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RESUMO 
 

O número de linfócitos T é mantido constante no organismo, apesar de haver uma 

produção diária e de haver uma proliferação de células T específicas após contacto com o seu 

antigénio nominal. Este equilíbrio é designado homeostasia. Subjacente ao controlo homeostático 

do número de células T encontra-se o conceito de competição por recursos limitantes. Cada nova 

célula T (produzida no timo) tem de competir com outra célula nova e/ou células T residentes na 

periferia para sobreviver. A periferia é um termo geral que engloba todos os locais onde as 

células T residem após abandonarem o timo.  

As células T αβ podem ser subdivididas em duas populações com base na expressão do 

seu co-receptor. Deste modo existem as subpopulações dos linfócitos T CD4+ e CD8+. Estas duas 

populações, por sua vez, dependendo do grau de diferenciação que apresentam na periferia, 

podem formar dois compartimentos celulares distintos. Um compartimento celular é designado 

“naïve” pelo facto de representar o conjunto de linfócitos T que nunca estiveram em contacto 

com os seus antigénios específicos. O outro é denominado compartimento “activado/memória”, 

por conter células que interargiram com antigénios específicos responsáveis pela sua activação e 

diferenciação em células efectoras e/ou células memória. Pensa-se que estes compartimentos têm 

uma regulação homeostática independente, embora existam evidências que eles partilhem, em 

parte, alguns recursos comuns.  

Esta tese tem como objectivo o estudo da homeostasia das células T, com um interesse 

particular na população das células activada/memória, tanto em estado de equílibrio, como 

quando uma perturbação a este equilíbrio é introduzida (infecção bacteriana). 

Na primeira parte do trabalho decidimos investigar se as células T que apresentam um 

fenótipo naive e as células T que apresentam um fenótipo activado ou memória, e que, portanto 

pertencem a compartimentos celulares diferentes, podem competir entre si por recursos comuns. 

Usando diferentes abordagens mostrámos que, na realidade, o reconhecimento de recursos 

específicos ao receptor das células T (TCR), muito provavelmente o complexo péptido-complexo 

maior de histocompatibilidade (p-MHC), sobrepõe-se entre diferentes populações de células T 

pertencentes a diferentes compartimentos e submetidas a mecanismos homeostáticos distintos.  

A transferência de linfócitos T em hospedeiros linfopénicos, isto é, hospedeiros contento 

poucas ou nenhumas células T, induz a proliferação das células dadoras.  Este fenómeno é 
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designado proliferação induzida pela linfopénia (em inglês lymphopenia driven proliferation-

LDP). Contudo, verificámos que nem todas as células T CD8+ policlonais transferidas em 

ratinhos RAG2-/- (recombination activation gene 2) e transgénicos (Tg) para diferentes TCRs 

restrictos aos antigénios do MHC classe I, são capazes de proliferar, apesar de sobreviverem. 

Observámos adicionalmente que o grau de inibição de LDP está correlacionado positivamente 

com o número absoluto de células T residentes.  

A ausência de proliferação de uma fracção de células dadoras tanto poderia ser devido a 

uma competição por recursos específicos ao TCR (por exemplo p-MHC) ou por recursos 

inespecíficos (por exemplo citocinas). Concluímos que as células dadoras e as residentes 

competem para interargir com os mesmos p-MHC, pelo facto de se ter verificado que a fracção 

de células T policlonais que não foram capazes de expandir num determinado ratinho RAG-/- com 

TCR Tg, expandem quando transferidas para ratinhos RAG-/- com outro TCR Tg ou para ratinhos 

RAG-/-. Esta observação, no entanto, não elimina a possibilidade de haver igualmente uma 

competição por recursos não TCR específicos, como citocinas. Contudo, o facto de se ter 

observado que a fracção de células que não se dividiam num hospedeiro Tg para um determinado 

TCR, são capazes de proliferar e de atingir valores semelhantes tanto em ratinhos com um TCR 

tg diferente do do primeiro hospedeiro, como em ratinhos sem células T, sugere que as citocinas 

como IL-7, entre outras, não se encontram em condições limitantes. A competição por p-MHC, 

entre algumas células policlonais e as células naive do ratinho hospedeiro, aplica-se tanto às 

células T dadoras com fenótipo naive como com fenótipo activado/memória, questionando assim 

a regulação homeostática independente entre os dois compartimentos celulares periféricos. Visto 

que certas células T CD8+ policlonais não podem proliferar devido à presença das células T CD8+ 

monoclonais do hospedeiro, questionámo-nos sobre o que aconteceria se co-injectássemos um 

igual número de células não capazes de proliferar num determinado recipiente com as células 

desse recipiente num ratinho RAG-/-. Nesta situação, em que ambos os tipos de células estão 

submetidos simultaneamente a uma mesma condição, as células policlonais proliferam e atingem 

valores absolutos finais semelhantes tanto quando são co-injectadas, como quando injectadas 

sozinhas. Pelo contrário, o número de células T CD8+ monoclonais recuperado no grupo onde 

ocorreu a co-injecção é inferior ao obtido no grupo controlo. Assim, podemos concluir que nesta 

situação, as células T CD8+ policlonais excluem as células T CD8+ monoclonais, ao competirem 

por “interargir” com os mesmos p-MHC. 
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Posteriormente, decidimos estudar o papel dos recursos p-MHC no destino de novas células T 

