levels on the other subset, 

respectively (34, 52). In addition, the pattern of chemokine receptors here described 

applies mainly to the resting state of Th1 and Th2 cells due to the fact that some 

chemokine receptors are modulated upon T cell reactivation (58, 63). Finally, other 

subsets such as Treg can express the same chemokine receptors as Th1, Th2 and Th17 

cells depending on the cytokine milieu in which they are activated (64). The overlap of the 

chemokine receptor expression profile between Treg and effector T cells subsets is 

believed to allow Treg to colocalize with the targeted effector T cells.  

 

 

 
Fig. 1.1 Surface markers of naive, memory and effector T cells. Each subset preferentially expresses some 

chemokines receptors and lymph node homing receptors (see text).  
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1.3  Definition of memory T cell subsets: TCM, TEM and TEMRA cells 

Memory T cells are characterized by the ability to rapidly proliferate after re-exposure to 

pathogen and to persist long-term in the absence of antigen by undergoing homeostatic 

proliferation (65).  

Depending on the migratory and functional properties two subsets of memory T cells have 

been identified both in humans and in mice (66-69). Memory T cells that constitutively 

express CD62L and CCR7 and are able to recirculate through secondary lymphoid organs 

are called T central memory (TCM) cells (Fig. 1.1). On the contrary, memory T cells that 

lack CCR7 expression, are predominantly negative for CD62L expression and are 

preferentially located in non-lymphoid tissues are called T effector memory (TEM) cells 

(Fig. 1.1) (70). Phenotypically, TCM cells can be further distinguished from naive T cells 

by the expression of CD45RO that is one of two isoforms of the leukocyte common 

antigen (CD45) (71). Naive T cells express the isoform CD45RA that is progressively 

substituted by the isoform CD45RO following TCR triggering. Primed T cells are mainly 

CD45RO+ while unprimed T cells are CD45RA+. Nevertheless, a small subset of human 

memory CD8+CCR7–CD45RA+ T cells (CD8+ TEMRA) (Fig. 1.1) has been described in 

response to human cytomegalovirus antigens (HCMV) (72-74) and to lytic Epstein-Barr 

virus antigens (75). On the contrary, human immunodeficiency virus (HIV)-specific 

memory CD8+ T cells are largely TEM (CD45RA–CCR7–) cells (73) . In vitro data suggest 

that CD45RA re-expression on antigen-experienced CD8+ T cells is promoted by 

homeostatic cytokines and require the absence of antigen (76). 

TCM cells produce mainly IL-2 and lack immediate effector functions but, after secondary 

challenge, efficiently proliferate and differentiate into effector T cells (66). In contrast, 

TEM cells show immediate effector functions and produce inflammatory cytokines such as 

IFN-γ, TNF-α, IL-4, IL-5 and, in the case of CD8 TEM cells, perforin. Moreover, TEM cells 

express various inflammatory chemokines in order to move into inflamed tissues. 

Although both TCM and TEM cells have high responsiveness to antigenic stimulation, the 

expansion potential, which means the capacity to proliferate and survive, decreases from 

TCM towards the TEM phenotype and is very low in TEMRA cells (66, 76). The decreasing 

expansion potential of these three subsets correlates with a decrease in telomere length and 

with an increased susceptibility to apoptosis (76, 77). On the contrary, responsiveness to 

homeostatic cytokines such as IL-7 and IL-15 is progressively acquired from TCM to TEM 

and TEMRA (76, 78).  
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It is important to remark that the phenotypic definition of TCM and TEM cells can be 

applied only to resting cells. In fact, CCR7 can be transiently up-regulated on TEM cells 

upon cell activation (63, 73). Several studies have shown that human T cell subsets 

stimulated in vitro express CCR7, suggesting that activated cells are able to migrate to 

secondary lymphoid organs upon activation (58, 79). In addition, cytokine-producing cells 

obtained from murine inflamed tissues are found to be either CCR7+ or CCR7– without a 

significant difference in their function (80-82). Although an intrinsic difference of CCR7 

expression on memory T cell between human and mouse cannot be excluded, the 

definition of TCM and TEM cells in the human always refers to the steady state condition. 

Recently, it has been demonstrated that mouse CD8 T cells showing properties of TCM and 

TEM cells can be discriminated as IL7RαhiCD62L+ and IL7RαhiCD62L– cells, respectively 

(83, 84). The importance and the role of IL7Rα and IL-7 in memory T cell development 

were described further on.  

1.3.1  Heterogeneity of human TCM cells 

Single cell analysis shows that the human TCM subset is not a homogeneous population but 

rather is composed of functionally different cells (85). Indeed, TCM cells can behave in 

different ways according to the stimulus given. After TCR stimulation in the presence of 

the polarizing cytokines IL-12 or IL-4, TCM cells efficiently proliferate and differentiate 

into Th1 or Th2 effector cells, respectively (66, 70, 85). On the other hand, some TCM cells 

that proliferate with the homeostatic cytokines IL-7 and IL-15 spontaneously lose CCR7 

expression and are able to produce IFN-γ or IL-4 upon restimulation (76, 78). These cells 

behave as precursors of Th1 and Th2 cells and can be distinguished according to the 

expression of the chemokine receptors CXCR3 and CCR4 (Fig. 1.1) (51). In particular, 

pre-Th1 cells express CXCR3, produce lower amounts of IFN-γ than CXCR3+ TEM cells 

and spontaneously differentiate into Th1 effector cells in the presence of homeostatic 

cytokines. Similarly, pre-Th2 cells express CCR4, produce lower levels of IL-4 than 

CCR4+ TEM cells and acquire Th2 effector functions in the presence of homeostatic 

cytokines. In contrast to that, TCM cells lacking CXCR3 and CCR4 but expressing CXCR5 

remain non-polarized in the presence of homeostatic cytokines. Although both TCM and 

the TEM CD4 cells can be generated after encounter with a pathogen a different 

distribution of pre-Th1 and pre-Th2 TCM cells is observed. Tetanus toxoid (TT)-specific 

cells are present in both the CXCR3+ TCM and the CCR4+ TCM cell population, consistent 
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with the notion that tetanus vaccination induces a mixed Th1/Th2 response (86). On the 

other hand, human cytomegalovirus (HCMV) and vaccinia virus (VV) are found to 

promote a Th1 cell polarization (87, 88); in fact, specific cells for HCMV or VV are found 

among CXCR3+ T cells in the TCM compartment. Because it was observed that TEM cells 

survive and proliferate less than TCM, it has been suggested that the different distribution 

of pathogen-specific TCM cells might be a mechanism to replenish TEM cells in the absence 

of antigen (89). 

1.4   Effector T cells 

The function of effector T cells is to rapidly eliminate the pathogen upon infection. 

As explained before, effector T cells are generated following antigenic stimulation and 

extravasate into peripheral tissues at the site of infection according to the chemokine 

receptor pattern. Effector functions involve the production of inflammatory cytokines and 

the degranulation of cytolytic enzymes such as granzymes and perforin in order to kill 

infected cells (90). Although predominantly effector T cells are expected to express 

activation markers there are no specific phenotypic surface markers. Thus, effector T cells 

are usually distinguished by low survival rates and the inability to proliferate in the 

presence of homeostatic cytokines such as IL-7 or after TCR restimulation (91). 

Importantly, the presence of antigen is required to perform effector functions and once the 

pathogen is cleared, effector T cells rapidly become apoptotic and die (92). This 

mechanism avoids that, in the absence of a target, effector T cells cause 

immunopathological damage in a bystander manner.  

Recently, it has been shown that short-lived effector T cells generated after acute infection 

in mice down-regulate CD62L and express low amounts of the IL-7 receptor α-chain 

(IL7Rα) (83). Therefore, these cells differ from long-lived IL7RhiCD62L+ TCM cells and 

IL7RhiCD62L– TEM cells.  

In the human system, two subsets of memory T cells show properties similar to effector T 

cells. CD8 TEMRA cells are CD27–CD28–CCR7–, produce high levels of perforin and Fas 

ligand and show low proliferative capacity. Although these cells have properties similar to 

effector cells they are described as memory T cells (66, 93, 94) since they descend 

exclusively from TCM upon cytokine stimulation and in the absence of antigen (76). 

Moreover, EBV-specific CD45RA+CD8+ T cells found after resolution of acute infectious 
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monoculeosis have shown to combine cytotoxic activities  with a residual expansion 

potential (75, 94). A similar subset of ‘terminally differentiated’ human CD45RA+ 

memory T cells is recently found in the CD4 T cell compartment associated with 

protracted antigen exposure and low viral load (95, 96). These cells do not express CD27, 

CD28 and CCR7, proliferate poorly and produce IFN-γ.  

CD8+ T cells generally are considered to exert the major cytotoxic activity. Nevertheless 

CD4+ T cells with granules containing granzyme B and perforin are detected at low 

frequencies in the blood of healthy individuals (97). Cytotoxic CD4+ T cells do not 

express the costimulatory receptor CD28 and are mainly CD45RO+ (98). In addition 

CD4+CD28– T cells are negative for CCR7 and CD62L (66). Finally, most of CD4+CD28– 

T cells do not express markers of activation and proliferation like CD38, CD69, HLA-DR 

and Ki67 (97-100). In vitro generated human cytotoxic CD4+ T cells are shown to 

recognize a variety of pathogens including HCMV, Epstein-Barr virus (EBV), vaccinia 

virus and human immunodeficiency virus (HIV) (11).  Direct ex vivo specific cytotoxic 

CD4+ T cells have been found in responses to HCMV (97, 101, 102). 

In chronic infection resting effector CD8+ T cells are described to survive in an antigen-

dependent manner (92). If the chronic antigen stimulation remains high, cells might 

progressively lose effector cytokine production, cytolytic activity and proliferation 

potential (103, 104) towards a complete clonal exhaustion (105, 106). Understanding 

whether T cell dysfunction induced by persistent antigens is reversible, constitutes an 

important point in vaccine strategies against chronic infections. In this regard, it has been 

demonstrated that the PD-1-PD-L (receptor Programmed cell Death 1- receptor 

Programmed cell Ligand) pathway contributes to maintain CD8+ T cell dysfunction during 

chronic infections (107). 

1.5  Generation and maintenance of memory T cells  

1.5.1  IL-2, IL-15, IL-7 cytokines and their receptors 

Despite the generation of new T cells, the maintenance of circulating T cells and the clonal 

expansion of antigen specific cells, the number of peripheral T lymphocytes remains 

relatively constant. This is possible by means of a balance among proliferation, survival 

and programmed cell death (108). Cytokines belonging to the ‘common cytokine-receptor 

 22



Introduction 
 

γ-chain’ (γc or CD132) family play a major role in promoting and maintaining the T 

lymphocyte population (109). Among these cytokines, IL-2, IL-15 and IL-7 act as growth 

and survival factors during the generation and the maintenance of memory T cells. IL-2 

binds the heterotrimetric receptor composed of IL-2Rα, IL-2/15Rβ and γc. The expression 

of the IL-2Rα chain (CD25) confers a high affinity for IL-2, whereas IL-2/15Rβ (CD122) 

chain is recognized also by IL-15. Similar to the IL-2 receptor, the IL-15R is also 

heterotrimetric and contains γc, IL-2/15Rβ and exclusively the subunit IL-15Rα. In 

contrast, IL-7R is composed of two subunits: γc and IL-7Rα (CD127). Those three 

cytokines share the signaling pathway of the cytokine-receptor common γ-chain: the 

interaction between cytokines and receptors induces the phosphorylation of the janus 

kinase 3 (JAK3) that works as a bridge between γc and the signal transducer and activator 

of transcription 5 (STAT5). Activation of JAK3 induces the phosphorylation of a crucial 

tyrosine residue leading STAT5 to dissociate from its receptor and to dimerize. STAT5 

dimers translocate to the nucleus and promote the transcription of target genes.  

The subunits IL-2/15Rβ and IL-7Rα bind JAK1 and are able to activate both STAT5 and 

other pathways. In fact, every single cytokine use different signaling pathways in order to 

confer distinct signals to the cell. For instance, IL-2R triggers and supports T cell 

proliferation and survival through the phosphatidylinositol 3-kinase (PI3K) pathway but 

also sensitizes cells to FAS-mediated activation-induced cell death (AICD) via STAT5 

(110). AICD is a process that leads to the elimination of activated T cells through 

engagement of cell-surface-expressed death receptors such as CD95 (FAS) or the tumor 

necrosis-factor receptors (111). On the other hand, the interaction of IL-7 with its receptor 

induces reciprocal phophorylation of JAK3 and JAK1 and activation of STAT5 resulting 

in an increased expression of survival factors such as B-cell lymphoma 2 protein (Bcl-2). 

Another pathway used by IL-7R is via PI3K/AKT signaling. AKT downstream targets are 

involved in several functions encompassing cell survival (112, 113) cell-cycle and cell 

growth regulation (114, 115) and induction of glucose transporters (116). Through the 

PI3K/AKT pathway, IL-7R induces the phoshorylation and subsequent inactivation of the 

pro-apoptotic protein Bcl-2-antagonist of cell death (BAD) (113). Moreover, some 

evidences suggest that IL-7 might have a role in regulating cell cycle progression, 

proliferation and maintenance of glucose metabolism (117).  

Even if the mechanisms by which IL-7R transmits signals to the different pathways are 

not completely understood, IL-7 is believed to have an important role in the survival of 
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naive and memory T lymphocytes (117). IL-7 is constitutively produced by stromal tissues 

and this seems not to be influenced by extrinsic stimuli so the limiting factor for the 

amount of available IL-7 is only dependent on its consumption (118). In contrast, IL-7Rα 

expression on the surface of T cells is influenced by extrinsic stimuli. IL-7Rα is expressed 

on resting T cells and can be transiently down-regulated upon IL-7 binding (119). This 

mechanism ensures that T cells, that have already received signals from IL-7, will not 

compete with T cells that have not yet encountered IL-7, increasing the chances of 

survival for each T cell clone. In this way, the heterogeneity and the number of peripheral 

CD4+ and CD8+ T cells can be maintained (119, 120). In addition, IL-7R can be down-

regulated by other signals such as IL-2 and TCR triggering as will be explained further on. 

Due to the common IL-2/15Rβ chain, IL-2 and IL-15 have several similar functions such 

as the induction of proliferation of CD4+ and CD8+ T cells, or the generation of CTL 

(121). However, IL-2 and IL-15 play different roles. IL-2, which is produced mainly by 

activated T cells, has a unique role in AICD and in maintaining peripheral Treg. In 

contrast, IL-15 that is produced notably by monocytes and DC is important for the 

maintenance of memory T cells. One fact that mirrors the different functions of IL-2 and 

IL-15 is the differing distribution of the high-affinity α-chains. IL-2Rα is expressed mostly 

by activated T cells, whereas IL-15Rα is expressed predominantly on activated monocytes 

and DC (122). In addition, exposure of T cells to IL-2 induces up-regulation of IL-2Rα, 

whereas exposure of cells to IL-15 induces down-regulation of IL15Rα. Finally, the 

distinct mechanisms of action contribute to manifest different functions of IL-2 and IL-15. 

Soluble IL-2 binds the pre-formed high-affinity heterotrimetric receptor at the surface of a 

single activated cell (123, 124). In contrast, IL-15 requires a cell-cell contact to induce 

signals (124). According to the trans-presentation model, monocytes and DC coordinately 

express IL-15 and the IL-15Rα chain on the surface. In this way, the IL-15Rα chain 

presents IL-15 in trans to target cells that in turn, express the IL-2/15Rβ chain and γc 

(124). That model could explain why wild-type CD8+ T cells transferred into IL-15Rα-

deficient mice lose their proliferative capacity, whereas IL15Rα-deficient CD8+ T cells 

proliferate normally in wild-type host indicating that injected CD8+ T cells require the 

trans-presentation of membrane-bound IL-15 by monocytes and DC (125, 126).  
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1.5.2  Naive T cell maintenance 

Naive T cells express IL-7R, low levels of IL-15Rα and IL-2/15Rβ but not IL-2Rα. The 

role of IL-7 in sustaining the survival of naive T cells was shown by in vitro and in vivo 

experiments in which the inhibition of IL-7 signals with antibodies induces a reduction of 

Bcl-2 levels and a short half-life of peripheral T cells in thymectomized mice (127-130). 

In addition, IL-7 signals can also support the homeostatic proliferation of naive T cells 

after adoptive transfer into lymphopenic mice (130). It is less clear whether also IL-15 is 

involved in sustaining naive T cell survival, but IL-15Rα- and IL-15-deficient mice 

contain approximately half of the normal number of naive CD8+ T cells, suggesting a role 

for IL-15 in naive CD8+ T cell survival (131, 132). 

1.5.3  T cell activation and clonal expansion 

Activation of naive T cells occurs in a context in which antigen and costimulation signals 

participate to determine the fate of the cells and thereby the outcome of the immune 

response. As described further on, the strength of signals received by naive T cells 

determines whether the cells become anergic or able to differentiate into effector and 

memory T cells. In the case of optimal T cell activation IL-2 that is produced 

predominantly by activated CD4+ T cells induces the down-regulation of IL-7Rα and the 

up-regulation of several cytokine receptors including IL-2Rα, IL-4Rα and IL-15Rα. The 

expression of these receptors enables responding T cells to survive during the expansion 

phase independently of IL-7 (127). Also TCR triggering has been shown to induce down-

regulation of IL7Rα, even if the function of this down-regulation is not yet clear (127, 

133, 134). 

Some studies show that autocrine IL-2 controls clonal expansion of CD8+ T cells through 

combined effects on cell growth and death (135). In addition, it is possible that IL-15, 

induced by monocytes and DC during the infection, contributes to enhance T cell 

proliferation upon TCR stimulation. Indeed, the clonal expansion of CD8+ T cells in IL-15 

deficient mice infected with vesicular stomatitis virus (VSV) is almost halved compared to 

wild type mice (136). 