CD8+ maturas introduzidas num hospedeiro que contém células T CD8+ residentes que resultam 

de LDP. Para este fim, usámos transferências adoptivas sequenciais de células T com TCR Tg em 

hospedeiros com TCR Tg homólogo ou heterólogo. Quatro semanas após a segunda 

transferência, observámos que a presença da primeira população inibe a expansão da segunda, 

sendo esta inibição maior quando a segunda população apresenta o mesmo TCR que as células T 

residentes. A comparação dos perfis de CFSE (Carboxyfluorescein succinimidyl ester) confirmou 

um atraso na proliferação das células T transferidas quando as células residentes apresentam a 

mesma especificidade. Estes resultados indicam que, apesar de ambas as populações de células T 

competirem por p-MHC, outros recursos, possivelmente citocinas, são necessários, pelo menos, 

para a acumulação final da segunda população de células T derivadas de LDP.  

A importância do p-MHC foi também estudada quando a nova população introduzida de células 

T derivou da medula óssea. As células T residentes continuaram a ser derivadas de LDP. Como 

protocolo, primeiramente transferimos células T maturas com um TCR Tg num ratinho RAG-/-, e 

quatro semanas depois transferimos progenitores de células T da medula óssea, de ratinhos 

dadores com TCR Tg, com a mesma ou com diferente especificidade em relação à primeira 

população. Em contraste com a situação anterior, onde assistimos a uma inibição da acumulação 

da segunda população independentemente da especificidade do clone de células T residentes 

derivadas de LDP; neste caso o decréscimo do número de células T da segunda população 

injectada, ocorre apenas significativamente quando as células residentes (derivadas de LDP) têm 

um TCR com a mesma especificidade. Assim, podemos concluir que as células T derivadas de 

LDP e as células T derivadas da medula óssea competem por p-MHC.  

De referir que, qualquer que seja a natureza da nova população introduzida, tanto células T 

maturas como células T derivadas da medula óssea, a população de células T residentes derivadas 

de LDP não é afectada pelo aparecimento da nova população. 

Na segunda parte deste estudo investigámos as condições nas quais células T memória 

pre-existentes pudessem ser afectadas, tanto na ausência como na presença de imunização 

intencional. Na ausência de imunização, observámos que as células T memória podem ser 

substituídas por células T CD8+ ou CD4+ derivadas da medula óssea, no entanto este facto só 

ocorre quando a degenerescência do TCR destas células é suficientemente elevada. Estes 

resultados indicam, mais uma vez, que as células T naive e activada/memória não são 
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completamente independentes. Contudo, nesta situação não são conhecidos os recursos pelos 

quais estes dois tipos de células competem. Visto que há uma redução do número de células T 

memória, referimo-nos a este fenómeno como “atrição natural”, em oposição à atrição 

previamente descrita (Selin et al., 1999) e que consiste no empobrecimento do compartimento de 

células memória T pre-existentes após infecções virais. Esta atrição foi sempre observada no 

compartimento das células T memória e para o subconjunto das células CD8+, tanto em infecções 

virais agudas como em infecções com a Listeria monocytogenes (LM). Sabendo que, tanto em 

infecções virais como em infecções com LM, as células T CD8+ expandem mais vigorosamente 

que as células T CD4+, é possível que haja uma maior pressão selectiva sobre as células T CD8+ 

que sobre as células T CD4+, a nível da atrição. Com o objectivo de estudar se a atrição pode 

também afectar células T CD4+ em caso de infecção, decidimos usar como agente patogénico, 

Salmonella enterica serovar Typhimurium (daqui em diante referida como Salmonella), que, ao 

contrário da maioria das infecções, induz uma proliferação massiva de células T CD4+ 

(Srinivasan et al., 2004) e uma expansão e contracção retardada das células T CD8+ (Luu et al., 

2006). A resolução da infecção originada pela Salmonella, em oposição às infecções virais ou 

com a LM, é criticamente dependente da activacção das células T CD4+ (Hess et al., 1996; 

Mastroeni et al., 1992; Nauciel, 1990; Pie et al., 1997; Sinha et al., 1997). Através da geração de 

ratinhos quiméricos que têm um sistema adaptativo constituído apenas por células T CD8+ aHY e 

células T CD4+ Marilyn memória (reconhecem epítopos do complexo de histocompatibilidade 

menor codificado pelo cromossoma Y), resolvemos analisar o destino dessas células T memória 

não específicas após infecção com Salmonella. Duas semanas após a infecção, o número de 

células T CD4+ e CD8+ diminuiu no baço. Esta diminuição está relacionada com a morte celular e 

não devido a uma simples redistribuição dessas células por outros órgãos. Observámos também 

que a atrição das células T está correlacionada com a quantidade de bactéria presente no órgão. 