1.5.4  Memory T cell generation and the role of IL7Rα 

The generation of memory T cells is a debated topic since the results may be influenced by 

the different experimental conditions used. Studies on the CD8+ T cell compartment 
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showed that during acute infection the majority of antigen-specific CD8+ T cells generated 

by clonal expansion die after antigen clearance. However, some cells survive during the 

contraction phase and become long-lived memory cells. During acute infection with 

lymphocytic choriomeningitis virus (LCMV) or Listeria monocytogenesis, 5 to 15% of 

virus-specific cells survive after the peak of CD8+ T response and progressively change 

their gene expression profile gaining memory cell qualities (67, 137). These qualities 

include the ability to rapidly expand during a secondary response, to produce IL-2, to 

express increased levels of Bcl-2 and secondary lymphoid homing receptors and to persist 

on a long term in the presence of homeostatic cytokines. While most of the antigen-

specific effector cells that undergo the contraction phase are IL-7Rαlow, the precursors of 

memory cells express high levels of IL-7Rα (83, 133, 138). In agreement with the 

expression of IL-7Rα, IL-7 seems to be crucial for the transition from effector to memory 

T cells since memory CD8+ and CD4+ T cells fail to develop in the absence of IL-7 signals 

(133, 139). The presence of IL-7 in the intact host can sustain the survival of memory T 

cells without inducing proliferation (133, 139). In contrast to that, in lymphopenic hosts, 

where the competition for IL-7 is low, or in models where IL-7 is overexpressed, memory 

T cells are shown to also proliferate in an IL-7-dependent manner (140-142). Nonetheless, 

in some conditions, including lymphopenia, the generation of memory T cells can be 

sustained by IL-15 in the absence of IL-7 (136, 142, 143). 

It has been shown that the presence of CD4+ T helper cells supports memory CD8+ T cell 

development and a successful long-term survival of CD8+ T cells. Indeed, in the absence 

of adequate CD4 help, CD8+ T cells are still able to proliferate, but display impaired 

effector and memory functions (83, 144). In the same way, IL-2 sustains to some extent 

memory CD4+ T cell development (138).  

Although in some experimental conditions the expression of IL-7Rα correlates with a 

subset of memory cell precursors, in other studies, this correlation is not observed. 

Notably, it has been shown, both in mice and in humans, that in the presence of a 

persistent viral infection, antigen-specific T cells fail to re-express IL7Rα and remain 

IL7Rαlow with characteristics of effector T cells (91, 144-146). The reduction of IL7Rα 

could be due to continuous TCR stimulation owed to the presence of viral antigen or 

cytokines such as IL-2. In addition there is evidence that in the presence of a weaker 

stimulation, such as stimulation with peptide-pulsed DC, memory development proceeds 

normally without a correlation with IL-7Rα up-regulation (147). These findings suggest 

 26



Introduction 
 

that factors such as the level of stimulation and inflammation are implicated in the 

generation of memory T cells and raise the question about the role of IL-7R in memory T 

cell generation. 

1.5.5  Maintenance of memory T cells 

The homeostasis proliferation of memory T cells is a dynamic process in which a low rate 

of proliferating T cells is in equilibrium between survival and death. The turnover of 

memory T cells is independent from antigen binding although contact of TCR ligands and 

IL-7 seem to be important for the maintenance of murine memory CD4+ T cells (148). IL-

7 is also required for long-lived CD8+ T cells since memory CD8+ T cells survive and 

proliferate poorly when transferred into IL-7 deficient mice (127). An important role in 

maintaining memory CD8+ T cells has also IL-15, consistent with the high expression 

levels of IL-2/IL-15Rβ on these cells compared to naive T cells (149, 150). Murine 

memory CD4+ T cells, express lower levels of IL-2/IL-15Rβ than do memory CD8+ T 

cells and appear to be less dependent on IL-15 signals in maintaining homeostasis (149). 

However, a role of IL-15 in maintaining low CD4+ memory cell-turnover has been 

recently demonstrated (151). 

Homeostatic proliferation of human memory CD4+ T cells is regulated by IL-7 and IL-15 

in a TCR-independent manner (78). Moreover, both in the CD4+ and the CD8+ T cell 

population, the capacity to proliferate in response to IL-15 increases from naive T cells 

towards T central memory cells (TCM) and finally T effector memory cells (TEM), 

consistent with the higher expression of IL-2/IL-15Rβ in these subsets (76, 78). 

1.6  Understanding the generation of memory T cells 

1.6.1  Definition of signal strength and fitness 

Antigenic stimulation leads to different outcomes that range from the deletion of antigen-

specific cells and the induction of tolerance, to the generation of effector T cells and the 

development of immunological memory. One hypothesis argues that T cell differentiation 

is determined by the ‘signal strength’ which is the overall amount of signals that a cell 

receives during the interaction with APC (89). The signal strength is determined by three 

factors: the concentration of peptide-MHC complex (152, 153) which determines the rate 
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of TCR triggering, the concentration of co-stimulatory molecules (154-156) which 

regulates the extent of signal amplification and the duration of interaction between T cell 

and APC which affects the duration of the signaling process (157, 158). Cumulative data 

support the concept that a short stimulation can be enough to induce the commitment of 

naive T cells if they are stimulated by high doses of antigen in the presence of co-

stimulatory signals. On the other hand, when the T cells are exposed to low doses of 

antigen and costimulatory signals they require a longer interaction to be committed (157). 

According to the concept of signal strength, the exposure of T cells to immature DC, 

which have low amounts of peptide-MHC complexes on their surface and provide less 

costimulatory signals leads to abortive T cell proliferation and T cell tolerance (159, 160). 

In contrast, naive T cells are primed efficiently by mature DC that express high amounts 

of antigen and costimulatory molecules and produce polarizing cytokines engaging T cells 

in a stable contact. However, exhausted mature DC fail to produce polarizing cytokines 

and can interact with T cells only transiently, inducing an intermediate activation of T 

cells (161).  

Another factor that limits a full T cell stimulation is the competition for DC contact. For 

instance, in the presence of high frequencies of naive T cell precursors the number of 

available DC could be a limiting factor and T cells with a high-avidity TCR would be 

favored over low-avidity T cells (162, 163). In addition, the presence of inflammatory 

cytokines or CD4 T helper cells contributes to the total amount of stimulation that a single 

naive T cell receives and further modulates T cell differentiation (83, 164-167). 

The overall amount of signals that a cell receives, converges in coordinated transcriptional 

programs that control cell cycle, response to cytokines, migratory capacity, effector 

functions and susceptibility to programmed cell death and determines the state of 

differentiation of the T cell. In this regard, “fitness” describes to what degree T cells 

possess survival properties such as resistance to cell death in the absence of antigen and 

responsiveness to homeostatic cytokines in order to develop an efficient immunological 

memory (168). It has been shown that the fitness correlates with the expression of 

cytokine receptors such as IL-2/15Rβ and anti-apoptotic molecules such as Bcl-2 that are 

characteristic of memory T cells (89, 168). 
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1.6.2  Lineage relationship of memory T cells 

The lineage relationship of naive, memory and effector T cells is not well defined yet and 

different models are proposed according to different evidences observed. 

A major divergence between the models is due to different concepts of cell division of the 

precursors. The traditional models are based on the notion that single naive T cells 

differentiate into daughter cells that possess the same characteristics (‘one cell-one fate’). 

The two prominent traditional models are represented by the ‘linear differentiation model’ 

and the ‘progressive differentiation model’. The ‘linear differentiation model’ (Fig. 1.2a) 

is based mostly on studies of murine CD8+ T cells. According to this model memory T 

cells generate from cells that previously have displayed effector function (67). This model 

is supported by experimental evidences in which naive T cells become fully cytotoxic 

effector T cells after activation. The majority of effector cells die during the contraction 

phase, but some cells gradually acquire the capacity to proliferate, to produce IL-2 and to 

express Bcl-2 and CD62L consistent with a conversion from TEM cells (CD62L–) to TCM 

cells (CD62L+) (67, 133, 169, 170). Thus, this model implies a process of 

“dedifferentiation” into long-lived memory cells and considers TEM as an intermediate cell 

type between the effector and the memory transition. However, all of these studies are 

performed adoptively transferring high numbers of naive T cell precursors (1x104-1x106 

cells) that leads to a high competition for antigen and could eventually result in an ablated 

differentiation program into TEM and TCM cells. When using physiological numbers of 

naive T cell precursors (< 500 cells) and therefore presumably in the absence of antigen 

competition, no conversion of the TEM into TCM phenotype is observed (171). A variation 

of the linear differentiation model is represented by the ‘decreasing potential model’ (Fig. 

1.2b). Hypothesis of this model is that effector cells progressively lose their memory 

potential moving gradually towards terminal differentiation (172). The loss of memory 

potential is inversely correlated with the duration of antigen stimulation. Therefore, short 

antigen stimulation favors the development of TCM over effector or TEM cells, whereas 

longer stimulation promotes the differentiation of terminal TEM cells or short-lived effector 

T cells. In the mouse model this model allows to discriminate between effector CD8+ T 

cells, that quickly die upon antigen-stimulation and memory precursor effector cells, from 

which long-lived memory T cells are generated (173). 

The ‘progressive differentiation model’ (Fig. 1.2c) states that the differentiation of T cells 

depends on the signal strength received during the priming. As explained before, the 
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amount of signals encompasses the levels of peptide-MHC affinity, the expression of 

costimulatory molecules, the antigen concentration, the presence of inflammatory 

cytokines and the time of interaction with APC (89, 168). Therefore, naive T cells reach 

different activation stages according to the signal strength. The heterogeneity of T cell fate 

and phenotype are the result of a stochastic process: weakly stimulated cells die by neglect 

or become tolerogenic whereas increasing signal strength leads to memory or effector T 

cells. TCM and TEM cells are defined as possessing high fitness because they persist in 

order to confer long-lived protection. In contrast, effector T cells are terminally 

differentiated and die once the antigen is cleared. According to this model, high frequency 

of cells with effector properties in chronic infection such as HCMV or HIV infection (74, 

92, 174, 175) can be explained by the strong and repetitive stimulation by persistent 

antigens that leads to continuous proliferation and terminal differentiation of T cells. In 

vivo observations support the progressive differentiation model showing that stable 

contact between T cell and mature DC induces T cell priming , whereas contact with 

tolerogenic immature DC induces T cell deletion (160, 176). Related to this model it has 

been suggested that TCM cells develop from naive T cell that are recruited at later stage of 

the immune response thus receiving weaker priming compared to early engaged naive T 

cells (177, 178). However, these studies are done using adoptive transfer of high numbers 

of naive T cells. Therefore an alteration of the differentiation program towards the TCM 

phenotype, as mentioned above (171, 179), cannot be excluded. 

A new approach to define the lineage commitment is the ‘one cell-multiple subsets model’ 

(Fig. 1.2d). This model sustains that the heterogeneity of T cells is the result of 

asymmetric cell division (180). According to this model the first cell division of naive T 

cells results in redistribution of the cellular components into the first two daughter cells. 

Thus, the daughter cell proximal to the APC-T cell interface receives strong signaling and 

then becomes a precursor of terminally differentiated effector cells, whereas the daughter 

cell distal to the APC-T cell synapse may receive less signaling and thus gives rise to 

memory cells. In addition, subsequent interaction with antigen, cytokines and other 

environmental factors can contribute to further states of differentiation (181, 182). 
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Fig. 1.2 Hypothetical models of memory T cell generation (first page) 
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  Fig. 1.2 Hypothetical models of memory T cell generation (second page).  
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Aim of the work 
 

While the functional subsets of memory T cells can be discriminated according to the 

different expression of the surface markers CD62L and CCR7, these markers do not allow 

to distinguish memory from effector T cells. Thus, effector T cells are mainly defined by 

the absence of memory T cell characteristics such as an efficient survival and the ability to 

self-renew in the absence of antigens. Recent studies in mice, suggest that the expression 

of IL7Rα (IL7R) identify long-lived memory T cells upon acute infection whereas the lack 

of IL7R and CD62L expressions is associated with short-lived effector T cells. Moreover, 

in the presence of persistent viral infection murine T cells remain IL7Rlow and show 

characteristics of effector cells. Similarly, in human, the loss of IL7R on antigen-specific 

cells seems to be associated at the presence of viral persistence. It has been proposed that 

the strength of stimulation during the priming might regulate the development of memory 

and effector T cells.  

The aim of this work was to assess if CCR7 and IL7R can be used as markers to 

discriminate human memory- and effector-like cells in the CD4+ T cell compartment and 

to analyze how the generation of memory-like and effector-like cells is affected by the 

signal strength during the priming.  

For analyzing if the generation of memory- and effector-like CD4 T cells depends on the 

strength of stimulation during the priming, an in vitro system was established utilizing the 

superantigen TSST. Varying the signal strength of the priming the phenotypical and 

functional properties of the subsets according to IL7R and CCR7 expression and in 

dependence on the strength of stimulation were determined. Moreover, in order to learn if 

cells that show the same phenotype after priming with different signal strengths have the 

same properties, memory characteristics as well as signaling and gene expression were 

analyzed. 

In order to understand the situation under steady state conditons antigen-experienced CD4 

T cells were isolated from peripheral blood of healthy donors and phenotype and functions 

of the different IL7R CCR7 subsets were analyzed. These ex vivo isolated cells reflect the 

physiological pattern of antigen-experienced CD4 T cells that have encountered the 

antigen under various conditions in vivo. To understand the priming history of the ex vivo 

T cell subsets their responses to vaccination and persistent and self-antigens were 

assessed. 

 35



 

 36



 

 

 

 

 
3  MATERIALS AND METHODS 

 37



 

 38



Materials and methods 
 

3.1  Materials 

Table 3.1: Reagents  

Brefeldin A  Sigma‐Aldrich, Saint Louis, USA 

Candida albicans extract  Provided by Prof. Gerna, Servizio di Virologia, 
Hospital of Pavia 

CD14 beads  Miltenyi Biotec GmbH, Germany 
CD4+ T Cell Isolation Kit II   Miltenyi Biotec GmbH, Germany   

Horseradish peroxidase (HRP)‐streptavidin 
conjugate  

For IL‐10 and IFN‐γ: from Zymed Laboratory, San 
Francisco USA. 

For IL‐17: from DuoSet ELISA kit R&D System, 
Germany 

Human cytomegalovirus (HCMV) lysate  
from AD169 strain 

Provided by Prof. Gerna, Servizio di Virologia, 
Hospital of Pavia 

Ionomycin calcium salt from  
Streptomyces conglobatus  

Sigma‐Aldrich, Saint Louis, USA 

Pepmix MelanA /MART‐1  JPT Peptide Technologies GmbH, Berlin, D 
Phorbol 12, 13‐dibutyrate (PdBu)   Sigma‐Aldrich, Saint Louis, USA 
Propidium iodide (PI)  Sigma Aldrich, Saint Louis, USA 

Purified protein derivative of  
Mycobacterium tuberculosis 

Provided by Dr. Jacobsen, MPI Immunology, Berlin 

rhGM‐CSF  Strathmenn Biotec, Germany 
rhHemagglutinin‐Influenza A Virus H1N1  
from Texas 36/91 strain (Flu) 

Prospec‐Tany TechnoGene, Rehovot, Israel 

rhIFN‐γ  R&D System, Wiesbaden, Germany 
rhIL‐10  R&D System, Wiesbaden, Germany 
rhIL‐15  R&D system, Wiesbaden, Germany 

rhIL‐17  DuoSet Elisa Kit , R&D System , Wiesbaden, 
Germany 

rhIL‐2  R&D System, Wiesbaden, Germany 
rhIL‐4  R&D System, Wiesbaden, Germany 

rhIL‐7  R&D system, Wiesbaden, Germany 
rhMART‐1/MelanA protein  Assay designs, (BioTrend), Köln, Germany 
Streptavidin APC crosslinked or Pacific Blue‐
conjugated 

Molecular Probes (MoBiTec), Germany 

Tetanus toxoid extract (TT)  Provided by Chiron Siena (Italy) 
Toxic shock syndrome toxin‐1 (TSST) from 
Staphylococcus aureus 

Sigma‐Aldrich, Saint Louis, USA 

Ultrapure LPS from E. coli 0111:B4 strain  Invivogen, San Diego, USA 

Vybrant™ CFDA SE Cell Tracer Kit   Molecular Probes (Invitrogen) 
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Table 3.2: Instruments used for cell handling and cell separation 

AutoMACSTM Separator  Miltenyi Biotec, Bergisch Gladbach, Germany 

Centrifuge: 5810R  Eppendorf, Hamburg, Germany 

CO2‐Incubator   Binder, Tuttlingen, Germany 

FACSAriaTM Cell sorter   BD, Germany 

FACSDivaTM Software  BD, USA 

Inverted Laboratory Microscope   Helmut Hund GmbH, Wetzlar, Germany 

LSRTM II cell analyser  BD, Germany 

miniMACSTM and midiMACSTM Kits  Miltenyi Biotec, Bergisch Gladbach, Germany 

Safety cabinet: Lamina HERAsafe   Heraeus, Hanau, Germany 

 

Table 3.3: Buffers, media and solutions used for cell culture and flow cytometry 

Cell fixation solution  PBS 
2% or 1% (v/v) Formaldehyde (Merck, Germany) 

Cell fixation solution for Foxp3 staining 4X Fixation/Permeabilization Buffer 
Fixation/Permeabilization Buffer Diluent 
(eBioscience, Natutec, Germany) 

Cell permeabilization solution PBS  
0.5% BSA 
0.5% Saponin from Quillaja bark (Sigma‐Aldrich) 

Cell permeabilization solution for Foxp3 staining 10X Permeabilization Buffer  
deionized /distilled water 

Lymphocyte separation medium Ficoll‐Paque LSM 1077  
(PAA Laboratories) 

PBS/HS (Human Serum) buffer 1% Human Serum  
(AB Serum, Bio Whittaker, Lonza, USA) 

PBS buffer (pH 7,2‐7,4)   2.7 mM KCl 
1.5 mM KH2PO4 
137 mM NaCl 
8.1 mM Na2HPO4 

PBS/BSA (Bovine Serum Albumin) buffer  5 g/L BSA  
(PAA Laboratories, Pasching A) 

PBS/BSA/EDTA  (ethylenediaminetetraacetic  acid) 
buffer or PBS/HS/EDTA buffer 

2 mM EDTA in PBS/BSA or in PBS/HS 

(Merck, Germany) 

RPMI medium  Rosewell  Park  Memorial  Institute  medium  1640  + 
Glutamax‐ITM (Gibco BLR, USA) 
5% (v/v) Human Serum 
1% (v/v) 100mM Sodium Pyruvate (Gibco) 
1%  (v/v)  100X  MEM  non‐essential  aminoacid 
solution (Gibco) 
100 U/mL Penicillin (PAA Laboratories) 
0.1 mg/mL Streptavidin (PAA Laboratories) 
0.1% (v/v) 50mM 2‐Mercaptoethanol (Gibco) 

RPMI medium/ HS  5% Human Serum 
(AB Serum, Bio Whittaker, Lonza, USA) 

RPMI medium/FBS (Fetal Bovine Serum)  10% FBS (HyClone, France) 
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Table 3.4: Antibodies used for flow cytometry and FACS 

Antibody   Clone  Isotype  Fluorochrome  Dilution  Company 

α IL‐2/IL15Rβ 
(CD122) 

TU27  Mouse IgG1  PE  1:50  BD 

αCCR7  150503  Mouse IgG2a  Uncojugated  1:100  R&D 

αCD14  RMO52  Mouse IgG2a  PE‐Cy5  1:50  Beckman Coulter 

αCD16  3G8  Mouse IgG1  PE‐Cy5  1:50  BD 

αCD19  J4.119  Mouse IgG1  PE‐Cy5  1:50  Beckman Coulter 

αCD28  H28‐229  Mouse IgM  Alexa 700  1:50  DRFZ* 

αCD28   CD28.2  Mouse IgG1  Unconjugated   See text  BD 

αCD3  UCHT1  Mouse , IgG1 
PE‐Cy5 
Alexa 405 

1:50 
1:50 

Beckman Coulter 
DRFZ* 

αCD3  UCHT1  Mouse IgG1  Unconjugated   See text  BD 

αCD4  TT1  Mouse IgG1 
Alexa 405 
Alexa 700 

1:100 
1.100 

DRFZ* 
DRFZ* 

αCD45RA 
HI100 
4G11 

Mouse IgG2b 
Mouse IgG2a 

FITC 
Alexa 700 

1:10 
1:50 

BD 
DRFZ* 

αCD69  FN50  Mouse IgG1  APC  1:50  BD 

αCD8  RPA‐T8  Mouse IgG1  APC  1:50  BD 

αFoxp3  236A/E7  Rat IgG2a  APC  1:10 
Natutec 
(eBioscience) 

αIL‐10  JES3‐19F1  Rat IgG2a  APC  1:200  BD 

αIL‐17A  eBio64DE17  Mouse, IgG1  Alexa 647  1:20 
Natutec 
(eBioscience)  

αIL‐2  5344.111  Mouse IgG1  PE  1:200  BD 

αIL‐2Rα (CD25) 
2A3 
B1.49.9 

Mouse IgG1 
Mouse IgG2a 

APC 
FITC 

1:10 
1:10 

BD 
Beckman Coulter 

αIL‐7Rα (CD127)  R34.34  Mouse IgG1  PE  1:10  Beckman Coulter 

αINF‐γ 
4S.B3 
B27 

Mouse IgG1 
Mouse IgG1 

Pacific Blue 
FITC or PE 

1:25 
1:200 

Natutec 
(eBioscience) 
BD 

αmouseIgG2a      Biotinilated  1:100  SouthernBiotech 

αmouseIgG2b      Biotinilated  1:100  SouthernBiotech 

αPerforin  δG9  Mouse IgG2b  Unconjugated  1:100  BD 

αphospho‐s6 
ribosomal 
protein 

2F9  Rabbit IgG  Unconjugated  1:100  Cell signaling 

αpSTAT5  47  Mouse IgG1  PE  1:10  BD 

αPTEN  138G6  Rabbit IgG  Unconjugated  1:100  Cell signaling 

 αRabbit IgG, 
F(ab')2 fragment  

  Donkey  APC  1:200 
Jackson 
Immunoresearch 

αTCRVβ2  MPB2D5  Mouse IgG1  Biotinilated  1:50  Beckman Coulter 

αTNF‐α  Mab11  Mouse IgG1  PE  1:200  BD 

αγc chain 
(CD132) 

AG184  Mouse IgG1  PE  1:50  BD 

*Prepared by the Lab managers of the DRFZ. 
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Table 3.5: Buffers and solutions used for ELISA 

Binding Solution   DPBS +CaCl2, +MgCl2 (Gibco, Invitrogen) 

Washing Buffer  PBS + 0.05% (v/v) Tween 20 

Blocking Buffer  PBS + 10% (v/v) FBS for IL‐10 and IFN‐γ 

PBS + 1% (v/v) BSA for IL‐17 

Substrate solution 

 

For IL‐10 and IFN‐γ: 10mL 2,2‐azino‐bis(3‐ethylbenzthiazoline‐
6sulfonic acide)(ABTS) solution (Sigma‐Aldrich) + 10µL H2O2 

For IL‐17: 1:1 H2O2 and Tetramethylbenzidine (R&D, DuoSet ELISA)  

Stop solution  2N Sulfuric acid (H2SO4) for IL‐17 detection 
Tween‐20  Sigma‐Aldrich 
Hydrogen Peroxide water 30%  Roth 

 

Table 3.6: Antibodies used for ELISA 

Antibody  Clone  Isotype  Fluorochrome  Final concentration  Comp
any 

α IFN‐γ (Capture)  NIB42  Mouse IgG1  purified  2 µg/mL  BD 
α IFN‐γ (Detection)  4S.B3  Mouse IgG1  Biotinylated  1 µg/mL  BD 
α IL‐10 (Capture)  JES3‐9D7  Rat IgG1  purified  2 µg/mL  BD 

αIL‐10 (Detection)  JES3‐12G8  Rat IgG2a  Biotinylated  1 µg/mL  BD 
αIL‐17 (Capture)    Mouse  Purified  4 µg/mL  R&D 
αIL‐17 (Detection)    Goat  Biotinylated  200 ng/mL  R&D 
 

Table 3.7: Buffers and solutions for immunoblotting 

10x Tris buffer saline (TBS) (pH 7.6)  24.2 g/L Tris base 
80 g /L NaCl 

1x SDS Sample buffer (pH 6,8 at 25°C)  62.5 mM Tris‐HCl  
2% w/v SDS 
10% glycerol 
50 mM DTT 
0.01% w/v bromophenol blue 

5x Running buffer (pH 8.3)  0.125 mM Tris base 
0.96 M Glycine 
0.05% w/v SDS     in water 

Blocking Buffer (TBST)  5% dry non‐fat milk in Tris buffer saline pH 7.4 
0.05% Tween 20 

Resolving gel 10%  5 mL of 30% Acrylamide 
3.75 mL Resolving gel buffer 
0.05 mL of 10% ammonium persulfate 
0.01 mL TEMED 
6.25 mL water 

Resolving gel buffer (pH 8.8)  1.5 M Tris‐HCl 0.4% SDS 

Stacking gel 4%  0.65 mL of 30% Acrylamide 
1.25 mL of stacking buffer 
25 µL of 10% ammonium persulfate 
5 µL of TEMED 
3.1 mL water  

Stacking gel buffer (pH 6.8)  0.5 M Tris‐HCl 0.4 % SDS 

Wash buffer  1x TBS 0.1% Tween‐20 
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3.2  Cell culture handling 

All cell procedures were performed in sterile conditions using a laminar flow cabinet 

(Heraeus, Hanau, Germany). Cells were always resuspended in medium and cultured in 

cell culture plates (Cellstar; Greiner Bio-one, Nürtingen, Germany) in a CO2-Incubator 

(Binder, Tuttlingen, Germany) set up at 37°C and 5% CO2. Cells were counted using an 

Inverted Laboratory Microscope (Hund; Wetzlar, Germany) and a counting chamber 

(Precicolor, Giessen-Lützellingen, Germany).  

3.3  Isolation of PBMC 

For peripheral blood mononuclear cells (PBMC) isolation, buffy coats from healthy 

donors (DRK, Berlin-Wannsee or Dresden, Germany) were used. The blood was diluted 

1:1 in PBS and stratified in five 50 mL tubes (BD) containing 13 mL of lymphocyte 

separation medium (Ficoll-Paque). Ficoll-Paque is a hydrophilic polysaccharide (p=1.07 

g/mL) that allows the separation of PBMC by density gradient centrifugation. PBMC 

include natural killer (NK) cells, T cells, B cells, monocytes and dendritic cells (DC). The 

samples were centrifuged at 1100xg for 30 min at room temperature (RT) without brake. 

The supernantant containing the plasma was removed and the layers of cells at the 

interface of the gradient were recovered and transferred into a new 50 mL tube. The tube 

was filled up with PBS and the sample was washed at 800xg for 10 min at 4°C. The 

supernatant was discarded and a second wash step was performed (10 min, 200xg, 4°C) in 

PBS/HS in order to exclude thrombocytes. The supernatant was discarded and the cells 

resuspended in an appropriate amount of buffer. 

3.4  Magnetic cell separation (MACS®) 

Cell populations were enriched and isolated using Magnetic cell separation. The MACS® 

technology (Miltenyi Biotec GmbH, Germany) is based on the labeling of cell surface 

molecules with antibodies coupled to magnetic particles of approximately 50 nm in 

diameter (microbeads) and the subsequent separation using MACS® columns. The 
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columns are placed in a strong permanent magnet (MACS® Separator) in order to induce a 

high-gradient magnetic field on the column matrix. The cell suspension containing labeled 

and unlabeled cells is loaded onto the column. Unlabeled cells pass through the column 

and can be collected as negative fraction; conversely, labeled cells are bound to the matrix 

and can be eluted as positive fraction after removal of the column from the magnetic field. 

The separation can be performed alternatively with an AutoMACSTM Separator or 

miniMACSTM and midiMACSTM Kits. While MACS is a simple and fast method to enrich 

cells and shows a comparatively low impact on the sorted cells and high yield, the sorting 

usually is limited to one parameter and does not provide the purity of sorted cells that can 

be achieved with FACS (Fluorescence Activated Cell Sorting).  

3.4.1  Isolation of monocytes 

Monocytes were separated with the MACS technology using CD14 microbeads. The 

CD14 antigen is a glycoprotein that recognizes lipopolysaccharide (LPS) molecules and is 

strongly expressed on monocytes and macrophages. 

200 µL of CD14 beads per 108 cells were used in 1 mL final volume in PBS/HS/EDTA 

buffer. PBMC were incubated 15 min at 4°C with CD14 beads. Cells were subsequently 

washed in 10 ml PBS/HS/EDTA buffer at 450xg for 10 min at 4°C and resuspended in 5 

mL PBS/HS/EDTA buffer. Cells were filtered (CellTrics 30 µm, Partec, Germany) and 

then separated as a positive fraction using a midiMACSTM Kits. 

3.4.2  Isolation of CD4 T cells 

Total CD4 T cells were enriched and isolated using the CD4+ T Cell Isolation Kit II 

(Miltenyi Biotec GmbH, Germany). The CD4+ T Cell Isolation Kit II avoids the direct 

labeling of the glycoprotein CD4 and minimizes interference with the downstream 

signaling of the CD4 molecule. Non-CD4+ T cells, including CD8+ T cells, γ/δ T cells, B 

cells, NK cells, dendritic cells, monocytes, granulocytes, and erythroid cells, were 

indirectly magnetically labeled by a cocktail of biotin-conjugated antibodies against CD8, 

CD14, CD16, CD19, CD36, CD56, CD123, TCR γ/δ, and CD235a (glycophorin A). 200 

µL of the antibody cocktail were used per 108 cells in 1 mL final volume in 

PBS/HS/EDTA buffer. Cells were incubated for 10 min at 4°C and then washed with 

PBS/HS/EDTA followed by centrifugation at 450x g for 5 min at 4 °C. The supernatant 

was discarded and the cells were subsequently magnetically labeled using 400 µL of anti-
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biotin microbeads per 108 cells in 1 mL final volume in PBS/HS/EDTA buffer for 15 min 

at 4 °C. After washing, CD4+ T cells were collected as negative fraction using the Deplete  

program of the AutoMACSTM Separator (Miltenyi Biotec GmbH, Germany).  

3.5  Immunofluorescence, Flow Cytometry and FACS 

Immunofluorescence is a technique that uses specific antibodies chemically conjugated 

with a fluorescent dye to visualize specific molecules on or in the cells (i.e.: surface 

proteins, chemokines, cytokines). The direct immunofluorescence staining is performed 

using a primary antibody, labeled with a fluorescent dye that binds a specific antigen. The 

indirect immunofluorescence staining requires a secondary fluorochrome-labeled antibody 

that recognizes a primary antibody. Immunofluorescence is used for analysis of cell 

surface and intracellular molecules by flow cytometry or for sorting of cell populations by 

Fluorescence Activated Cell Sorting (FACS). 

 

Flow cytometry is a technology used to analyze characteristics of cells, mainly by means 

of immunofluorescence. The cell properties measured include presence and quantity of 

surface or intracellular markers, cell size (forward-scattered light or FCS) and cell 

granularity or internal complexity of cells (side-scattered light or SSC). A flow cytometer 

is composed of three systems: the fluidics system, the optic system and the electronic 

system. 

The fluidics system ensures that the cell suspension is analyzed on a single cell basis by 

transporting cells separately and in a defined manner to the optics system. This is possible 

by creating different pressures between the sheath fluid and the sample fluid: the sample is 

injected into the middle of a sheath fluid where a greater pressure is present. In this way, 

the sample core remains separate but coaxial within the sheath fluid and the cells neatly 

pass through the laser beam.  

The optics system is formed by lasers and optical filters that enable the detection of the 

different fluorochromes and the physical parameters simultaneously. Thus multiple 

parameters per cell at the same time were analyzed. Cell size is detected at the opposite 

site of the exciting laser while cell granularity and the emission fluorescences are detected 

90° respect to the exciting light. Once that the cells pass through the exciting light of the 

laser, the fluorochromes emit a specific wavelength that can be collected into different 
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fluorescence channels. This is possible by specific optical filters that transmit and select 

only determined wavelengths.  

The electronic system converts the fluorescence signals into electronic signals that can be 

analyzed by a computer. Acquisition and analysis software help to record and analyze the 

data provided by the cytometer. 

Table 3.8 summarizes the lasers provided with FACSAria and LSRII analyzer and the 

most commonly used fluorochrome dyes including their relative excitation and emission 

wavelengths.  

 

Table 3.8.: Detectable fluorochrome dyes of FACSAria and LSRII 
 

Laser  Fluorochrome  Excitation (nm)  Emission (nm) 

FITC 

Alexa Fluor® 488 

495 

495 

519 

519 

PE  496, 546  578 
488 nm Blue laser 

PE‐Cy5  496, 546  667 

       
APC  650  660 

Alexa Fluor® 647  650  668 633 nm Red laser 

Alexa Fluor® 700  696  720 

       
Alexa Fluor® 405  401  421 

405 nm Violet laser 
Pacific Blue®  410  455 

 

The flow cytometers used during the experiments were the LSRII cell analyser (BD, 

Germany) and the FACSAria Cell sorter (BD, Germany). Both are provided with three 

lasers: the blue laser (488 nm), the red laser (633nm) and the violet laser (405 nm). FACS 

Diva Software (BD, USA) was used to acquire the data. Analysis of the data was 

performed using FlowJo software (Tree Star, Inc.). 

 

Differents subsets from a heterogeneous population of cells can be isolated using 

fluorescence activated cell sorting (FACS). This is a specialized flow cytometry 

instrument in which an acoustic vibration leads to the separation of the stream of cells into 

single droplet. Each drop should contain no more than one cell. Once that the cells are 
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passed through the laser beam and the characteristics of the cells are detected, a system of 

charges causes the deflection of the droplets according to the droplet’s charge polarity and 

the collection in different tubes of defined cell populations. A maximum of four subsets 

can be purified using the FACSAria sorting machine.  

For cells sorting all the steps were done using steril PBS/HS buffer and the working 

concentration of antibodies described in Table 3.4. Washing were performed at 450xg for 

5 min at 4°C. Only samples with purity higher than 95% were used for experiments. 

Before sorting, cells were always filtered to avoid plugging in the cell sorter. 

3.5.1  Analysis of surface molecules 

Staining of cell surface markers was performed using specific monoclonal antibodies 

diluted in PBS/BSA buffer according to the manufacturer’s instructions or a protocol 

optimized by titration (see Table 3.4). 

CD3 molecule was stained with the specific antibody to distinguish T cells from antigen-

presenting cells such as dendritic cells (DC) or monocytes. To detect toxic shock 

syndrome toxin-1 (TSST)-specific T cells αTCRVβ2 was used since TSST binds to Vβ2 

chain. CD69 is a very early activation marker and the specific antibody was used to detect 

the activation state of primed cells. For αCD3, αTCRvβ2 or αCD69 staining, cells were 

incubated with specific antibodies for 10 min at RT in the dark.  

The expression of IL-7Rα, IL-2/IL15Rβ and common (γc) chain were analyzed on the 

surface of primed CD4+ T cells using PE-labeled antibodies. Cells were incubated with the 

specific antibodies for 25 min at 37 °C in the dark.  

αCCR7 antibody was detected using biotinylated antibody followed by incubation with 

APC- or Pacific-Blue- conjugated streptavidin as decribed in Section 3.5.3.  

CD28 was detected using Alexa 700-labeled specific antibody after incubation for 30 min 

at 37°C in the dark.  

For flow cytometry analysis, 1-2x105 cells were resuspended in 300µL of buffer. 

Propidium iodide (PI) at 1 µg/mL concentration (Sigma Aldrich Co., USA) was directly 

added on the cells before acquisition to excluded death cells. 

3.5.2  Intracellular staining 

FACS-purified cell subsets were analyzed for the capacity to produce cytokines by 

restimulating the cells in the presence of a secretion inhibitor such as Brefeldin A. After 

 47



Materials and methods 
 

restimulation up to 2x105 cells were washed with PBS and fixed by incubating the cells in 

200 µL of 2% Formaldehyde prepared in cold PBS, for 20 min at 4°C in the dark. 

Subsequently the cells were washed with PBS/BSA. The supernatant was discarded and a 

second wash step was performed using 200µL of pre-warmed PBS/BSA/saponin. After 

washing cells were incubated with the respective antibodies diluted in 50 µL of 

PBS/BSA/saponin for 30 min at RT in the dark. Finally, cells were washed and 

resuspended in 200 µL of PBS/BSA for flow cytometry analysis.  

Specific antibodies against IFN-γ, TNF-α, IL-2, IL-10, IL-17 were used according to the 

dilution reported in Table 3.4. Perforin was detected by indirect staining with a purified 

Perforin specific antibody followed by the biotinylated goat anti-mouse IgG2b and the 

streptavidin Pacific Blue.  

Foxp3 staining was performed according to the manufacterer’s instruction. Briefly, cells 

were incubated for 60 min in a Fixation/Permeabilization working solution (eBioscience, 

Natutec) at 4°C in the dark. After washing the cells were incubated for 45 min at 4°C in 

the dark with an anti-Foxp3 antibody or an isotype control diluted in Permeabilization 

buffer.  