Pelo facto de ter sido sugerido que interferões (IFNs) do tipo I desempenham uma função na 

atrição das células T memória, decidimos determinar se estas moléculas têm um efeito directo 

sobre as células T memória aHY e Marilyn através da geração de ratinhos quiméricos contendo 

células T memória deficientes para o receptor de IFNs do tipo I (IFNAR-/-). A infecção destes 

ratinhos quiméricos com Salmonella originou mais uma vez a redução do número de células T 

não específicas, indicando que IFNs do tipo I não desempenham um papel directo na morte 

celular. 
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Como conclusão, estes resultados permitiram-nos mostrar algumas das regras que 

possivelmente contribuem para modelar o estabelecimento do reportório das células T na 

periferia, no estado de equilíbrio, revelando que os recursos importantes para os diferentes 

compartimentos das células T sobrepõem-se entre si. No caso de infecção, o reportório e/ou a 

frequência de células T memória pode também ser afectado. Apesar de termos descrito algumas 

características da atrição com o modelo de infecção da Salmonella, ainda não podemos responder 

se há uma atrição selectiva no que diz respeito a numerosos parâmetros, nem definir os 

mecanismos responsáveis pela ocorrência deste fenómeno. Assim sendo, os estudos devem ser 

continuados para atingirmos a compreensão completa do fenómeno de atrição. 

 

 

 

 

Palavras-chave: proliferação induzida pela linfopénia (LDP), atrição, competição, células T, 

péptido-complexo de histocompatibilidade maior (p-MHC) 
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ABSTRACT  
 

In spite of daily T cell production in the thymus associated with intensive proliferation 

and differentiation of specific T cells upon each antigenic stimulation, peripheral T cells numbers 

are kept constant. This equilibrium is called homeostasis and subjacent to this process is the 

concept of competition for limiting resources. Each newly produced T cell has to compete with 

other new and/or resident peripheral T cell to survive. The periphery comprises two main 

compartments, the naive and activated/memory T cell pools, for each CD8+ and CD4+ subsets. 

These compartments are thought to have independent homeostatic regulation, although they share 

some common resources. The purpose of this thesis is to study the homeostasis of T cells, with a 

particular interest for the memory subsets, either at steady state or after disruption of this 

equilibrium upon infection. 

In the first part of the work, we showed that T cells belonging to different peripheral 

compartments could compete with each other for p-MHC (peptide-MHC complexes), even if 

they present a distinct T cell receptor. Moreover, we observed that recognition of p-MHC 

overlaps not only between different T cell populations but also between T cells ongoing different 

homeostatic mechanisms such as survival, LDP or accumulation after thymic emigration. 

In the second part of the study, we show again a modulation of T cell repertoire due to the 

displacement of memory T cells by BM-derived T cells presenting degenerate TCR. Besides this 

steady state attrition termed “natural attrition”, we proposed to study the fate of memory T cells 

upon Salmonella thymimurium infection. Preliminary data showed that both non-specific CD4+ 

and CD8+ memory T cells were depleted upon this infection and that type I IFN were not directly 

implicated in this death. More work remains to be performed to precisely define the targets and 

mechanism of this attrition. 

 

 

 

Key words: lymphopenia driven proliferation (LDP), attrition, competition, T cells, peptide-

major histocompatibility complex (p-MHC) 
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ABBREVIATIONS 
 

Ag: antigen 

AICD: activation induced cell death 

APCs: antigen presenting cells 

Bcl-2: B-cell lymphoma 2 

Blimp-1: B lymphocyte-induced maturation protein-1 

BM: bone marrow 

BMDCs: bone marrow derived dendritic cells 

cDNA: complementary DNA 

CFSE: Carboxyfluorescein succinimidyl ester 

CFU: colony forming units 

CTLs: cytotoxic T lymphocytes 

DCs: dendritic cells  

DISC: death-inducing signaling complex 
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FDCs: Folicular dendritic cells 

GFP: green fluorescent protein 

IEX-1: immediate early response gene X-1 

IFN: interferon 

IFNAR: interferon α/β receptor knockout 

IL: interleukin 

LCMV: lymphocytic choriomeningitis virus 

LCP: lineage committed progenitors 

LDP: lymphopenia driven proliferation 

LM: Listeria monocytogenes 

LNs: lymph nodes 

LPS: lipopolysaccaride  

Lt-HSC: long-term hematopoietic stem cells 

mAb: monoclonal antibody 
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MHC: major histocompatibility complex 

NFκB: nuclear factor-kappa B 

NOD: nucleotide-binding oligomerization domain 

OVA: ovalbumin 

PAMPs: pathogen associated molecular patterns 

PCR: polymerase chain reaction 

PFU: plate forming units 

p-MHC: peptide-MHC 

poly(I:C): polynosinic:polycytidylic acid 

PRR: pathogen recognition receptors 

RAG: recombinase activating gene 

rIL-7: recombinant IL-7 

RNA: Ribonucleic acid 

ROS: reactive oxygen species 

SP: single positive 

Spi2A: Serine protease inhibitor 2A 

sp-MHC: self peptide – MHC 

St-HSC: short-term hematopoietic stem cells 

T-bet: Tata-box expressed in T cells 

TCM: Central memory T cells 

TCR: T cell receptor 

TEM: Effector memory T cells 

Tg: transgenic 

TGF-β: transforming growth factor-β 

Th: T helper cells 

TLR: toll like receptors 

TNF: tumor necrosis factor 

TNFR: tumor necrosis factor receptor 
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VSV: vesicular stomatitis virus
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INTRODUCTION 
 

In the 19th century it was realized for the first time that the body has control mechanisms 

able to maintain an internal equilibrium in spite of changes in the environment (Bernard, 1865). 