For intracellular staining of phosphoproteins or PTEN up to 2x105 cells were washed and 

fixed with 100 µl of 1% Formaldehyde for 10 min at 37°C in the dark. After 

centrifugation (300xg, 2 min, 4°C) cells were incubated 1 min on ice and then 

permeabilized with 100 µl of cold Methanol for 30 min at 4°C in the dark. After washing 

(450xg, 2 min, 4°C) the membrane of the cells was blocked with PBS/BSA for 10 min at 

RT in order to prevent non-specific binding of antibodies. Cells were then washed and 

stained with α-phosphoSTAT5 PE, α-phospho-s6 ribosomal protein or α-PTEN for 30 min 

at RT in the dark. A second step with a specific APC-conjugated anti-rabbit IgG was 

required to detect phospho-s6 ribosomal protein and PTEN. Cells were washed and 

analyzed using flow cytometry. 

3.5.3  Naive T cell sorting 

Naive CD4+ T cells were sorted as CD45RA+CCR7+ T cells. MACS enriched CD4+ T 

cells were resuspended in 200 µL of PBS/HS buffer and incubated with αCD45RA-FITC 

and an unconjugated mouse α-human-CCR7 for 30 min at 4°C in the dark. In addition, 

antibodies against CD8, CD14, CD16 and CD19 conjugated to PE-Cy5 or APC were used 

to exclude non CD4 T cells in order to improve the purity of the cells. After washing, the 
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pellet was resuspended and incubated for 30 min at 4°C in the dark with a goat α-mouse 

IgG2a-biotinylated antibody that binds specifically the α-human CCR7 antibody. After 

washing a third step of incubation staining was done with 1:100 Streptavidin-Pacific Blue 

to bind the secondary biotinylated antibody. After sorting naive CD4+ T cells were used 

for in vitro experiments as described in Results. 

3.5.4  Antigen-experienced T cell sorting 

In some experiments MACS enriched CD4+ T cells were stained with αCD4 Alexa 700, 

αCD25 APC, αCD45RA FITC, αCCR7 unconjugated and αIL-7Rα PE. Cells were 

incubated for 25 min at 37°C in the dark and then washed. A second and third staining 

step were done using biotinylated goat α-mouse IgG2a and Streptavidin-Pacific-Blue, as 

described in Section 3.5.3. Cells were sorted as described in Fig. 4.6. Briefly, CD25+ T 

cells (Treg) and CD45RA+CCR7+ T cells (naive T cells) were excluded, while the 

remaining cells were sorted in four subsets according to the expression of CCR7 and IL-

7Rα.  

In other experiments CD4+ T cells were not discriminated by CCR7 expression. Cells 

were incubated for 25 min at 37°C in the dark with αCD4-Alexa405, αCD25-FITC, 

αCD45RA-Alexa700, αIL-7Rα-PE and then sorted as described in Fig. 4.9a. The 

CD45RA+ population containing most of naive T cells was excluded. The remaining cells 

were sorted into IL-7RαhiCD25– T cells (referred to as IL7Rhi T cells), IL-7RαlowCD25– T 

cells (referred to as IL7Rlow T cells) and CD25+ T cells (Treg).  

3.6  Labeling of T cells with CFDA-SE 

The proliferation of T cells can be analyzed using the cell tracer molecule 

carboxyfluorescein diacetate succinimidyl ester (CFDA-SE) (Molecular-Probes). CFDA-

SE is a non-fluorescent dye that passively diffuses into the cytoplasm of cells. Once inside 

the cell, it is cleaved by intracellular esterases, becoming fluorescent. The product CFSE 

(Carboxyfluorescein succinimidyl ester) forms dye-protein adducts that are inherited 

equally by each daughter cell after cell division, resulting in sequential halving of mean 

fluorescence with each daughter generation. Flow cytometry displays the sequential 

halving of fluorescence as distinct peaks that each corresponds to a cell generation. The 

CFDA-SE is detected by the same channel required for the FITC fluorochrome. 
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In order to label T cells up to 107 cells were incubated with 0.25 µM CFDA-SE in 1 mL of 

warm PBS for 7 min at RT in the dark. Gentle resuspension was required to favour the 

entry of the dye into the cells. An equal volume of pre-warmed medium (RPMI/HS) was 

then added and the cells were washed at 450xg for 5 min at RT. After washing the cells 

were resuspended in 1 or 2 mL of RPMI/HS and left in the incubator at 37 ºC until used. 

3.7  Cell culture conditions 

3.7.1  In vitro priming of naive CD4 T cells 

Monocyte-derived dendritic cells (DC) were generated from monocytes cultured at a 

density of 5x105 cells/mL in DC medium (RPMI/FBS) for 5 days in the presence of 50 

ng/mL recombinant human (rh) GM-CSF and 103 IU/mL rhIL-4. Maturation of monocyte-

derived DC was induced by 24 h of incubation with 100 ng/mL of ultrapure LPS at 37 °C 

and 5% CO2. Immature (imDC) or mature DC (mDC) were pulsed for 30 min at 37 °C 

with different concentrations of TSST (100 pg/mL or 10 ng/mL) and subsequently 

irradiated. For priming of naive T cells, 104 CFSE-labeled naive CD4 T cells were 

cocultured with different numbers of TSST-pulsed DC in round bottom 96-well-plates 

(Cellstar) for 16 h or 7 days. After 7 days, proliferated TSST-specific T cells 

(CFSElowTCRVβ2+) were analyzed for the expression of IL-7Rα. The different stimulation 

conditions were compared as described in Tab 4.1. 

3.7.2  Stimulation conditions for analysis of proliferation  

1x104 of in vitro generated memory CFSElow T cells, obtained after 7 days of primary 

culture with TSST-loaded DC, were sorted according to IL-7Rα and CCR7 expression, 

relabeled with CFSE and cultured in the presence or absence of homeostatic cytokines (25 

ng/mL IL-7 or IL-15) or secondary antigen-stimulation (103 TSST-pulsed DC) for 7 days 

or 5 days, respectively. The expression of CCR7 and the CFDA-SE dilution were analyzed 

on viable (PI negative) TCRVβ2+ cells by flow cytometry.  

Alternatively, 5x104 ex vivo isolated CD4 T cells were labeled with CFDA-SE and 

cultured in the presence of homeostatic cytokines (25 ng/mL IL-7 or IL-15) or polyclonal 

TCR stimuli (0.1 µg/mL αCD3 plus 6 µg/mL αCD28 or 2 µg/mL αCD3 alone). 
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Proliferation in the presence of cytokines was analyzed after 7 days. Proliferation in the 

presence of TCR stimuli was analyzed after 4 days of culture.  

Analysis of proliferation after antigen-specific stimulation was performed using 

autologous irradiated monocytes as antigen-presenting cells. 5x104 monocytes were pre-

incubated with antigen for 2h in medium without serum and subsequently 5x104 T cells 

were resuspended in RPMI/HS and added into the well. Analysis of proliferation was 

performed after 7 days of culture gating on CD3+CFSElow cells. The following antigens 

were used: HCMV lysate (1:1000), C. albicans extract (0.5 particles/mL), rhMART-

1/MelanA protein (1µg/mL), tetanus toxoid extract (2µg/mL), purified protein derivative 

of Mycobacterium Tuberculosis (1µg/mL) and rh Hemagglutinin-Influenza A Virus 

protein (1µg/mL). If needed 1 ng/mL IL-2 corresponding to 2.4 IU/mL was added. 

Control was done in the absence of antigens with or without IL-2.  

3.7.3  Stimulation conditions for analysis of cytokine production 

For the analysis of cytokine production by intracellular staining, 1x – 5x104 T cells were 

incubated for 6 h at 37°C, 5% CO2 with 100 nM PdBU plus 1 µg/mL Ionomycin or 

alternatively with 0.1 µg/mL αCD3 plus 6 µg/mL αCD28 antibodies. PdBu is an phorbol 

ester activating protein kinase (183), while Ionomycin (Sigma, Germany) is an ionophore, 

which enables Ca2+ influx into the cell, leading to the activation of NFAT (nuclear factor 

of activated T-cells) (184). After 2 h of incubation Brefeldin A (10 µg/mL) was added in 

order to block the protein transport from the endoplasmic reticulum to the Golgi apparatus 

leading to the protein accumulation inside the endoplasmic reticulum. The accumulated 

cytokines were assessed by intracellular staining.  

Alternatively, antigen-specific restimulation was done using autologous monocyte-derived 

DC generated as described in Section 3.7.1 and loaded with specific antigens as follows. 

DC were incubated for 24 h either with HCMV lysate (diluted 1:200 according to the 

manufacter’s instruction) (185), C. albicans extract (0.5 particle/mL) or pepmix 

MelanA/MART-1 (1:50). After antigen loading DC were counted and added 1:5 to T cells. 

Brefeldin A was added after 2 h of stimulation and the cells were further incubated for 

other 14 h. The cytokine production was analyzed by intracellular staining 

For analysis of cytokines using ELISA, specific antigen-stimulation was performed 

incubating 105 irradiated monocytes with antigen for 2 h in medium without serum. 
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Afterwards, 105 T cells were added in RPMI/HS and the release of cytokine in the 

supernatant was analyzed after 24h of stimulation. 

3.7.4  Stimulation conditions for analysis of cell signaling  

For the analysis of phosphoproteins involved in different cell signaling pathways, CFSElow 

cells obtained after 7 days of coculture with TSST-loaded DC were stained, sorted 

according to IL-7Rα and CCR7 expression and stimulated for 24 h in the presence of 25 

ng/mL IL-7 or IL-15 or 0.1 µg/mL αCD3 plus 6µg/mL αCD28. Analysis by flow 

cytometry was performed after intracellular staining. 

3.8  Enzyme-linked immunosorbent assay (ELISA) 

ELISA is a method to detect the presence of soluble antigens released by cells, such as 

cytokines. Special polystyrene microtiter plates (Costar, Bodenheim) are coated with so 

called capture-antibodies that are specific for the antigen to detect. The samples are added 

into the wells of the microtiter plate and the specific antigens are recognized and 

immobilized by the capture antibody. In a later step a biotinylated detection antibody 

which is specific for a different epitope of the antigen is added. The amount of antigens is 

detected by adding an enzyme-labeled streptavidin followed by a fluorogenic substrate 

that produces a visible signal in proportion to the quantity of antigen in the sample. 

Fluorogenic substrates are detected with a spectrophotometer. Between all steps, washing 

is performed using a detergent solution in order to remove proteins or antibodies that are 

not bound. Detection of IFN-γ and IL-10 cytokines (BD) in the supernatant of stimulated 

cells was performed as follows. 

Capture antibody was diluted 2 µg/mL in Binding Solution and 100 µL per well were 

added to 96-well flat bottom plates (Costar) and incubated over night at 4°C. After 

washing, non-specific binding was blocked by incubating the samples with Blocking 

Buffer (200 µL/well) for at least 2h at RT. The blocking buffer was discarded and 100 µL 

of cytokine standards or of the sample supernatant were added and incubated over night at 

4°C (IL-10 detection) or for 2 h at RT (IFN-γ detection). The highest concentration of the 

standard curve was 8 ng/mL. After washing the samples were incubated with 100 µl 

detection antibody (1 µg/ml) per well for 1 h at RT followed by washing and addition of 

100 µL peroxidase conjugated to streptavidin (dilution according to manufacturer’s 
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instructions). The reaction was developed using (2,2-azino-bis(3-ethylbenzthiazoline-

6sulfonic acide) ABTS substrate and H2O2 (1:1000) and the plates were immediately read 

in a microplate reader (Softmax Pro 5.0.1 Elisa reader, Molecular devices, Germany) set 

to the optical density of 405 nm. 

For IL-17 detection the R&D protocol was used. All steps were performed at RT. 96-well 

flat bottom plates (Costar) were coated with capture antibody over night (100 µl/well, 

final concentration 4 µg/mL). After washing and blocking for 1 h, 100 µl of the samples or 

rhIL-17 (10 ng/mL) were added. After 2h of incubation the plates were washed and 100 

µL (200 ng/mL) of biotinylated goat anti-human IL-17 antibody was added. After 2 h the 

plates were washed and 100 µl of streptavidin conjugated to horseradish-peroxidase 

(streptavidin-HRP) were added and the plates incubated for 20 min followed by washing. 

The substrate solution was a 1:1 mixture of H2O2 and Tetramethylbenzidine. After 20 min 

of incubation, 2N Sulfuric acid (H2SO4) was added to stop the reaction and plates were 

immediately read using a microplate reader set to 450 nm. 

3.9  Detection of phosphoproteins by immunoblotting 

Immunoblotting is a method for detecting specific proteins in a homogenized sample. 

Using electrophoresis, denaturated proteins are separated according to their electophoretic 

mobility which roughly corresponds to the length of polypeptide chain. The proteins are 

then transferred to a nitrocellulose membrane where they can be detected using specific 

antibodies.  

CFSElow T cells obtained after 7 days of priming with TSST-loaded DC under different 

stimulation conditions were sorted for IL-7RhiCCR7+ and stimulated with IL-7, IL-15 or 

αCD3 plus αCD28 for 24 h. The cells were lysated adding 1x SDS (sodium dodecyl 

sulfate) Sample buffer. SDS denaturates secondary protein structures and envelopes the 

polypetide chain thus adding a negative charge to the protein which corresponds to the 

protein mass. The lysate was cleared by centrifugation, boiled and loaded onto 10% SDS-

PAGE gel (sodium dodecyl sulfate-polyacrylamide gel electrophoresis). After 

electrophoresis the proteins were transferred onto a nitrocellulose membrane (Amersham 

Pharmacia Biotec). Incubation with the primary anti-phospho-s6 ribosomal protein 

antibody (Cell signaling) and secondary horseradish peroxidase-conjugated antibodies 
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were performed in blocking buffer (TBST). Blots were developed with an ECL kit 

(Amersham). 

3.10  Microarray 

The Microarray is a method that enables the simultaneous analysis of several thousands of 

genes through detecting the corresponding mRNA levels in cells. On a Microarray-Chip, 

mRNA is hybridized to specific oligonucleotides thus allowing the detection and 

quantification of thousands of known sequences in parallel. 

106 FACS-purified CFSElowIL-7RhiCCR7+ cells from two different donors obtained after 

priming with 1x 102 or 1x 104 TSST-loaded mature DC were analysed for their global 

gene expression profile. RNA was extracted using the TRIzol method (Invitrogen). The 

concentration of RNA was determined using a Nanodrop spectrophotometer (Wittec, 

Littau, LU) and the RNA quality by using the 2100 BioAnalyzer (Agilent, Santa Clara, 

CA). 2 µg of RNA were labeled and hybridized with the GeneChip expression 3’-

Amplification one-cycle target labeling kit, using the Affimetrix GeneChip Human 

Genome U133 2.0 Plus array (Affimetrix, Santa Clara, CA) according to the 

manufacturer’s protocol. Gene analysis was performed using the GeneChip Operating 

System (GCOS) 1.4 (Affimetrix). The standard GCOS detection algorithm was used to 

determine the call present, absent or marginal for each probe in each experimental 

condition. The standard GCOS Change and Signal Log Ratio (SLR) algorithms were used 

to identify differentially expressed genes. CFSElowIL-7RhiCCR7+ cells stimulated with 102 

TSST-loaded mature DC were used as baselines. Genes showing an increase change call 

of SLR ≥ 1 or SLR ≤ 1 in both replicates were considered as differentially expressed. 

Functional characterization was performed to identify functionally similar genes. 
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3.11  Statistical analysis 

Statistical analysis and graph were done using GraphPad Prism 4.  

The two-tailed t-test or the non parametric Mann-Whitney test were used for analysis of 

differences between groups. Statistical significance was indicated as * when p-values 

<0.05 and ** when p-values < 0.01. The Gaussian distribution was checked with 

Spearman's rank correlation test. 
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Results 
 

4.1  Analysis of in vitro generated TSST-specific CD4 T cells according 

to IL7R and CCR7 expression 

In order to better understand the role of the signal strength in generating CD4 T cells with 

memory characteristics, human naive CD4+ T cells were primed by different strengths of 

stimulation and analyzed for the expression of the surface markers IL-7Rα (referred to as 

IL7R) and CCR7. The different subsets obtained were analyzed for the capacity to 

proliferate and differentiate in the presence of homeostatic cytokines or antigen 

reticulation and for IL-2 and IFN-γ production. 

4.1.1  Modulation of IL-7R(IL7R)expression in human CD4+ T cells primed by 

different levels of stimulation 

The expression of IL7R on the surface of T cells can be down-regulated by cytokines like 

IL-2 and IL-7 or by T cell activation through the TCR (119, 146, 186). To understand how 

the strength of stimulation could affect the expression of IL7R, human naive T cells were 

primed with different levels of stimulation and analyzed for IL7R expression on the cell 

surface. Monocyte-derived dendritic cells (DC) stimulated with the superantigen TSST 

(toxin shock syndrome toxic-1) in the presence of LPS (matureDC) or without LPS 

(immatureDC) were used as antigen presenting cells. Different strengths of stimulation 

were achieved varying the following parameters:  

 low or high concentration of TSST to vary the rate of TCR triggering (152, 153); 

 low or high number of TSST-loaded DC to modulate the antigen competition 

among T cells (161); 

 immature DC (iDC) or mature DC (mDC) to change the levels of costimulation 

and contact with the T cells (153, 155). 

The various conditions used in these experiments are summarized in Table 4.1. 

Before stimulation more than 99% of naive T cells expressed IL7R (Fig. 4.1a). After 16 h 

of stimulation the activated T cell blasts had up-regulated the activation marker CD69 

(187) and lost the expression of IL7R (Fig. 4.1b). Different primary conditions influenced 

the number of activated T cells that were obtained. Low numbers of CD69+ T cell blasts 

were obtained when low levels of signal strength were used whereas a higher number of 

CD69+ T cell blasts was obtained when the cells were stimulated with high levels of signal 

 59



Results 
 

strength. Despite that, among CD69+ blasts, IL7R was selectively and efficiently down-

regulated regardless of the primary condition used (Fig. 4.1b).  

 

Table 4.1. Conditions used to prime naive CD4+ T cells as shown in Figure 4.1. 

Strength of 
stimulation 

TSSTa concentration 
(ng/mL) 

Number of DCa 

DC:naive T cells 
DC‐maturation 

state 

 
0.1 

 

102 1:10 
 

Mature 
 

Low 
 
 

10  102 1:10  Immature 

10  102 1:10  Mature 

0.1  104 1:1  Mature 

Intermediate 
 

10  104 1:1  Immature 
 

High  10  104 1:1  Mature 
a TSST: toxin shock syndrome toxic‐1 superantigen; DC: dendritic cells. 

 

After 7 days of stimulation the modulation of IL7R was analyzed again within the 

population of TSST-responsive T cells. Since the TSST superantigen is recognized with 

high specificity by the TCR-Vβ2 chain on CD4 T cells (188, 189), CFSE dilution and 

IL7R expression was determined on TCR-Vβ2 positive cells. In all conditions used 

proliferating T cells (CFSElow) contained a fraction that expressed IL7R (Fig 4.1c). 