This type of control was later called homeostasis (Cannon, 1932). This concept also applies to the 

immune system and implies that the introduction of a perturbation may modify the number of 

immune cells, but once the perturbation is removed, the number of cells tends to return to the 

previous levels. 

The size of the lymphocyte pool is of crucial importance to the adaptive immune system. 

On the one hand, this pool must be sufficiently diverse to detect and destroy a wide range of 

potential pathogens; on the other hand, there is only limited physical space in the body to house 

all of these cells. Therefore, any cell that is produced only survives if another dies: homeostasis 

introduces competition between lymphocytes for limited resources (Freitas and Rocha, 1993; 

Freitas and Rocha, 2000).  

T cell homeostasis occurs from thymocyte production to peripheral compartmentalization.  

 

 
Figure 1: T cell homeostasis. Scheme that shows the different compartments of T cells from development in the 

primary lymphoid organs to final differentiation in the periphery, in an adult individual. 

 

Bernard. C. (1865). Introduction à l’étude de la médecine expérimentale. J.-B Baillière 

Cannon. WB. (1932) The wisdom of the body. Norton.
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1 THYMIC DEVELOPMENT OF T CELLS 
 

All the cellular elements of the blood, including red blood cells, platelets and white blood 

cells of the immune system, derive ultimately from the same precursors named hematopoietic 

stem cells (HSC) that are present in the liver of the fetus and in the bone marrow (BM) of 

newborns as well as adults. T cells develop from a common lymphoid progenitor in the bone 

marrow that also gives rise to B cells, but those progeny destined to become T cells leave the 

bone marrow and migrate to the thymus (Donskoy and Goldschneider, 1992). 

Two lineages of T cells (αβ and γδ) are generated in the thymus, defined by the 

expression of distinct αβ or γδ T cell receptor (TCR) complexes (Petrie et al., 1992). The 

development of αβ T cells in the thymus is characterized by the ordered expression of several 

surface molecules (including the co-receptors CD4 and CD8) and proceeds through well-defined 

stages of proliferation, differentiation and regulated cell death before giving rise to mature αβ T 

cells. There are three main stages of development: an early double negative (DN; CD4-CD8-) 

stage, a predominant double positive (DP: CD4+CD8+) stage and mature single positive (SP) 

CD4+ or CD8+ cell stage. The immature non-TCR-bearing DN subset is classically subdivided 

into four successive developmental stages on the basis of CD44, CD117 (c-kit) and CD25 

expression (Godfrey et al., 1993; Zuniga-Pflucker and Lenardo, 1996). TCRβ rearrangement is 

initially detected in DN2 cells and continues predominantly during the mostly non-cycling DN3 

stage and is mediated by the enzymatic activity of the proteins encoded by recombination-

activating gene (RAG) 1 and RAG2 genes (Godfrey et al., 1994; Capone et al., 1998). Mice 

lacking either of these genes cannot form receptors and thus have no lymphocytes.  

Immature DN thymocytes upregulate the co-receptors upon successful assembly of the 

complex composed of CD3, TCRβ chain and pre-TCRα chain. At the DP stage, TCRα chain 

rearrangement is initiated and thymocytes become eligible for both positive and negative 

selection (Sebzda et al., 1999). Positive and negative selections occur according to the strength of 

signal that thymocytes receive through their TCR. In general, it appears that developing 

lymphocytes whose receptors interact weakly with self-antigens receive signals that enable them 

to survive; this type of selection is known as positive selection (von Boehmer, 1994). In contrast, 

lymphocytes whose receptors bind strongly to self-antigens receive signals that lead to their 
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death; this is termed negative selection (Nossal, 1994). The lymphocytes that survive to form the 

mature SP lymphocyte population are thus only a small fraction of those generated in the bone 

marrow and thymus. 

 

1.1 The role of sp-MHC 
 

Numerous studies have shown that positive and negative selection involves combinatorial 

recognition of self-peptides (sp) bound to the MHC (Nikolic-Zugic and Bevan, 1990; Jameson et 

al., 1995). 

Positive selection was discovered with the generation of aHY TCR transgenic mice (von 

Boehmer, 1990). Analysis of developing thymocytes expressing defined TCRs clearly showed 

that MHC class I restricted thymocytes were skewed toward the CD8+ SP lineage (Sha et al., 

1988; Teh et al., 1988), whereas class II-restricted TCR transgenic thymocytes were selected to 

the CD4+ lineage (Berg et al., 1989; Kaye et al., 1989). The notion that positive selection was 

required for T cell development was reinforced by data from various gene knockout mice 

showing that mice impaired for the class I MHC expression fail to develop mature CD8+ T cells 

(Koller et al., 1990; Zijlstra et al., 1990; Van Kaer et al., 1992), whereas mice lacking class II 

expression have a selective deficiency in CD4+ T cell development (Cosgrove et al., 1991; 

Grusby et al., 1991). 