Nevertheless, the percentage of proliferating cells that expressed IL7R was affected by the 

different strengths of stimulation used (Fig 4.1c). Three representative conditions of 

stimulation were selected among those described in Table 4.1 and summarized in Table 

4.2. 

Under these conditions, only a small fraction of naive T cells primed by low or high 

strength of stimulation were IL7Rhi (mean ± sd of 4 independent experiments: 21 ± 12% 

and 10 ± 3% of primed CD4 T cells, respectively) whereas naive T cells that received 

intermediate levels of stimulation exhibited the highest percentage of IL7Rhi T cells (53 ± 

13% of primed CD4 T cells) (Table 4.2). 

In summary, these results show that IL7R is rapidly down-regulated upon priming of 

naive T cells and is later expressed on proliferating CD4 T cells. Interestingly, 

intermediate levels of stimulation induce the highest amount of proliferating IL7Rhi CD4 

T cells. 
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Figure 4.1 IL7Rα expression on primed T cells is regulated by the strength of antigenic stimulation. 
Purified human naive CD4+ T cells were stimulated with different numbers (102 or 104) of immature 
monocyte-derived DC (iDC) or LPS-matured DC (mDC) loaded with 0.1 or 10 ng/mL of TSST. (a) IL7Rα 
and CD69 expression on naive CD4+ T cells analyzed by flow cytometry. The percentage of IL7Rαlow T 
cells is indicated. (b) IL7Rα and CD69 expression of CD4+ T cells after 16 h of stimulation. Grey dots 
represent small cells defined by FSC and SSC and black dots represent blasts. Upper number indicates the 
fraction of activated CD69+ blasts. Lower number in parentheses indicates the percentage of IL7Rαlow T 
cells among CD69+ blasts. Results are representative of three separate experiments. (c) IL7Rα expression 
and CFSE dilution analyzed after 7 days of proliferation. Cells were gated for TCRVβ2 positive expression. 
Numbers indicate the fractions of proliferating cells that express IL7Rα. Results are representative of at least 
four separate experiments.  

 

Table 4.2.  Selected conditions used to prime naive CD4+ T cells. 

Strength of 
stimulation 

TSSTa 
concentration 

(ng/mL) 

Number of DCa 

DC:naive T 
cells 

DC‐
maturation 

state 

IL7Rhi cells 
(mean±sd) 

 

Low 
 

10  102 1:10  Immature  21 ± 12% 

Intermediate 
 

10  102 1:10  Mature   53 ± 13% 

High  10  104 1:1  Mature  10 ± 3% 
a TSST: toxin shock syndrome toxic‐1 superantigen; DC: dendritic cells; sd: standard deviation. 
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4.1.2  Functional properties of human primed CD4+ T cells defined by IL7R and 

CCR7 

In the mouse model, the combination of IL7R and the lymph node homing receptor 

CD62L has been proposed as markers to discriminate the precursors of TCM, TEM and TE 

CD8+ T cells (83, 170). In the human system expression of the lymph node homing 

receptor CCR7 distinguishes long-lived central memory (TCM) from effector memory 

(TEM) cells. However, no markers clearly distinguish human memory from effector T cells 

although the lack of IL7R seems to be associated with antigen persistence (146, 175). 

Here, CFSElowCD4+ T cells obtained after priming of naive T cells were analyzed for 

memory and effector properties according to the combined expression of CCR7 and IL7R. 

Three different levels of stimulations (see Fig 4.2a) were used to stimulate naive T cells. 

CCR7 expression was maintained in cells that received low levels of stimulation and was 

progressively lost when increasing the signal strength. The majority of IL7Rhi T cells co-

expressed CCR7 under all conditions. Nevertheless, a small amount of IL7RhiCCR7–CD4+ 

T cells was detectable, especially when applying intermediate levels of stimulation. 

 

In order to assess the functional properties of the four different subsets according to 

expression of IL7R and CCR7 these subsets were sorted from cells primed with 

intermediate stimulation and analyzed for cytokine production, survival capacity, 

homeostatic proliferation and expansion after secondary stimulation. 

The subsets were analyzed for the capacity to produce IFN-γ and IL-2 after polyclonal 

stimulation with PdbU and Ionomycin (Fig. 4.2b). IL-2 was produced by a significantly 

higher portion of IL7Rhi T cells compared to IL7Rlow T cells (mean ± sd of 4 independent 

experiments: 79 ± 5% versus 50 ± 11% of cells, respectively). In contrast, IFN-γ was 

mainly produced by CCR7– T cells (41 ± 19% of CCR7– T cells versus 8 ± 4% of CCR7+ 

T cells). As a consequence, IL7RhiCCR7+ T cells produced preferentially IL-2, whereas 

IL7RlowCCR7– T cells produced high amounts of IFN-γ and less IL-2. 

The susceptibility of the subsets to starvation due to lack of survival stimuli such as 

cytokines and TCR triggering was assessed incubating the cells in the presence of medium 

over night and measuring PI– frequency. CCR7+ T cell subsets showed a higher resistance 

to death compared to the CCR7– T cell subsets (54 ± 14% versus 33 ± 11% PI negative 

cells, respectively) independently of their IL7R expression (Fig. 4.2c). Interestingly, a 
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fraction of purified CCR7– and IL7Rlow T cells spontaneously re-acquired the expression 

of these two markers (Fig. 4.2c lower line). 

 
Figure 4.2 IL7Rα and CCR7 identify different subsets of primed CD4+ T cells. Purified naive CD4+ T 
cells were labeled with CFSE and stimulated with low, intermediate, or high levels of stimulation. (a) 
Expression of CCR7 and IL7Rα on CFSElow T cells after 7 days of stimulation with low, intermediate or 
high signal strength. (b) Analysis of IL-2 and IFN-γ production of intermediate-stimulated cells sorted 
according to IL7Rα and CCR7 expression. Cells were analyzed after 6 h of re-stimulation in the presence of 
PdBu and Ionomycin. (c) Phenotype of intermediate-stimulated cells observed before and after incubation in 
medium alone. Numbers indicate cell viability (PI exclusion) following over night rest. (d) Proliferation of 
intermediate-stimulated cell subsets after 7 days of culture in the presence of 25 ng/mL of IL-7 or TSST-
pulsed  mDC. Results are representative of four separate experiments.  
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All subsets purified were analyzed for their capacity to proliferate with homeostatic 

cytokines (IL-7 and IL-15) or in the presence of antigenic stimulation (TSST-loaded DC). 

Seven days of culture with IL-7 induced proliferation mainly of IL7RhiCCR7+ T cells 

whereas the proliferation was weaker in the single positive fractions (IL7RhiCCR7– and 

IL7RlowCCR7+ T cells) and very low in the double negative fraction (Fig. 4.2d). All cells 

that proliferated in response to IL-7 were CCR7+, even if they derived from the CCR7– 

subset. Similar results were obtained in the presence of IL-15 (data not shown). 

The same tendency was observed after 7 days of stimulation in the presence of TSST-

loaded DC (Fig. 4.2d). IL7RhiCCR7+ T cells proliferated efficiently and to some extend 

down-regulated CCR7 expression. The proliferation was lower in single positive fraction 

and it was strongly reduced in IL7RlowCCR7– T cell fraction. After TCR stimulation, most 

of the cells that were CCR7 negative did not re-express CCR7. 

To summarize, these findings show that in vitro primed IL7RhiCCR7+ T cells 

preferentially secrete IL-2, and survive and proliferate efficiently with homeostatic 

cytokines or in the presence of antigenic restimulation. These results suggest that 

IL7RhiCCR7+ T cells have characteristics of memory cells. In contrast, IL7RlowCCR7– T 

cells produce less IL-2 and more IFN-γ, are more susceptible to apoptosis and proliferate 

poorly. These cells are more differentiated towards an effector-like phenotype.  

4.1.3  Properties of the IL7RhiCCR7+ subset generated at different strengths of 

stimulation 

As shown in Fig. 4.2a cells with IL7RhiCCR7+ phenotype could be generated under all 

stimulatory conditions even though with differing frequencies. Therefore, to understand 

whether these cells possess or do not possess the same functional properties, IL7RhiCCR7+ 

T cells obtained with different levels of stimulation were analyzed in the presence of 

homeostatic cytokines or upon antigenic stimulation. 

Naive CD4 T cells were primed using low, intermediate and high levels of signal strength 

as previously described (Fig. 4.2a). After 7 days, the cells were sorted for 

CFSElowIL7RhiCCR7+ phenotype. This subset was then re-labeled with CFSE and cultured 

for another 7 days in the presence of IL-7, IL-15 or for 5 days in the presence of TSST-

pulsed DC. 
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Figure 4.3 Properties of CD4+ T cells generated at different strengths of stimulation.  
Purified naive CD4+ T cells were labeled with CFSE and stimulated with low, intermediate, or high levels of 
stimulation. After 7 days CFSElowIL7RhiCCR7+ T cells were purified by cell sorting, re-labeled with CFSE 
and cultured in the presence of IL-7, IL-15 or TSST-pulsed DC for 7 and 5 days, respectively. (a) 
Proliferation and CCR7 modulation of viable TCRVβ2+ T cells. The numbers indicated –fold expansion. (b) 
Cell viability assessed by PI staining. The numbers indicate the percentage of PI+ T cells. (c) CFSElow T cells 
cultured in the presence of IL-7 as described above were stimulated for 6 h with PdBu and Ionomycin and 
analyzed for IFN-γ production respect to CCR7 expression. The numbers indicate the percentage of IFN-γ 
producing cells. Results are representative of three independent experiments.  
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In the presence of IL-7 or IL-15 cytokines, low-stimulated IL7RhiCCR7+ T cells 

proliferated poorly (Fig. 4.3a). The capacity to proliferate was increased in intermediate-

stimulated IL7RhiCCR7+ T cells and it was maximal in high-stimulated IL7RhiCCR7+ T 

cells (mean of the absolute cell number 10 and 48 times higher compared to intermediate-

stimulated and low-stimulated cells, respectively). 

The survival of IL7RhiCCR7+ T cells decreased with increasing strength of stimulation 

resulting in 44 ± 1% PI+ in low-stimulated cells, 34 ± 5% PI+ in intermediate-stimulated 

cells and 10 ± 7% PI+ in high-stimulated cells (Fig. 4.3b) .  

Importantly, upon cytokine-driven proliferation IL7RhiCCR7+ T cells obtained at low and 

intermediate strength of stimulation maintained the expression of CCR7, whereas a part of 

high-stimulated cells lost CCR7 expression (32 ± 29% of the cells) (Fig. 4.3a). Therefore, 

CFSElow cells obtained from intermediate and high stimulation conditions were further 

sorted according to CCR7 expression and stimulated with PdBU and Ionomycin to test the 

IFN-γ producing capacity (Fig. 4.3c). CCR7– cells derived from high-stimulated cells were 

able to produce high amounts of IFN-γ compared to CCR7+ cells from the same culture. In 

contrast, almost no IFN-γ was produced by CCR7+ cells obtained with intermediate 

strength of stimulation. These results suggest that high-stimulated IL7RhiCCR7+ cells are 

committed to develop into Th1-like T cells. 

 

IL7RhiCCR7+ T cells obtained at different levels of stimulation were analyzed for 

secondary expansion following TCR stimulation (Fig. 4.3a lower line). In contrast to 

cytokine responsiveness, the expansion after TCR stimulation was higher in cells that 

received intermediate levels of stimulation and dramatically reduced in high-stimulated 

cells (0.27-fold (± 0.22) expansion compared to intermediate-stimulated T cells). The low 

expansion potential of high-stimulated cells was also associated with a high death rate (Fig 

4.3b lower line). The addition of IL-2 could partially enhance the proliferative response 

(see Fig. S1). IL7RhiCCR7+ T cells that have received low levels of stimulation also 

showed a reduction in the secondary expansion (0.39-fold (± 0.11) expansion compared to 

intermediate-stimulated cells) and higher levels of cell death compared to intermediate-

stimulated cells (Fig. 4.3a and Fig. 4.3b lower lines). The proliferative response could as 

well be enhanced by the addiction of exogenous IL-2 (see Fig. S1). 
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These results show that cells with the same phenotype, if obtained with different strengths 

of stimulation are functionally different. IL7RhiCCR7+ T cells cultivated with low strength 

of stimulation proliferate poorly and are susceptible to death either after cytokine 

expansion or TCR-restimulation. High strength of stimulation induces a population of 

IL7RhiCCR7+ T cells that proliferate efficiently with homeostatic cytokines, but do not 

after secondary driven-antigen expansion. Moreover, these cells behave like Th1 pre-

committed cells. In contrast intermediate strength of stimulation promotes the 

differentiation of IL7RhiCCR7+ T cells that combine cytokine-responsiveness and 

secondary expansion potential. These two are functional characteristics of IL7Rhi memory 

precursors cells identified in mouse (133). 

4.1.4  Cytokine receptor signaling capacity of IL7RhiCCR7+ T cells obtained at 

different levels of stimulation  

Variation in responsiveness to IL-7 of the IL7RhiCCR7+ T cells could reflect a differing 

signaling capacity regulated by the strength of stimulation received during the priming. To 

elucidate that, expression levels of IL-7 and IL-15 receptor subunits on 

CFSElowIL7RhiCCR7+ T cells obtained from low-, intermediate- or high-stimulated 

cultures were assessed (Fig 4.4a). Expression levels of the IL7R-chain were similar in all 

of the three conditions. Expression of the common -chain and the IL-2/15R -chain were 

slightly reduced in low-stimulated cells and IL-15R was not detectable (data not shown). 

Interestingly, the expression of PTEN was significantly reduced in high-stimulated cells 

(Fig. 4.4a) compared to intermediate-stimulated cells (MFI: 15 ± 9 versus 23 ± 12). PTEN  

is known to block PI3K activity which in turn regulates signaling that promotes cell 

proliferation and survival (109). 

In order to understand the activation state of JAK-pathway and PI3-kinase/s6 ribosomal 

protein pathways, the phosphorylation of STAT5 and s6 ribosomal proteins upon IL-7 or 

IL-15 triggering was analyzed using intracellular staining. The levels of phospho-STAT5 

and phospho-s6 were used as read-outs for the activation of the JAK-pathway or the PI3-

kinase pathway, respectively. Phosphorylation of STAT5 was detected for all stimulatory 

conditions, indicating that IL-7 and IL-15 receptors were functional (Fig 4.4b). On the 

other hand, phosphorylation of s6-kinase was most efficiently induced in high-stimulated 

cells upon IL-7 or IL-15 triggering and decreasing with lower strengths of stimulation 
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(frequency of phospho-s6 positive cells in high-, intermediate and low-stimulated cells, 

respectively: 28 ± 7%, 8 ± 3%, 4 ± 2%). 

 

 

Figure 4.4 A strong TCR stimulation licenses the IL7Rα to trigger s6 kinase activity. (a) CFSElow 
IL7RhiCCR7+ cells obtained after 7 days from low-, intermediate- or high-stimulated cultures were purified 
and analyzed for cytokines receptor and PTEN expression by surface and intracellular staining, respectively. 
The numbers indicate the mean fluorescence intensity. (b) Cells primed under low, intermediate or high 
levels of stimulation were cultured alone or in the presence of IL-7 and IL-15 for 24 hours. The 
phosphorylation of STAT5 and s6 ribosomal protein was assessed by intracellular staining. (c) Cells 
stimulated with intermediate or high levels of stimulation were cultured in the presence of IL-7, IL-15 or 
αCD3/CD28 for 7 days. The phosphorylation of s6-kinase ribosomal protein was assessed by 
immunoblotting. Results are representative of five independent experiments  
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These results suggest that the activity of s6-kinase is more efficient after priming with 

high levels of stimulation. Interestingly, s6-kinase phosphorylation occurred exclusively 

together with the phosphorylation of STAT5 (Fig. 4.4b). Moreover, after stimulation with 

antiCD3/antiCD28, s6-kinase phosphorylation was induced under all the stimulatory 

conditions (Fig 4.4c) indicating that s6 phosphorylation is not compromised itself but 

there is a signaling impairment restricted to the cytokine receptors. Finally, cytokine-

driven proliferation and s6 phosphorylation were blocked by rapamicin or PI3K inhibitors 

(data not shown). 

In summary, high responsiveness to IL-7 of high-stimulated cells correlates with PTEN 

down-regulation and enhanced s6-kinase activation leading high-stimulated cells more 

responsive to proliferation and cell-cycle progression. 

4.1.5  Gene expression profile of high stimulated IL7RhiCCR7+ T cells 

IL7RhiCCR7+ T cells derived from intermediate and high strengths of stimulation were 

further analyzed for gene expression. RNA of CFSElowIL7RhiCCR7+ T cells that were 

obtained from 7 days of culture at intermediate and high levels of stimulation was 

extracted, quantified and analyzed for a gene expression profile. It was not possible to 

analyze CFSElowIL7RhiCCR7+ obtained from low-stimulated cultures because of the low 

cell number yielded. Transcripts showing a statistically significant fold-change of at least 

two in two different experiments were selected. Among these, the genes that showed an at 

least fourfold difference in expression between high-stimulated IL7RhiCCR7+ T cells and 

intermediate-stimulated IL7RhiCCR7+ T cells are reported in Fig. 4.5. In addition, genes 

that varied less than fourfold but are known to be important factors in immune responses, 

cell signaling, cell cycle, regulation of transcription and apoptosis are also shown (Fig. 

4.5). Specifically, it was observed that some genes involved in Th1 development including 

IFNγ, STAT1, IL-12Rβ2 and JAK2 (190) were up-regulated. Moreover, genes involved in 

the inhibition of IL-2 secretion upon TCR stimulation such as CTLA-4 (191), MAP 

(mitogen-activated protein) kinase phosphatase 1 (192), CREM (cAMP response element 

modulator) (193) and p21SNFT (21-kDa small nuclear factor isolated from T cells) (194), 

were up-regulated in high-stimulated cells. On the other hand, genes involved in the 

induction of IL-2 upon TCR stimulation such as β2 integrin (195) and LAT (196) were 

down-regulated. High-stimulated cells also up-regulated crucial cell-cycle regulators 

including CDK2, CDK6, CDC6 cyclin E2 and Ki67 transcripts. Finally, moderate levels 
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of pro-apoptotic molecules were up-regulated in high-stimulated cells, whereas the Fas 

apoptotic inhibitory molecule 3 was reduced. 

The gene analysis suggests that high-stimulated cells can sustain a high metabolic rate and 

have a low threshold to get into the cell cycle after activation with mitogens. Moreover the 

gene expression supports the Th1 commitment of high-stimulated cells as well as their 

inability to produce IL-2 and to expand after antigenic stimulation. 
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Figure 4.5 Gene expression analysis of intermediate- and high-stimulated IL7RhiCCR7+ CD4 T cells.  
The level of genes with known roles in immune response, signaling, cell cycle, transcription and apoptosis 
that were up- or down-regulated (>4 times) in high-stimulated cells respect to intermediate-stimulated cells 
are shown. Some genes that were only moderately altered (2-4-fold), but code for interesting gene products 
are also shown. Genes of particular interest are shown in grey color (see description in Results). Numbers 
indicate the fold-change when exceeding 30-fold induction or 12-fold reduction. 
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4.2  Analysis of ex vivo antigen-experienced CD4 T cells according to the 

expression of IL7R and CCR7 

The results so far have shown that in vitro activated CD4 T cells with memory or effector 

characteristics can be distinguished according to the expression of IL7R and CCR7. In 

addition, the strength of stimulation modulates the acquisition of memory cell 

characteristics. Cells with the same phenotype (IL7RhiCCR7+) can have different 

properties depending on the intensity of stimulation applied during priming. In order to 

compare properties of human CD4 T cells primed in vitro with human CD4 T cells that 

are primed in vivo (antigen-experienced CD4 T cells), CD4 T cells from healthy donors 

were isolated and sorted according to the expression of IL7R and CCR7.  

Subsequently, the capacity to produce cytokines and to proliferate in the presence of 

homeostatic cytokines or after TCR stimulation were analyzed and the specificity for 

various classes of antigens such as persistent, acute and recall antigens was determined. 

4.2.1  Functional properties of ex vivo experienced CD4 T cells sorted according to 

the expression of IL7R and CCR7 

Antigen-experienced CD4 T cells were isolated from healthy donors and sorted for IL7R 

and CCR7 expression as shown in Fig. 4.6. CD25+ T cells and CD45RA+CCR7+ T cells 

containing regulatory and naive T cells were excluded. Because CD45RA+CCR7– CD4 T 

cells were described to be associated with protracted antigen exposure (95) these cells 

were included. The majority of the sorted cells were IL7RhiCCR7+ T cells (mean  sd: 

71.0 ± 8.3% of total sorted cells). The remaining cells were IL7RhiCCR7– (19.5 ± 6.5%) 

and a small fraction was IL7RlowCCR7+ (3.7 ± 1.4%) and IL7RlowCCR7– (2.4 ± 1.6%). 

4.2.1.1  Cytokine-production of IL7R CCR7 subsets upon TCR activation 

Antigen-experienced CD4 T cells were sorted according to IL7R and CCR7 expression, 

stimulated for 6h in the presence of αCD3/αCD28 and analyzed for the intracellular 

production of IL-2 and IFN-γ as shown in Fig. 4.7a. IL-2 was produced at high levels by 

the IL7RhiCCR7+ T cell subset (mean ± SE: 44.8 ± 9.1% of cells) whereas the two single 

positive subsets produced significantly lower levels of IL-2 (18.3 ± 4.4% of IL7RhiCCR7– 

and 14.5 ± 5.2% of IL7RlowCCR7+ T cells). IL7RlowCCR7– T cells did produce almost no 

IL-2 (2.7±1.2 % of cells) (Fig. 4.7a and b). In contrast to that, IFN-γ was mainly produced 

by CCR7 negative cells (22.6 ± 7.6% of IL7Rlow T cell fraction and 16.3 ± 4.3 % of IL7Rhi 
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T cell fraction), at a lower frequency by IL7RlowCCR7+ T cells (9.6 ± 7.1%) and by a 

small fraction of IL7RhiCCR7+ T cells (4.9 ± 1.9%) (Fig. 4.7a and b). Interestingly, IFN-γ 

and IL-2 double producing cells were found mainly within the IL7R positive 

compartment, while double positive cytokine-producing cells were almost absent in the 

IL7R negative compartment (Fig. 4.7a and b). Taken together these results show that 

IL7RhiCCR7+ T cells produce mainly IL-2, while IL-7RhiCCR7– T cells equally produce 

IL-2 and IFN-γ. Some single producing IL-2 and IFN-γ cells are found in the 

IL7RlowCCR7+ compartment while IL7RlowCCR7– T cells produce only IFN-γ. 

 

 
Figure 4.6 Ex vivo antigen-experienced CD4+ T cells were sorted according to IL7Rα and CCR7 
expression. CD4 T cells were obtained after MACS separation from buffy coats of healthy donors. To 
purify experienced T cells, T reg (CD25+ T cells) and naive T cells (CD45RA+CCR7+ T cells) were 
excluded. The remaining population was sorted according to IL7Rα and CCR7 expression.  
 

 

4.2.1.2  Proliferation and survival of IL7R CCR7 subsets in the presence of homestatic 

cytokines or TCR ligands 

Antigen-experienced CD4 T cells sorted for IL7R and CCR7 expression were labeled with 

CFSE and cultured for 7 days in the presence or absence of the homeostatic cytokines IL-7 

and IL-15. As shown in Fig. 4.8a and c, in the absence of cytokines IL7Rhi T cells 

survived better than IL7Rlow T cells (mean ± SE: 67 ± 6% of IL7RhiCCR7+ cells and 48 ± 

6% of IL7RhiCCR7– cells compared to 29 ± 9% of IL7RlowCCR7+  cells and 22 ± 7 % of 

IL7RlowCCR7– cells). 

In the presence of IL-7, IL7Rhi T cells but not IL-7Rlow T cells proliferated (Fig. 4.8c). 

Consequently, the recovered number of cells from the IL7Rhi subsets was 3-fold higher 

compared to the number of IL7RlowCCR7– T cells (Fig 4.8b). Similarly, the recovered 

number of cells from the IL7RhiCCR7+ subset was 2-fold higher compared to the number 

of IL7RlowCCR7+ T cells (Fig. 4.8b). 
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Figure 4.7 IL-2 and IFN-γ production of ex vivo antigen-experienced CD4 T cells sorted for IL7Rα 
and CCR7.  
Experienced CD4 T cells sorted for IL7R and CCR7 expression were stimulated with αCD3/αCD28 for 6 h 
and analyzed for IL-2 and IFN-γ production by intracellular staining. (a) One representative staining out of 
five is shown. (b) The percentage of IL-2 single-producing cells, IL-2/IFN-γ double producing cells and 
IFN-γ single producing cells and the total frequency of cytokine-producing cells for each subset are shown. 
Mean ± SE is calculated from 5 independent experiments (*: p< 0.05; **: p< 0,01). Statistical significance 
was determined with two-tailed Student’s t test.  
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In the presence of IL-15 all of the four subsets proliferated, although the CCR7 negative T 

cell fractions showed a stronger proliferation than the respective CCR7 positive T cell 

fractions (Fig. 4.8c). However, the number of IL7RhiCCR7+ T cells recovered after IL-15 

culture was still 3-fold and 2-fold higher than the number of IL7RlowCCR7– and 

IL7RlowCCR7+ T cells, respectively (Fig. 4.8b). These data suggest that the inability of 

IL7Rlow to expand in the presence of IL-15 is due to a high rate of cell death rather than 

impaired IL-15 responsiveness. 

Antigen-experienced CD4 T cells were cultured for 4 days in the presence of 

αCD3/αCD28 or αCD3 alone. When stimulated with αCD3 alone IL7Rlow T cells 

proliferated less than IL7Rhi T cells and died to a higher extend (Fig. 4.8c). The addition 

of the costimulatory signal anti-CD28 promoted the proliferation and the expansion of 

IL7RlowCCR7+ T cells while IL7RlowCCR7– proliferated better but did not expand (Fig. 

4.8b and c). Finally, the addition of low levels of IL-2, could in part recover the 

proliferative capacity of IL7Rlow T cells after αCD3 stimulation (Fig. S2). 

 

These results show that IL7R and CCR7 can be used to distinguish functional subsets with 

characteristics of memory and effector CD4 T cells ex vivo. The expression of IL7R rather 

than the expression of CCR7 on experienced T cells discriminates memory-like T cells, 

that produce IL-2, survive and proliferate with homeostatic cytokines or after TCR 

stimulation, from effector-like cells that fail to produce IL-2 and are more susceptible to 

apoptosis.  

 
 
 
 
 
 
 
 
 
Figure 4.8 Proliferation and survival of IL7R T cell subsets stimulated with homeostatic cytokines or 
TCR agonists.  
Experienced CD4 T cells sorted for IL7R and CCR7 expression were CFSE labeled and the same number of 
cells were cultured with or without IL-7 or IL-15 (25 ng/mL) for 7 days. Alternatively cells were cultured 
with αCD3 (0.1 µg/mL) plus αCD28 (6 µg/mL) or αCD3 alone (2 µg/mL)  for 4 days. (a) Survival  (PI 
negative cells) of each subsets after 7 days in the absence of stimuli. Mean ± SE of at least 4 independent 
experiments. (b) Absolute number of living cells obtained from each subset after proliferation with IL-7, IL-
15 or αCD3/αCD28. (c) Proliferation of each subset according to CFSE dilution. The percentages indicate 
the number of CFSElow cells. One representative example out of four experiments is shown. (*: p<0,05; **: 
p<0,01). Statistical significance was determined with two-tailed Student’s t test.  
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4.2.2  IL7Rlow CD4+ T cells under steady state conditions contain Foxp3+ and 

cytotoxic T cells 

Due to the fact that sorting IL7Rlow T cells according to CCR7 expression yielded very 

low numbers of cells (absolute cell number: <350,000 IL7RlowCCR7+ and <120,000 

IL7RlowCCR7–) only a limited number of experimental conditions could have been tested. 

Therefore, CD4 T cells were subsequently sorted according to IL7R only, excluding 

CD25+ T cells. In fact, it has been shown that regulatory CD4 T cells (IL7RlowCD25+) can 

be distinguished from activated CD4 T cells by means of the IL7R (197, 198). An 

example of sorting strategy is illustrated in Fig. 4.9a. Within experienced CD4+CD45RA– 

T cells 39.74 ± 19.3% (mean ± SE) of the cells were IL7RhiCD25– T cells (related to as 

IL7Rhi T cells), whereas 1.2 ± 0.8% of the cells were IL7RlowCD25– T cells (related to as 

IL7Rlow). CD25+ T cells expressing intermediate levels of IL7R (related to as CD25+) 

comprised 4.7 ± 2.0% of the cells. 

Analysis of Foxp3 expression (Fig. 4.9b) revealed that most of the CD25+ T cells were 

Foxp3 positive (mean ± SE: 62.6 ± 5.0% of the cells), as expected. Nearly no Foxp3 was 

expressed by IL7Rhi T cells (0.4 ± 0.1% of the cells), while a fraction of Foxp3 positive T 

cells was found in the IL7Rlow compartment (10.8 ± 2.0 % of the cells).  

The expression of cytotoxic markers such perforin was determined together with the CD28 

expression because it has been shown that cytotoxic CD4+ T cells are CD28– perforin+ 

(98)(Fig. 4.9c). The majority of CD28–perforin+ CD4 T cells was IL7Rlow (70 ± 18% cells 

versus 8 ± 4% of IL7RhiCD28–perforin+) even if they represented only a fraction (15.42 ± 

6.3%) of total IL7Rlow T cells. As expected, CD25+ T cells did not express perforin and 

were mainly CD28+.  

These results, together with functional analysises previously done, indicate that the 

IL7Rlow CD4 T cell population contains effector T cells and that a fraction of them are 

cytotoxic. 
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Figure 4.9 IL7Rlow CD4 T cells express low levels of Foxp3 and produce perforin. 
(a) New sorting strategy used to isolate experienced CD4 T cells. CD4+CD45RA–CD25– T cells were sorted 
for IL7R high and low expression (referred to as IL7Rhi and IL7Rlow subsets). As a positive control for 
Foxp3 staining also CD25+ with IL7R intermediate expression were sorted (CD25+). (b) Expression of 
Foxp3 in relation to IL7R observed on total experienced CD4 T cells and on each sorted subsets. One 
representative FACS staining out of thirteen is shown. (c) Expression of perforin on total experienced CD4 
T cells in relation to IL7R (left dots plot) and on each sorted subset in relation to CD28 (right dots plots). 
One representative FACS staining out of three is shown.  
 

4.2.3  Antigen-specificities of IL7Rhi and IL7Rlow CD4 T cells from healthy donors 

In order to study the antigen-specificities of experienced T cells under steady state 

conditions, IL7Rhi and IL7Rlow populations were sorted, CFSE-labeled and stimulated 

with different antigens for 7 days. Autologous irradiated monocytes were used as antigen-

presenting cells. Monocytes were pre-incubated for 2h with antigen and cocultured with 

the T cells. 
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4.2.3.1  The addition of IL-2 enhances antigen-specific proliferation of IL7Rlow T cells 

Examples of antigen-specific proliferation in response to the lysate preparation of human 

cytomegalovirus (HCMV) and to the lysate of the Mycobaterium tuberculosis purified 

protein derivative of tuberculin (PPD) are shown in Fig. 4.10. IL7Rhi cells proliferated 

efficiently after stimulation with HCMV or PPD antigens. In contrast to that, IL7Rlow T 

cells showed a very weak proliferation after stimulation with HCMV and almost no 

proliferation upon PPD stimulation. Since the weak antigen-specific response of IL7Rlow T 

cells might depend on insufficient IL-2 production, exogenous IL-2 was added to the 

culture. To avoid the stimulation of autoreactive cells or non-specific cells that could 

overlap with antigen-specific CFSElow T cells, IL-2 was titrated in the presence or absence 

of antigen. Using 2.4 IU/mL (1ng/mL) of IL-2, the percentage of proliferating cells 

cultivated without antigen (control sample) was 1.5 ± 0.4% (mean ± SE) in the IL7Rlow 

subset and 0.9 ± 0.3% in the IL7Rhi subset (mean of >10 independent experiments). Using 

this IL-2 concentration, it was observed that IL7Rlow T cells strongly expanded in response 

to HCMV but not in response to PPD (Fig. 4.10). These data show that, whereas IL7Rhi T 

cells can efficiently expand in response to specific antigens, IL7Rlow T cells fail to expand 

and are prone to die. Nevertheless, addition of even very low levels of IL-2 render IL7Rlow 

T cells capable of antigen-specific proliferation and thus allows analysis of antigen 

specificities. 

 

 
Figure 4.10 Low levels of IL-2 selectively enhance antigen-specific response of IL7Rlow T cells.  
Experienced CD4 T cells were sorted for IL7R expression, CFSE-labeled and stimulated with HCMV or 
PPD antigens in the presence of absence of 2.4 IU/mL of IL-2. The left panel shows antigen-specific 
proliferation of IL7Rhi and IL7Rlow T cells in the absence of IL-2; the right panel shows antigen-specific 
proliferation of IL7Rhi and IL7Rlow T cells in the presence of IL-2. One representative experiment out of 7 is 
shown.  
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4.2.3.2  IL7Rlow T cells respond preferentially to persistent antigens 

A panel of different antigens comprising persistent pathogens (HCMV and Candida 

albicans), self-antigens (MelanA/MART-1) and recall antigens (Influenza, Tetanus toxoid 

and PPD) was used to investigate the heterogeneity of antigen-response of and between 

IL7Rhi and IL7Rlow T cell populations. Sorted IL7Rhi and IL7Rlow subsets were CFSE-

labeled and stimulated with antigen in the presence of low levels of IL-2. As shown in Fig. 

4.11a, IL7Rhi T cells proliferated in response to all antigens tested, although the number of 

responsive cells varied strongly from donor to donor. In contrast, IL7Rlow T cells 

proliferated preferentially in response to HCMV, and to a lesser extent to C. albicans. 

Some cells proliferated also in response to the self-antigen MelanA/MART-1 (MelanA). 

Since the recombinant human (rh)MelanA protein is generated from Escherichia coli 

cultures and some cells responding to E. coli antigens were found in the IL7Rhi and 

IL7Rlow CD4 T cell subsets (data not shown), the specificity for MelanA was verified 

restimulating CFSElow cells with a pool of MelanA-specific peptides (Fig. 4.11b). These 

experiments revealed the presence of MelanA-specific cells in particular among the 

IL7Rlow fraction although it cannot be excluded that some unspecific cells have been 

activated (Fig. 4.11b).  

Very low or undetectable levels of proliferation were observed in 6 donors after 

stimulation with antigen specific for the Influenza A virus (Flu) (Fig. 4.11a). Notably, Flu-

specific IL7Rlow T cells were detected in two donors receiving Flu vaccination four 

months before the time of analysis (data not shown). Among the donors analyzed various 

levels of PPD-specific response within the compartment of memory IL7Rhi T cells could 

be observed but almost no specific proliferation of IL7Rlow T cells (Fig. 4.11a). However, 

in one case of a recent tuberculosis infection a PPD-specific response was detected for 

IL7Rlow T cells (data not shown). Finally, proliferation of IL7Rlow T cells after exposure to 

tetanus toxoid (TT) was either not detectable or weak, suggesting that in some donors 

specific cells against TT antigens are present in the blood (Fig. 4.11a).  

In summary, these data show that the IL7Rlow population is largely specific for the 

persistent virus HCMV but contains also cells specific for other persistent antigens to a 

varying extent. In particular, in that cohort of donors, responses to the self-antigen 

MelanA and the commensal fungus C. albicans were detectable. Memory IL7Rhi CD4 T 

cells specific for cleared or recall antigens were present in the blood, whereas circulating 

effector IL7Rlow T cells were few or absent. However, four month after a Flu vaccination 
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Flu-specific IL7Rlow T cells could be detected suggesting that cells specific for recall 

antigens can transiently be observed.  

 

 

 

 

 

 

Figure 4.11 Recall responses to different antigens of IL7Rhi and IL7Rlow T cells. a) Experienced CD4 T 
cells sorted for IL7R expression, were CFSE-labeled and stimulated with different antigens in the presence 
of low levels of IL-2. Antigen-specific proliferation was assessed after 7 days gating on CFSElow T cells. 
Each donor is represented by a different symbol. The statistical significance of variation between IL7Rhi and 
IL7Rlow (P values) was: HCMV (n= 14) 0.78; MelanA (n= 8) 0.007; Candida (n= 7) 0.009; Flu (n= 6 ) 0.01; 
PPD (n= 7) 0.002; TT (n= 6) 0.03. Statistical significance was determined with Student’s t test. 
b) IL7Rhi and IL7Rlow T cells were labeled with CFSE and stimulated with rhMelanA. At day 7 cells were 
restimulated with MelanA pepmix and analyzed for IFN-γ and TNF-α production by intracellular staining. 
The dot plots show the production of cytokines gated on CFSElow T cells. One experiment out of three is 
shown.  
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4.2.3.3  Cytokine-production of antigen-specific IL7Rhi and IL7Rlow T cells 

In order to understand which cytokines were produced by antigen-specific IL7Rhi and 

IL7Rlow T cells early after antigen-specific restimulation (24h of culture), cells were 

cocultured with monocytes and the cytokines in the supernatant were analyzed. Analysis 

was performed after HCMV-, Candida- and MelanA-specific stimulation. IFN-γ was 

produced at high levels by HCMV-specific IL7Rlow T cells and at low levels by Candida-

specific IL7Rlow T cells (Fig. 4.12a). IL-10 was found in low levels in the supernatant of 

HCMV-stimulated IL7Rlow T (Fig. 4.12a). IL-17 was not detectable under any conditions 

(data not shown). Finally, in the presence of rhMelanA none of these cytokines were 

detected (data not shown). 