Two models have been proposed for the T cell interaction during selection: 

 

-The qualitative/peptide model proposes that mutually exclusive qualitatively different peptides 

promote positive and negative selection (Mannie, 1991; Janeway, 1992; Jameson et al., 1995). 

This model was primarily supported by studies demonstrating that nonstimulatory antagonist 

peptides could promote positive selection (De Magistris et al., 1992; Hogquist et al., 1994; 

Jameson et al., 1994), while agonist peptides were shown to promote clonal deletion. However, 

several experiments have questioned these initial observations ( Page et al., 1994; Spain et al., 

1994; Ignatowicz et al., 1996). 

 

-The avidity model proposes that positive selection is the result of low avidity thymocyte 

interactions, whereas high avidity interactions elicit negative selection (Ashton-Rickardt and 
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Tonegawa, 1994; Williams et al., 1997). Cells bearing TCRs with no affinity for sp-MHC 

molecules die by neglect. The key parameters that govern cell fate are TCR affinity for sp-MHC 

and the overall avidity of the TCR, such as the expression level of co-receptors and adhesion 

molecules, for these ligands. In this model, multiple TCR/sp-MHC interactions are integrated to 

form a signaling gradient that defines cell fate. Numerous weak TCR-ligand binding events or 

limited high affinity interactions provide sufficient avidity to induce an integrated signaling 

cascade that reaches a positive selection threshold. Direct evidence for this model were the 

studies indicating that different concentrations of the same peptide can mediate both positive and 

negative selection (Sebzda et al., 1994; Cook et al., 1997; Fukui et al., 1997). 

 

1.2 The role of cytokines 
 

Much attention has been devoted to TCR/sp-MHC interactions, which mediate positive 

and negative thymic selection at the level of DP immature T cells. However, prior to this stage, T 

lineage precursors undertake an extremely complex course of proliferation and differentiation 

(Godfrey and Zlotnik, 1993). 

Examination of anti-IL7 mAb-treated mice (Grabstein et al., 1993), as well as IL-7Rα-/- 

(Peschon et al., 1994) and IL-7-/- (von Freeden-Jeffry et al., 1995) mice that exhibit an early 

defect in lymphopoiesis, has revealed an important role of this cytokine in T cell development. 

IL-7 belongs to the common γ chain (γc) cytokine family, along with (IL) -2, -3, -4, -9, -13, -15 

and -21. Each of these cytokines contains γc in its receptor complex, as well as a cytokine-

specific α chain, and in the case of the IL-2R and IL-15R, a common β subunit known as IL-2Rβ 

(He and Malek, 1998). This sharing of receptor subunits allows different family members to 

mediate common downstream effects, a phenomenon termed cytokine redundancy (Lin et al., 

1995). IL-7R signaling promotes the maintenance of cell survival by inducing a favorable 

balance of Bcl-2 family members (Brady et al., 1996; Chao and Korsmeyer, 1998). The Bcl-2 

family represents a group of genes that function in antagonizing or agonizing apoptosis (Cory, 

1995; Korsmeyer, 1995). 

The predominant role of IL-7 in the DN stage includes the regulation of thymocyte 

differentiation (Peschon et al., 1994), proliferation (Conlon et al., 1989; Suda et al., 1990; Plum 

et al., 1993) and survival (Suda and Zlotnik, 1991; Kim et al., 1998). 
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In addition to IL-7, two other cytokines from the γc cytokine family, IL-2 and IL-15, seem 

to play a role in T cell development (Porter and Malek, 1999; Bassiri and Carding, 2001; 

Wrenshall et al., 2007), although their deficiency does not induce a drastic impairment in this 

process and therefore, their specific roles are still under investigation. 

 

 

Once the T cell differentiation process in the thymus is finished, mature single positive 

thymocytes (either CD4+ or CD8+) leave this organ and seed the peripheral pool. This process 

starts around birth and continues throughout life. 

The peripheral T cell pool may be divided into naive and activated/memory pools. The 

cells that constitute those two pools can be phenotypically and functionally distinguished. 

Lymphocytes leaving the thymus will fill mainly the naive T cell compartment, and thus this pool 

is characterized for having a big diversity of T cells. The activated/memory pool has lower T cell 

diversity, but has T cells characterized for having a much more efficient effector function. 

 

 

 

2 PERIPHERAL NAIVE T CELL POOL 
 

2.1 Naive T cell characterization 
 

Naive T cells are phenotypically characterized by low levels of CD44 and Ly-6C 

(Curtsinger et al., 1998); high levels of CD62-L and CCR7 (in both CD4+ and CD8+ T cells) and 

high levels of CD45RB in the subpopulation of CD4+ T cells (Berard and Tough, 2002). These 

cells have never been in contact with their cognate antigen. They are thought to be long-lived, 

relatively quiescent and rarely dividing (Tough and Sprent, 1994). 

 

2.2 Homeostasis of Naive T cells 
 

Thymus production in normal mice largely exceeds the quantitative requirements to 

replenish the number of T cells in the peripheral pools (Almeida et al., 2001). In these 
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circumstances, each newly produced T cell has to compete either with other newly produced cells 

or resident cells to survive in the periphery (Freitas and Rocha, 1993). There are two ways to 

leave the naive pool, either by death or by activation and differentiation of T cells (passing from 

the naive into the activated/memory pool). 

The maintenance of naive T cells is mainly controlled by two types of resources: 

 

2.2.1 The role of p-MHC 
 

Several studies have shown that survival of both CD4+ and CD8+ T cells is an active 

process depending on TCR signaling. Two different strategies were used to study this 

requirement. One strategy relied on conditional TCR ablation, either by using a tetracycline based 

(Labrecque et al., 2001) or an inducible KO system (Polic et al., 2001). Both studies, using this 

type of approach, showed a progressive decay of the TCR deficient T cells. From these results 

two hypothesis could be raised: either cells need a continuous TCR signaling (meaning that the 

presence of the T cell receptor, for itself, induced a signaling) or T cells need to interact with p-

MHC through the TCR. The second strategy, relying on the use of MHC deficient mice has 

permited to conclude that the second hypothesis was the correct one.  

The first evidence that the survival of naive T cells requires TCR/p-MHC interactions came from 

the observation that CD4+ T cells, coming out from an engrafted wild-type spleen in MHC class 

II-/- recipients, gradually decreased in number with time in the periphery (Takeda et al., 1996). 

Nevertheless there were some critics relative to Takeda’s work, saying that the longer survival 

observed in the CD4+ T cells could have been due to potential contamination of the MHC Class II 

deficient peripheral organs of the host with MHC Class II+ donor type cells originated from the 

untreated transplanted fetal thymus. However, a study comparing the CD4+ T cell survival 

between grafted treated thymus in MHC class II deficient mice and in mice that were MHC class 

II KO for all cells except the DCs (Brocker, 1997); and a study based on transplantation of 

treated thymus in MHC haplotype mice (Kirberg et al., 1997), showed similar results. To avoid 

surgical interventions in mice, two reports used the strategy of transient expression of class II in 

the thymus of class II deficient hosts either by using intrathymic delivery of recombinant 

adenovirus (Rooke et al., 1997) or tetracycline controllable class II expression in thymic 

epithelial cells (Witherden et al., 2000). Other reports did adoptive or BM transfers into either 
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haplotype mice (Boursalian and Bottomly, 1999) or into MHC classII KO (Ernst et al., 1999; 

Martin et al., 2003) mice. All these reports have demonstrated the need of TCR interaction with 

p-MHC for the survival of naive CD4+ T cells. 

For the CD8+ T cells, wild type thymus engraftment in a MHC class I deficient mouse also 

revealed a reduction in the number of naive CD8+ T cells in the periphery (Nesic and 

Vukmanovic, 1998).  But the cleanest study done, that showed, without any doubts of possible 

MHC contamination, the need of p-MHC for naive CD8+ T cell survival, results from adoptive 

transfer of naive aHY CD8+ T cells into MHC class I-/- hosts and the observation of T cell 

reduction with time (Tanchot et al., 1997). In both CD8+ T studies, the rate of T cell reduction 

over time was faster comparing to the CD4+ T cell studies. The faster CD8+ T cell reduction 

comparing to CD4+ T cells was also observed in the reports of TCR ablation (Labrecque et al., 

2001; Polic et al., 2001); nevertheless in these studies, the overall T cell reduction rate was 

slower than in the T cell transfers into MHC deficient studies (Tanchot et al., 1997). A possible 

explanation for this difference may be related with the fact that after TCR ablation, the T cell 

receptors do not disappear 100% immediately and therefore, they are still able to receive signals 

through interaction with p-MHC; while in adoptive transfers into MHC KO mice, donor T cells 

will have an acute lack of TCR/p-MHC interaction and they will start to die faster. 

But if all the reports mentioned above agree in the need of MHC class for survival of both 

CD4+ and CD8+ naive T cells, three other reports showed that the survival of naive CD4+ T cells 

in MHC class II-/- vs MHC class II+ hosts is quite similar (Clarke and Rudensky, 2000; Dorfman 

et al., 2000; Grandjean et al., 2003). However, it has to be pointed out that these reports used 

MHC class II-deficient mice that were I-Aβ-/-, which are not totally MHC class II deficient 

because of the α chain of I-A that can dimerize with the I-E β chain. Moreover, the adoptively 

transferred naive CD4+ T cells in these hosts likely have a higher amount of other resources (e.g. 

cytokines) than in lymphoreplete wt mice; this may compensate a lower MHC class II 

expression.  
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2.2.2 The role of cytokines 
 

Other factors besides TCR tickling with p-MHC seem to be required for naive T cell 

survival in the periphery. The initial clue that cytokines support survival of naive T cells arose 

from the finding that certain cytokines, namely IL-4, IL-6 and IL-7, are able to keep naive T cells 

alive under in vitro conditions (Vella et al., 1997). For IL-6 there is no direct evidence that this 

cytokine is important for naive T cells survival in vivo. However, for the other two cytokines, the 

life span of naive CD4+ T cells in thymectomized mice was reported to be severely shortened 

when contact with both IL-4 and IL-7 was blocked (Boursalian and Bottomly, 1999). 