These data indicate that only antigen-specific cells occurring in high frequency in the 

blood, such as HCMV-specific cells, can be detected after short stimulation. Therefore, the 

analysis of specific proliferation in the presence of low levels of IL-2 remains in these 

conditions the best way to detect antigen-specific T cells among IL7Rhi and IL7Rlow CD4 

T cells. 

4.2.3.4  Cytokine-profile after antigen-specific proliferation 

IL7Rhi and IL7Rlow T cells were cultured in the presence of HCMV or C. albicans 

antigens. After 7 days cells were antigen-specifically restimulated and the cytokine 

production of CFSElow T cells was assessed. Both IL7Rhi and IL7Rlow HCMV-specific T 

cells produced mainly IFN-γ but not IL-17 (Fig. 4.12b) whereas Candida-specific T cells 

produced IL-17 alone or together with IFN-γ. Interestingly, after 7 days of proliferation a 

fraction of IL7Rlow but not of IL7Rhi T cells co-produced IL-10 and IFN-γ (Fig. 4.12b). 

In agreement with other studies (60, 87), these data suggest that HCMV-specific cells are 

composed mainly by Th1 cells whereas Candida-specific T cells produce mainly IL-17.  
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Figure 4.12 Cytokine-production of antigen-specific IL7Rhi and IL7Rlow T cells. (a) IL-10 and IFN-γ 
production of IL7Rhi and IL7Rlow T cells observed with ELISA after 24 h of stimulation in the presence of 
HCMV or C. albicans antigens. Data represent the mean ± SE of three independent experiments. (b) IL7Rhi 
and IL7Rlow T cells were labeled with CFSE and stimulated with HCMV or Candida. At day 7 cells were 
restimulated with specific antigens and analyzed for IL-17, IL-10 and IFN-γ production by intracellular 
staining. The dot plots show the production of cytokines gated on CFSElow T cells. One experiment out of 
three is shown.  
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Discussion and conclusion 
 

5.1  Functions and phenotype of memory and effector T cells: the 

contribution of IL7R as a marker 

Long-term protection against repetitive exposure to pathogens is provided by memory T 

cells that persist in the body in the absence of antigen. In contrast, elimination of 

pathogens is exerted by effector T cells that perform helper and cytotoxic functions. 

Qualities of memory T cells encompass the ability to self-renew due to slow homeostatic 

proliferation, to survive under steady state conditions and to rapidly expand in a recall 

response (65). Effector T cells divide vigorously upon antigen stimulation but disappear 

quickly once the antigen is cleared (65). The cytokine that is primarily involved in the 

survival of memory T cells is IL-7, while both IL-7 and IL-15 are required for homeostatic 

proliferation (151, 199). Moreover, IL-7 seems to play a role in generating memory T cells 

from activated T cells (133, 139). Consistent with this role of IL-7, naive and memory T 

cells express the high affinity IL-7Rα (IL7R) chain. The different expression of IL7R and 

CD62L has been suggested to identify murine memory CD8 T cells generated upon acute 

infection (83). Thus, CD8 TCM (central memory) cells were found to be IL7RhiCD62Lhi 

whereas CD8 TEM cells (effector memory) are IL7RhiCD62Llow (83, 170). In contrast, 

short-lived effector cells are described as IL7RlowCD62Llow T cells (83, 133, 170). Studies 

in the mouse have demonstrated that a stable population of antigen-specific IL7Rlow CD8 

T cells is maintained by a chronic antigenic stimulation in persistent viral infections (91, 

144, 145). 

In the human system, cells with central and effector memory characteristics are 

discriminated by different expression of CCR7 and CD62L (70). However, some studies 

indicate that these markers do not always correlate with the two functional memory 

subsets (58, 79, 200, 201). Moreover these surface markers do not allow to make a clear-

cut distinction between memory and effector T cells in the human system (74, 201). Thus, 

effector T cells mainly are defined by the absence of memory characteristics like efficient 

survival and homeostatic proliferation. Recent studies have shown that human CD8 T cells 

specific for antigens of chronic viruses lose IL7R expression (146, 175). In particular, 

expansion of antigen-specific IL7Rlow T cells was observed in the absence of control of the 

virus by the immune system (202, 203). In this work the memory and effector functional 

properties of human antigen-stimulated CD4 T cells were analyzed according to IL7R and 

CCR7 expression. 
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5.1.1  Summary of the results 

The study was performed using in vitro primed CD4 T cells and antigen-experienced CD4 

T cells freshly isolated from the peripheral blood of healthy donors (ex vivo). Four susbets 

were identified in respect to IL7R and CCR7 expression. Of these, IL7RhiCCR7+ T cells 

preferentially secreted IL-2 and survived and proliferated efficiently in the presence of 

homeostatic cytokines or antigenic restimulation. In contrast, IL7RlowCCR7– T cells 

produced mainly IFN-γ and low IL-2, were highly susceptible to apoptosis and 

proliferated poorly. In opposition to the in vitro results the low IL7R expression rather 

than the lack of CCR7 correlated with ex vivo cells showing poor proliferative capacity 

and low rates of survival. Only in the presence of a costimulatory signal IL7RlowCCR7+ T 

cells escaped cell death and, to some extent, proliferated. The presence of IL-2 restored 

the capability of IL7Rlow T cells to proliferate upon polyclonal or antigen-specific TCR 

stimulation. Ex vivo IL7Rlow T cells included most of the CD28–perforin+ T cells 

indicating the presence of cytotoxic CD4 T cells in this compartment. Antigen-specificity 

analysis revealed that IL7Rlow T cells were a heterogeneous population that recognizes 

preferentially HCMV antigens but also persistent antigens of C.albicans and the self-

antigen MelanA. 

The strength of stimulation during the priming of naive CD4 T cells determined the course 

of differentiation of IL7RhiCCR7+ T cells in vitro. In fact, IL7RhiCCR7+ T cells that had 

been induced using low strength of stimulation proliferated poorly and were susceptible to 

cell death during cytokine expansion or TCR-restimulation. High strength of stimulation 

gave rise to a population of IL7RhiCCR7+ T cells that proliferated efficiently with 

homeostatic cytokines but did not after secondary stimulation with antigen. Those cells 

differentiated spontaneously into IFN-γ-producing cells. Intermediate strength of 

stimulation promoted the differentiation into IL7RhiCCR7+ T cells that combined 

cytokine-responsiveness and the capacity for secondary expansion. In addition, different 

strengths of stimulation induced differing IL7R signaling capacities and diverse 

expression patterns of genes involved in proliferation, differentiation and survival. 
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5.2  Lymph nodes homing receptors and IL7Rα expression discriminate 

between memory- and effector-like  CD4 T cell subsets 

5.2.1  IL7RhiCCR7+ and IL7RhiCCR7– CD4 T cell subsets 

Both in vitro generated as well as ex vivo isolated IL7RhiCCR7+ CD4 T cells produced 

high levels of IL-2, showed high survival rates, proliferated slowly with homeostatic 

cytokines and efficiently expanded after TCR restimulation (Fig 4.2, 4.7 and 4.8). All of 

these are characteristics of TCM-like cells (66, 78, 83, 170). In contrast to that, ex vivo 

isolated IL7RhiCCR7– T cells produced IL-2 and IFN-γ in equal amounts and were more 

responsive to homeostatic cytokines than IL7RhiCCR7+ cells, consistent with the notion 

that these cells are more differentiated and represent TEM-like cells (Fig 4.7 and 4.8) (51, 

66, 78, 83, 170). IL7RhiCCR7– T cells with TEM characteristics were also generated in low 

numbers upon TSST-stimulation (Fig 4.2). Some of these cells spontaneously re-

expressed CCR7 in the absence of antigenic restimulation acquiring a TCM-like phenotype. 

Previous studies have observed a conversion of CD62Llow CD8 T cells to CD62Lhigh CD8 

T cells after adoptive transfer of primed TCR-transgenic TEM cells into naive recipients 

(67). This conversion was demonstrated both at the protein and gene expression levels 

(137) and these data supported the linear differentiation model of memory T cells. 

However, it is possible that up-regulation of CD62L occurs in cells that have not 

completely shut down the CD62L locus, for example because of high competition for the 

antigen. Notably, T cell priming in those experiments was performed with high numbers 

of naive T-cell precursors that might strongly compete for the antigen and therefore fail to 

fully differentiate into TEM and TCM cells (171, 179). In fact, in the presence of 

physiological levels of naive T cell precursors, and therefore under a reduced competition 

for antigen, no conversion of the TCM into the TEM phenotype was observed (171). 

Concerning CCR7 up-regulation in in vitro stimulated human cells a high competition for 

TSST-loaded DC might occur, possibly leading to a conversion of the CCR7 phenotype. 

Low competition for TSST-loaded DC may be achieved using a lower number of naive T 

cells or increasing the strength of stimulation of the priming. However, the limits due to 

the number of cells that can be detected and to the high cell death rate induced by strong 

stimulation (204) impeded to verify the CCR7 conversion in conditions of low antigen 
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competition. Interstingly, circulating IL7RhiCCR7– CD4 T cells did not reacquire CCR7 

expression when cultured with IL-7 or IL-15 (data not shown), suggesting that under 

steady state conditions these cells might probably have a stable phenotype.  

In summary, the combination of IL7R and CCR7 expression might be useful to 

discriminate human CD4 TCM- and TEM-like cell subsets. 

5.2.2  IL7RlowCCR7+ CD4 T cell subset 

After 7 days of stimulation with TSST a substantial fraction of primed CD4 T cells was 

comprised of IL7RlowCCR7+ T cells. These cells produced high levels of IL-2 and 

survived as well as IL7RhiCCR7+ T cells (Fig. 4.2). In addition, some of these cells 

spontaneously re-acquired IL7R expression suggesting that they might represent an 

intermediate state of the memory-like phenotype. Cells with the same phenotype have also 

been found in the CD8 population as a transient subset that appears immediately after 

infection with Listeria monocytogenes (1 days post infection) and disappears during the 

following days (84). In contrast to these data, ex vivo isolated human IL7RlowCCR7+ CD4 

T cells were a small fraction of cells showing high susceptibility to cell death and an 

impaired proliferation (Fig. 4.8). Nonetheless, some cells were able to produce either IL-2 

or IFN-γ (Fig. 4.7). Several studies have shown that human CCR7 can be up-regulated 

upon T cell activation (58, 63, 73, 205). In addition, a fraction of tissue-infiltrating human 

T cells were found to be CCR7+ (200), suggesting that these cells could return to the 

lymph nodes (37). Finally, in some studies it has been found that cells expressing CCR7+ 

might exert effector functions (79, 81, 82). According to these studies it is conceivable 

that IL7RlowCCR7+ CD4 T cells up-regulated CCR7 because they recently have been 

activated by an antigen. Alternatively, they might simply represent an intermediate state 

towards the IL7RlowCCR7– phenotype. In favour of the first hypothesis it should be noted 

that a fraction of IL7Rlow CD4 T cells expressed Ki67 and HLA-DR that are markers of 

recent activation (data from B. Häringer). Compared to IL7Rhi cells, IL7Rlow T cells 

showed reduced expression of the anti-apoptotic molecule Bcl-2 (data from B. Häringer) 

indicating a reduced survival capacity as observed in activated cells (206). However, a 

direct correlation between markers of recently activation and CCR7 expression among 

IL7Rlow CD4 T cells have to be done. 

On the whole, the presence of IL7RlowCCR7+ intermediate cells indicates that the CCR7 

expression alone is not sufficient to discriminate between memory- and effector-like cells.  
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5.2.3  IL7RlowCCR7– CD4 T cell subset 

Both in vitro and ex vivo IL7RlowCCR7– CD4 T cells showed characteristics of effector T 

cells such as low survival rates and impaired proliferation with homeostatic cytokines. 

However, some differences were observed between the two cell populations. A fraction of 

TSST-primed IL7RlowCCR7– T cells were still able to produce small amounts of IL-2 and 

to spontaneously re-express CCR7 which suggests that they might convert the phenotype 

(Fig. 4.2). Moreover, some of these cells proliferated in response to IL-7. None of these 

modifications was observed for circulating IL7RlowCCR7– CD4 T cells. In fact, these cells 

were characterized by a higher rate of cell death, a strongly impaired proliferation in the 

presence of IL-7 and the absence of IL-2 production (Fig. 4.7 and 4.8). Moreover, re-

expression of CCR7 on the cell surface was not observed (data not shown). Therefore it is 

assumed that circulating IL7RlowCCR7– CD4 T cells represent the most differentiated 

subset with effector characteristics. 

5.2.4  In vitro primed versus ex vivo isolated human CD4 T cell subsets 

Analysis of antigen-experienced CD4 T cells according to IL7R and CCR7 expression 

demonstrated that IL7Rhi T cells show characteristics of memory T cells similar to those 

described in vivo (83, 170, 181) while IL7Rlow T cell subset contained cells with effector 

characteristics. Using CCR7 as a secondary marker in the population of IL7Rhi T cells it 

was shown to be considerably easier to define the populations of cells with TCM or TEM 

characteristics both in vitro and ex vivo. It should be noted that while CCR7 expression 

can be utilized to discriminate in vitro generated cells with high or low survival rates, 

among ex vivo isolated cells it is the low expression of IL7R that identifies cells with low 

survival rates and impaired proliferation. Therefore, using IL7R as a surface marker, 

CCR7 expression appeared to be dispensable to describe ex vivo effector-like CD4 T cells. 

Thus, IL7R might be a good marker to distinguish circulating memory- and effector-like 

CD4 T cells.  

The differences observed between ex vivo isolated and in vitro primed IL7Rlow CD4 T 

cells might be a consequence of the different strength of stimulation received by CD4 T 

cells in vivo and in vitro. Firstly, the pool of in vitro CD4 T cells corresponds to cells 

generated during a primary response, while CD4 T cells isolated ex vivo represent a 

population of cells under steady state conditions. Secondly, cells primed in vitro were 

sorted according to low CFSE expression and IL7Rlow T cells represented a uniform 
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population of recently activated cells. In contrast, ex vivo isolated IL7Rlow T cells were a 

heterogeneous population in which the activation state of the cells is most likely not 

synchronous. Finally, the physiological environment in vivo versus the artificial 

environment in vitro can contribute to the differences observed. For instance, the type and 

the activation state of DC, the presence or absence of costimulatory molecules, the 

competition among T cells, and the cytokine environment are factors that may lead to 

more stable differentiation state of ex vivo IL7Rlow CD4 T cells compared to in vitro 

generated IL7Rlow T cells (134). Interestingly, it has been observed that IL7Rlow CD8 T 

cells isolated ex vivo show increased methylation in the IL7Rα gene promoter than do 

IL7Rhi CD8 T cells (207). However, the IL7Rα methylation cannot be induced in vitro 

simply by TCR triggering and/or adding cytokines, suggesting that more complex factors 

leads to the epigenetic modifications of the IL7Rα locus (207). 

Altogether, these data support the hypothesis that the amount of stimuli accumulated is 

crucial for the cell fate decision (89). 

5.2.5  CD4+ Cytotoxic T cells 

One of the functions of effector T cells is to kill infected cells through the secretion of 

cytotoxic molecules such as grazymes and perforin. Effector IL7Rlow CD8 T cells isolated 

from peripheral blood represent a substantial subset of the CD8 compartment (134, 208) 

able to produce granzymes B or perforin (146, 209). In agreement with that most of the 

cytotoxic functions are driven by CD8 T cells. However, the existence of human cytotoxic 

CD4 T cells has been proven and ex vivo cytotoxic CD4 T cells have been found in 

responses to HCMV (97, 98). Interestingly, here most of the cells lacking CD28 and 

expressing perforin have been found in the IL7Rlow fraction (between 10 and 20 % of total 

IL7Rlow) (Fig. 4.9) indicating that circulating cytotoxic CD4 T cells are IL7Rlow.  

5.2.6  TCR triggering and IL-2 expand effector-like T cells 

The expansion of IL7Rlow T cells seems to be limited by the availability of IL-2. In 

support of this hypothesis, it was observed that, in the presence of the CD28 costimulatory 

signal ex vivo IL7RlowCCR7– T cells produced only IFN-γ and failed to expand while 

IL7RlowCCR7+ T cells were still able to produce some IL-2 and thus, to expand. 

Moreover, the addition of very low amounts of IL-2 restored the capacity of IL7Rlow T 

cells to proliferate upon TCR stimulation (Fig. S2). The fact that proliferation recovered 
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after the addition of IL-2 indicates that IL7RlowCCR7– T cells might be in an anergic state 

(210). Moreover, the cells of this subset recognized persistent antigens, and it is known 

that chronic antigenic stimulation can induce T cell anergy or exhaustion (211-213). 

Further studies on the molecular level would clarify whether these cells are anergic, 

exhausted or a combination of both. 

It should be noted that some IL7Rlow CD4 T cells (~10%) expressed Foxp3 (Fig. 4.9), the 

master regulator of natural Treg development (22). Therefore, it is conceivable that the 

impairment of IL-2 production was due to a Treg contamination, even if those could only 

constitute a minute part of the overall IL7Rlow cytokine-response. Although a 

contamination of CD25– Treg cannot be excluded it should be noted that Foxp3 up-

regulation is observed in a fraction of human activated CD4 T cells that show effector 

properties but no suppressive activity (214-216).  