Nonetheless, a more recent study (using a similar system but instead of TCR Tg CD4+ T cells, 

they monitored a polyclonal CD4+ T cell population and instead of injecting anti-IL-7, they 

injected anti-IL7R), has concluded that only IL-7 has a role in the survival of naive T cell in the 

periphery (Vivien et al., 2001). A possible explanation for the divergent results could be that a 

diverse set of cells may have different survival needs when compared to a more restricted 

population. 

But the best evidence for the role of cytokines in survival comes from a report that showed that T 

cells from TCR Tg Marilyn γc-/- mice (that have low T cell numbers in the periphery), when 

transferred into syngeneic RAG2-/-γc-/- hosts, were lost within 5 days following transfer, whereas 

the TCR Tg Marilyn γc+ control survived upon transfer (Lantz et al., 2000). Although this result 

does not allow to discriminate which cytokine of the γc family is responsible for CD4+ T cell 

survival, it supports the notion that at least one cytokine, probably IL-7, of this family has a 

crucial role in naive CD4+ T cell survival in the periphery.  

The importance of IL-7 for naive CD8+ T cell survival was observed when the OT1 TCR 

Tg cells deficient for IL-7Rα chain did not survive more than a week after adoptive transfer into 

normal syngeneic hosts (Schluns et al., 2000). Similarly, when normal polyclonal CD4+ and 

CD8+ T cells are transferred into irradiated syngeneic IL-7-/- hosts, the naive T cells from both 

subsets disappear within one month (Tan et al., 2001). 

Altogether it became clear that besides having an indispensable role in T cell 

development, IL-7 is also a very important requirement for the survival of the naive T cells in the 

periphery. 
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3 PERIPHERAL ACTIVATED/MEMORY T CELL POOL 
 

3.1 Activated/Memory T cell characterization 
 

T cells that constitute the activated/memory pool are phenotypically characterized for 

expressing higher levels of several adhesion molecules compared to naive T cells. In mice, the 

most common and reliable markers for activated/memory T cells is the high expression of CD44 

for both CD4+ and CD8+ T cells, the low expression of CD45RB for the CD4+ T cells and the 

high expression of Ly6-C for CD8+ T cells (Berard and Tough, 2002). Although in many reports, 

based on this surface phenotype, refer to these cells as memory T cells, it should be noted that 

effector and memory-like cells share similar phenotypes.  

The definition of memory cells appeared with the first immunization studies. The original 

definition is that they are long-lived T cells that survive upon clearance of their cognate antigen 

and that respond faster and more efficiently than naive T cells when re-exposed to the antigen 

that they had encountered previously. In other words, memory T cells proliferate faster and 

produce effector molecules (e.g. IFNγ) more strongly than naive T cells. This was first observed 

by in vitro ( Dutton et al., 1998; Bachmann et al., 1999a; Zimmermann et al., 1999) and later by 

in vivo experiments (Garcia et al., 1999; Veiga-Fernandes et al., 2000). Several factors are 

responsible for this observation: memory T cells have less stringent requirements for activation 

than naive (e.g. they respond to lower concentration of antigens); they are less dependent on co-

stimulatory signals; they do not require as long a duration of antigenic stimulation; and, in 

addition, memory T cells possess a higher content of both RNA and protein than naive T cells, 

suggesting that memory cells may be resting in the G1 rather than the G0 phase of the cell cycle 

(Stout and Suttles, 1992; Veiga-Fernandes et al., 2000; Berard and Tough, 2002).  

Effector cells are cells that release cytokines or execute their cytolitic activity without the 

need for further differentiation. Those cells are the result of the activation of the naive or memory 

T cells.  

Memory-like cells are defined as T cells that have a similar function and phenotype to 

memory cells, but which are originated from activation due to the “sense of empty space” in 

lymphopenic hosts (Murali-Krishna and Ahmed, 2000). 
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The pool of activated/memory T cells is a very heterogeneous pool. For example, among 

the CD8+ CD44hi T cells, a percentage is CD122lo, although the vast majority is CD122hi (Judge 

et al., 2002). Another example, among many others, is that in both CD8+ and CD4+ CD44hi T 

cells, there is a subset of cells that are CD62-L+ CCR7+ and another subset that are CD62-L- 

CCR7-. There is controversy over whether this memory T cell heterogeneity is a function of 

different stages in a linear differentiation pathway or whether it reflects plasticity in T cell 

antigenic and functional phenotype as a consequence of exposure to different types of antigenic 

stimuli within different microenvironments (Appay et al., 2002; Catalina et al., 2002; Roman et 

al., 2002; Baron et al., 2003; Wherry et al., 2003). 

 

 

3.2 Activated/Memory T cell homeostasis 
 

Like in the naive pool, the activated/memory T cell pool is subject to stringent 

homeostatic control mechanisms that integrate three processes: generation, survival and death of 

activated/memory cells. 

The generation of activated/memory T cells results from the activation and differentiation 

of naive T cells. Classically, T cell activation occurs, for example, after infection (either with 

virus, bacteria or parasites) or tumor development, upon presentation of antigen by the antigen 

presenting cells (APCs) (Morrison et al., 1986; Germain, 1994), along with costimulation 

(Lenschow et al., 1996) and inflammatory signals (Harty and Badovinac, 2008).  