5.2.7  Antigen-specificity of IL7Rlow CD4 T cells in steady state conditions 

Because of the low frequency of circulating antigen-specific CD4 T cells it is very 

difficult to determine antigen-specificity by analyzing cytokine production after only a 

short stimulation. Therefore, specific proliferation upon antigen recall was used as a read-

out for antigen-specificity of IL7Rlow CD4 T cells. The cells proliferated and expanded 

preferentially in response to persistent antigens (Fig 4.11). In particular, a strong response 

to HCMV antigens was observed. That most probably has its cause in the higher relative 

frequency of these antigen-specific cells in the blood (217, 218). HCMV is a persistent 

virus that infects approximately 70% of the population without symptomatic effects in 

healthy subjects (219). An HCMV-specific response is associated with Th1 development 

(101). In agreement with that HCMV-specific CD4 T cells produced IFN-γ but not IL-17 

after specific restimulation (Fig. 4.12). Moreover, since the cytotoxic HCMV-specific 

CD4 T cells were isolated ex vivo (97) it is conceivable that a part of the HCMV-specific 

IL7Rlow CD4 T cells was cytotoxic. However, if a direct correlation between cytotoxic 

function and HCMV-specificity exists was not examined.  

In addition to HCMV-specific cells, the IL7Rlow T cell population recognized other 

persistent antigens such as C. albicans which is an opportunistic fungus present in the 

gastrointestinal tract of around 80% of healthy donors. Like the HCMV infection, the 

infection with C. albicans is asymptomatic in the absence of immunodeficiency (220). As 

already described, candida-specific CD4 T cells produced IFN-γ and IL-17 (Fig. 4.12) (60, 
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221). Interestingly, cells co-producing IFN-γ and IL-10 upon specific stimulation with 

HCMV or C. albicans were specifically found in the IL7Rlow compartment (Fig. 4.12) 

raising the question whether these cells might combine effector functions with suppressive 

activity as described for mice infected with the protozoan parasite Toxoplasma gondii 

(222). In this regard, it should be noted that, in contrast to the IL7Rhi T cell fraction, 

IL7Rlow CD4 T cells were able to co-produce IFN-γ and IL-10 also after a short polyclonal 

stimulation (data not shown). 

The IL7Rlow subset contained cells that were specific for the melanosomal differentiation-

antigen MelanA/MART-1 (Fig 4.12) which is a self-antigen normally expressed by 

melanocytes and a target for melanoma tumors and vitiligo (223-225).  

In contrast to these results, cells specific for cleared viruses, such as Flu, were almost not 

detectable. These findings are consistent with the idea that circulating effector IL7Rlow 

cells recognize preferentially persistent antigens and require low levels of those antigens 

to be maintained in the periphery (91, 92, 146). A similar alteration in the T cell 

maintenance is described not only for the presence of a chronic viral infection but also for 

persisting bacterial or parasitic infections (226-228). In contrast to that, IL7Rlow effector T 

cells disappear when the antigen is cleared (133). With regard to recall antigens, various 

but always low levels of response of IL7Rlow T cells to tetanus toxoid were observed. On 

the other hand, almost no specific IL7Rlow T cell proliferation was induced after 

stimulation with PPD, an antigen of Mycobacterium tubercolosis. Concerning the 

vaccination against M. tubercolosis little is known about the mechanisms that precede a 

protective CD4 immune response. However, these data suggest that memory CD4 T cells 

specific for M. tubercolosis and tetanus toxoid are widely present in the blood, whereas 

circulating effector T cells are rare or absent. Interestingly, IL7Rlow CD4 T cells specific 

for Flu and PPD were found in two donors following Flu vaccination and in a patient that 

had recently contracted tuberculosis, respectively. These observations raise the question 

whether by observing the modulation of IL7R expression the quality of the CD4 T cell 

response in different pathologies or after vaccination can be monitored. In fact, the 

presence of IL7Rlow T cells might indicate that a specific antigen has not yet been 

removed. Respectively, it has been proposed that the expansion of IL7RlowCD4 T cells in 

HIV-patients might indicate a CD4 T cell dysfunction due to HIV-associated chronic 

immune activation (202). Following the CD4 T cell generation and IL7R expression after 
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vaccination or during acute infection might help to better discriminate protective and non 

protective immune responses.  

Finally, it should be noted that different levels of antigen-specific responses were 

observed among memory-like IL7Rhi T cells which most probably is due to distinctive 

donor characteristics. On the other hand, it cannot be excluded that, owing to peculiarities 

of certain vaccines or pathogens, memory and effector CD4 T cells become enriched in 

secondary lymphoid organs or tissues, thereby being rendered extremely rare in the blood.  

5.2.8  Maintenance of effector T cells 

An important point to understand is how effector T cells can be maintained in vivo. In 

mice, IL7Rlow CD8 T cells generated by a chronic virus infection, survive badly and 

poorly respond to homeostatic cytokines (91). In fact, these cells extensively proliferate in 

an antigen-dependent manner (92, 151) and die when the antigen is removed. Moreover, 

this extensive proliferation is not accompanied by cell expansion indicating a high rate of 

cell death (92). It is conceivable that corresponding to the mouse model (92, 151) IL7Rlow 

CD4 T cells are maintained in the periphery by continuous contact with low levels of 

persistent antigens. This may explain why from steady state condition isolated IL7Rlow 

CD4 T cells were found not to respond to cleared antigens. Another hypothesis is that this 

population is formed by short-lived cells that are continuously generated from precursor 

cells through encounter with the antigen (229). Finally it cannot be excluded that these 

cells home to the tissues were they might be preserved by means of other survival factors.  

Experiments in vitro have shown that IL-15 is involved in maintaining the IL7RlowCCR7– 

CD8 population in the human system, either in an antigen-dependent or -independent way 

(230) and in terms of therapeutic potential, it has been suggested that IL-15 enhances an 

immediate effector T cells response against microorganisms or tumors as well as in 

vaccine treatment (122, 231). Even if the presence of IL-15 did not induce the expansion 

IL7Rlow CD4 T cells, low levels of proliferation were observed (Fig. 4.8) indicating that a 

role of IL-15 in maintaining effector T cells in vivo cannot be ruled out.   
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5.3  Role of the signal strength in modulating IL7R surface phenotype 

and functions of CD4 T cells 

The down-regulation of IL-7R on the cell surface can be driven by IL-2 (138, 186), IL-7 

(119) or TCR triggering (127, 133, 134). It has been suggested that the dynamic down-

regulation of IL7R expression occurs in order to control IL-7 responsiveness. Since the 

consumption of IL-7 is a limiting factor for cell survival IL7R down-regulation driven by 

IL-7 might be a measure to ensure that sufficient amounts of IL-7 are present to provide 

for the survival of competing T cells (naive or memory) during the resting phase (119). On 

the other hand, the IL7R down-regulation upon antigen stimulation leads activated T cells 

to survive and expand upon contact with other cytokines such as IL-2 or IL-4 (127, 232). 

In the mouse model it has been shown that a subset of IL7Rhi T cells constitutes the 

precursors of long-lived memory CD8 T cells (TCM and TEM cells) during acute infection 

with lymphocytic choriomeningitis virus (LCMV) (133). These cells survive the 

contraction phase and progressively acquire memory cell characteristics (133, 144). In 

fact, when transferred into naive mice, they exhibit a slow turnover in response to 

homeostatic signals and expand efficiently in response to the specific antigen. 

In accordance with this concept and aware of the limitations of an in vitro system the 

strength of priming with TSST was modulated in order to understand whether or not 

different levels of stimulation affect the generation of memory-like CD4 T cells. In 

particular, the analysis focused on TCM-like IL7RhiCCR7+ CD4 T cells. Using this 

approach it was demonstrated that cells with the same central memory phenotype show 

different properties depending on the strength of stimulation applied during the priming. 

Firstly, it was shown that different levels of priming influenced the amount of activated 

CD69+ T cell blasts but not the down-regulation of IL7R expression that was equally lost 

in all activated CD69+ CD4 T cells (Fig. 4.1). In contrast, the effects of different signal 

strengths were evident after 7 days of culture since different numbers of dividing 

IL7RhiCCR7+ CD4 cells were found upon low-, intermediate-, and high-strength 

stimulation (Fig. 4.2). IL7RhiCCR7+ T cells generated after weak stimulation were unable 

to proliferate with homeostatic cytokines and showed a low rate of survival (Fig 4.3). 

Thus, these cells seem unfit to become memory T cells (168). IL7RhiCCR7+ T cells 

generated under intermediate strength of stimulation showed a low rate of proliferation 
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with homeostatic cytokines and an efficient expansion in a recall response. In addition, 

they maintained the expression of CCR7 when stimulated with homoestatic cytokines (Fig 

4.3). Thus, these cells possess characteristics of circulating non-polarized TCM cells (51) 

(51, 233). Moreover, these cells are similar to the precursors of memory cells described by 

Kaech S.M. et al. (133). High-stimulated IL7RhiCCR7+ T cells proliferated less than 

intermediate-cells upon TCR restimulation but did efficiently with homeostatic cytokines 

and spontaneously differentiate into IFN-γ-producing cells (Fig 4.3). Accordingly these 

cells have characteristics of pre-Th1 TCM cells (51, 233). The pre-commitment state of 

these central memory-like cells was indicated also by the up-regulation of genes involved 

in the Th1 development such as IL-12Rβ (Fig 4.5).   

Increasing levels of proliferation among these subsets were observed in response to IL-7 

(Fig. 4.3), although a corresponding increase of IL7R expression from low- to high- 

stimulated cells was not found (Fig. 4.4). Moreover, after stimulation with IL-7 all the 

subsets were able to induce phosphorylation of STAT5. Therefore, it can be ruled out that 

functional defects of IL7R would affect the response to IL-7. Other factors than the 

expression level and functioning of IL7R might be responsible for the varying 

proliferation observed in response to IL-7. It was found that an increasing strength of 

stimulation correlated with a reduction of PTEN expression (Fig 4.4). PTEN is a 

phosphatase that negatively modulates proliferation and cell survival driven/controlled by 

the PI3K/Akt pathway (234). In fact, many common leukemic T cell lines, including 

Jurkat T cell line, lack PTEN expression (235) (and data not shown) and mice 

heterozygous for PTEN do spontaneously develop tumors (236). In addition, high 

stimulated cells showed increased phosphorylation of the s6 ribosomal protein (Fig. 4.4) 

which is part of the PI3K/PDK1 (phosphoinositide-dependent protein kinase 1) pathway 

as regulator of cell-cycle progression. Taken together these results indicate that at high 

strengths of stimulation some checkpoints of the IL7R signal transduction are differently 

modulated making the cells more prone to proliferate in response to IL-7. High expression 

of cell-cycle regulator genes in high-stimulated cells also indicates a low threshold to 

turnover and proliferation (Fig. 4.5).  

Increased levels of proliferation and a corresponding increase of phosphorylation of the s6 

ribosomal protein from low- to high-stimulated cells were also observed in response to IL-

15 treatment. However, small differences in IL-2/IL-15Rβ chain expression (Fig. 4.4) 

might be in part responsible for varying IL-15 susceptibility. The progressively increasing 
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expression of IL-2/IL-15Rβ from naive T cells to TCM and finally TEM cells has been 

already described (78) and a similar tendency might be found for TCM-like cells.  

The low levels of proliferation upon secondary antigen stimulation of high-stimulated 

cells were associated with high levels of cell death and low expansion potential (Fig. 4.3) 

probably due to impaired IL-2 production. In fact, the proliferation was partially restored 

when exogenous IL-2 was added (Fig. S1). However, in the presence of polyclonal 

stimulation (i.e.: PdBu and Ionomycin) high-stimulated IL7RhiCCR7+ T cells were able to 

produce IL-2 themselves (data not shown), suggesting that the signaling inhibition or 

defect might be associated with parts of the signaling pathway upstream of the PdbU and 

Ionomycin targets. Gene expression analysis showed that molecules regulating the IL-2 

production upon TCR stimulation were modulated in favor of an IL-2 inhibition (Fig. 4.5). 

Notably, some of those molecules such as LFA-1, CTLA-4 and LAT are membrane-

associated indicating that a possible defect might be proximal to the membrane. 

The different states of differentiation observed in in vitro generated IL7RhiCCR7+ CD4 T 

cells support the concept that the TCM pool is comprised of a heterogeneous population of 

cells and this heterogeneity is probably influenced by the amount of signals received 

during the priming.  In agreement with other studies (136, 142, 143, 147), these results 

suggested that the properties and the fate of memory T cells cannot be predicted by 

analyzing the expression of IL7R without considering the priming conditions. In this 

regard, a recent work in mice has directly demonstrated that IL7R is permissive but not 

sufficient to induce the generation of long-lived memory cells (237). In fact, the 

constitutive IL7R expression on T cells does not affect the number and fate of effector and 

memory CD8 T cells generated upon virus infection, implying that the T cell fate decision 

is independent of IL7R expression but rather imprinted very early during the T cell 

activation (237).  

These data do not clarify whether the cells first have to go through an effector phase as 

described for mouse CD8 T cells, which would support the decreasing potential model 

(238), or whether memory T cells differentiate directly from naive T cells as described by 

the progressive differentiation model (89). Further studies must be performed in order to 

elucidate whether the initial IL7R down-regulation on activated CD4 T cells (Fig. 4.1) is 

accompanied by the gain of effector properties, such as cytotoxicity and production of 

inflammatory cytokines. 
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5.4  Conclusion 

In this study it was shown that the combined expression of IL7R and CCR7 on the surface 

of antigen-experienced CD4 T cells might be useful to discriminate memory- and effector-

like cells. Both in vitro and ex vivo, IL7Rhi T cells show memory characteristics and can 

be identified as TCM-like and TEM-like cells by the different expression of CCR7 whereas 

IL7RlowCCR7– T cells show effector characteristics. In contrast, IL7RlowCCR7+ T cell 

subset generated in vitro or isolated ex vivo differs for functional properties. In particular, 

the survival rates and the homeostatic proliferation of this subset were impaired among ex 

vivo isolated cells but not among in vitro primed cells. Thus, low IL7R expression appears 

to identify circulating effector-like CD4 T cells despite of CCR7 expression.  

IL7Rlow T cells isolated from steady state conditions preferentially recognize persistent 

antigens. Even if the IL7Rlow CD4 T cells represent only a small population of circulating 

antigen-experienced CD4 T cells they probably are heterogenous in their functions. They 

include cells with cytotoxic activity as well as cells expressing markers of recent 

activation. In addition, some of these cells co-express IFN-γ and IL-10 after antigen-

specific restimulation. Understanding the relationship between these characteristics will 

prove useful to better define the roles of IL7Rlow CD4 T cells in vivo. 

For in vitro generated IL7RhiCCR7+ CD4 T cells it has been demonstrated that the 

strength of signal received by a cell during priming plays a crucial role in defining its 

differentiation program. Modulating the strength of stimulation it was possible to generate 

either unfit cells, non-polarized cells or cells with pre-Th1 characteristics, while each of 

these populations showed the same IL7RhiCCR7+ phenotype. A similar but probably more 

complex interaction of synergistic signals might give rise to heterogeneity within the CD4 

memory pool in vivo. It is quite possible that a corresponding heterogeneity exists within 

the effector T cell pool. In terms of adoptive immunotherapy, these data suggest that the 

study of the optimal combination of signals required for T cell priming might be useful in 

order to generate an efficient and protective memory response.  
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Fi

g. S1. Addition of exogenous IL-2 (10 ng/mL) enhances the proliferation of high-, 

intermediate- and and low- stimulated IL7RhiCCR7+ T cells. 

 

 

Fig. S2. Addition of 2.4 IU/mL of IL-2 enhances the proliferation of IL7Rlow
 CD4 T cells 

stimulated with αCD3 (2μg/mL). 
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9.1  Abbreviations 

α   anti 
Ag   antigen 
AICD    activation-induced cell death 
APC   allophycocyanin 
APC   antigen presenting cells 
BAD   Bcl-2-antagonist of cell death 
Bcl-2   B-cell lymphoma 2 protein 
CCL   CC chemokine ligand 
CCR   chemokine (C-C motif) receptor  
CD   clusters of differentiation 
CDC   cell division cycle 
CDK   cyclin-dependent kinases 
CDKI   cyclin-dependent kinases inhibitor 
CFDA-SE  carboxyfluorescein diacetate succinimidyl ester  
CFSE    carboxyfluorescein succinimidyl ester 
CLA   cutaneous lymphocyte-associated antigen 
CLR   C-type lectin receptors  
CREM   cAMP response element modulator) 
CTL   cytotoxic T lymphocytes 
CTLA-4  cytotoxic T-lymphocyte antigen 4 
CXCL   CXC chemokine ligand 
CXCR   chemokine (C-X-C motif) receptor 
DC   dendritic cells 
EBV   Epstein-Barr virus 
FACS   fluorescence activated cell sorting 
FITC   fluoresceinisothiocyanate 
Flu   influenza A virus 
Foxp3   forkhead-winged helix transcription factor  
FSC   forward-scattered light 
γc   common cytokine-receptor γ-chain 
GM-CSF  granulocyte-macrophage colony-stimulating factor 
GTP    guanosine triphosphate 
HCMV  human cytomegalovirus 
HEVs   high endothelial venules 
HIV   human immunodeficiency virus 
HLA   human leukocyte antigen 
HS   human serum 
IFN-   interferon- 
IL-   interleukin- 
JAK   janus kinase  
LAT   linker for activation of T cells 
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LCMV   lymphocytic choriomeningitis virus  
LN   lymph nodes  
LPS   lipopolysaccharide 
mAb   monoclonal antibody 
MACS   magnetic associated cell sorting 
MAP   mitogen-activated protein 
MART   melanoma-associated antigen recognized by T cells 
MelanA  melanosomal differentiation-antigen 
MHC   major histocompatibility complex 
NK   natural killer 
NLR   nod-like receptors 
p21SNFT   21-kDa small nuclear factor isolated from T cells 
PAMP   pathogen associated molecular patterns 
PBMC   peripheral blood mononuclear cells 
PBS   phosphate buffered saline 
PdBu   phorbol 12,13-dybutyrate 
PDK   phosphoinositide-dependent protein kinase 1 
PE   phycoerythrin 
PI    propidium iodide 
PI3K   phosphatidylinositol 3-kinase 
PP   Peyer’s patches 
PPD   protein derivative of tuberculin 
PRR   pathogen recognition receptors 
rh   recombinant human  
RT   room temperature 
sd   standard deviation 
SE   standard error 
SSC   side-scattered light 
STAT5  signal transducer and activator of transcription 5 
TCM   central memory T cells 
TCR   T cell receptor 
TEM   effector memory T cells 
TEMRA   effector memory RA+ 
TGF-   transforming growth factor 
Th   T helper 
TLR   toll-like receptor 
TNF   tumor necrosis factor 
Treg   regulatory T cells 
TSST   toxic shock syndrome toxin-1 
TT   tetanus toxoid 
VSV   vesicular stomatitis virus 
VV   vaccinia virus 
Vβ   variable region beta chain 
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