Lymphopenia can be induced by radio- and chemotherapies used in cancer treatment and 

tissue engraftment. It can also occur as a consequence of infections with pathogens. An obvious 

example is acuired immunodeficiency syndrome, AIDS, in which T cell numbers are chronically 

reduced (Margolick and Donnenberg, 1997), but other viral diseases also induce transient, but 

quite marked T cell lymphopenia (e.g. influenza virus) (Okada et al., 2000; Tumpey et al., 2000). 

Although in some cases this lymphopenia may induce T cell proliferation, it is not known 

whether lymphopenia always leads to proliferation. There is also one situation of natural 

lymphopenia that occurs in very young individuals. In young mammals, the initial waves of T 

cells that leave the thymus migrate into the “empty” secondary lymphoid tissues. It was reported 
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that neonatal T cells entering the neonatal periphery, proliferated strongly, but in this particular 

case they exceptionally retained a naive phenotype (Le Campion, 2002 #107).  

In summary, although many of the cells in the activated/memory pool are bona fide 

memory T cells that result from immune responses to environmental pathogens, some of them 

might have arisen through lymphopenia driven proliferation (LDP). 

 

3.2.1 Generation of activated/memory T cells in the classical activation 
situation (infection) 

 

Naive T cell responses to pathogen can be divided into four relatively distinct phases: 

 

a) Initial activation 

b) T-cell expansion and differentiation  

c) Contraction 

d) Memory phase 

 

 

 
 
Figure 2: Naive T cell immunization. Upon challenge (indicated by the arrow), specific naive T cells will be 

activated (a) and they will expand and differentiate (b). When antigen wanes, most of T cells will die, and this is 

characterized as being the contraction phase (c). The cells that escape death will become memory T cells (d). 
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a)  Initial activation 

Primary activation of T cells involves the transmission of distinct inductive signals from 

antigen-loaded APCs to naive precursors in the T cell areas of the secondary lymphoid organs 

(spleen or lymph nodes). One important signal is antigen-specific and delivered via stimulation of 

the T cell antigen receptor (TCR) by peptide-MHC complexes on the APC surface (Morrison et 

al., 1986; Germain, 1994).  

The co-stimulatory signal serves to amplify or modify the first signal by lowering the threshold 

required for responsiveness (Greenwald et al., 2005). B7-1 and B7-2 (also called CD80 and 

CD86 respectively), which are expressed on APCs, can transmit signals to naive T cells via 

CD28, which leads to recruitment of signaling molecules to the immunological synapse and 

downstream transcriptional activation of genes that promote T cell growth, differentiation and 

survival (Viola et al., 1999). The importance of B7-CD28 interactions is shown by the numerous 

defects in cellular immunity found in mice that lack these molecules (Greenwald et al., 2005). 

Other important receptors, expressed on T cells, responsible for co-stimulatory signaling are 

CD40, 41BB, CD27, ICOS and OX40 (Greenwald et al., 2005; Watts, 2005). 

Another important signal is the inflammatory cytokines (e.g. IL-12, IFNα, IFNβ and IFNγ) that 

are important for inducing survival during proliferation and to induce differentiation of the naive 

T cells into robust effector cells (Haring et al., 2006). For the generation and later maintenance of 

memory CD8+ T cells, it has been observed the additional requirement for CD4+ helper T cells  

that recognize MHC class II restricted determinants presented on the same APC that is 

recognized by CD8+ cytotoxic T lymphocytes (CTL) during their initial activation (van Stipdonk 

et al., 2001; Janssen et al., 2005). CD4+ T cell help was thought to occur through the release of 

specific cytokines required for CTL differentiation, and through induction of functional 

maturation of the APC via interactions between CD40 and its ligand (Mackey et al., 1998).  

However, a more recent report has showed that CD4+ T cell helps on generation of memory 

CD8+ T cells through direct interactions of CD40-L of CD4+ T cells with CD40 that is expressed 

on CD8+ T cells (Bourgeois et al., 2002). The need of CD4+ T cells was also supported by the 

observation that, in the absence of CD4+ T cells during priming, CD8+ T cells exhibited 

heightened expression of the death receptor TRAIL (tumor-necrosis factor related apoptosis-

inducing ligand), and underwent apoptosis when re-stimulated (van Stipdonk et al., 2001; Janssen 

et al., 2005). 
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b) T-cell expansion and differentiation  

T-cell differentiation involves the regulation of transcriptional programs that control the 

cell cycle, response to cytokines, migratory capacity, effector function (cytokines secretion, 

cytotoxicity) and susceptibility to activation induced cell death (AICD). Although CD4+ and 

CD8+ T cells both commit to proliferation after antigenic stimulation, CD4+ T cells have a slower 

rate of cell division in vitro and in vivo compared with CD8+ T cells (Maini et al., 2000; Homann 

et al., 2001). In addition, the increase in the number of antigen specific CD8+ T cells is 

substantially greater than that of CD4+ T cells during viral and bacterial infections in mice 

(Murali-Krishna et al., 1998; Homann et al., 2001; Foulds et al., 2002), despite some exceptions, 

such as the case of Salmonella (Srinivasan et al., 2004).  

 

CD8+ T cell differentiation 

For CD8+ T cells, the differentiation phase is linked to an extensive proliferation that is promoted 

by cytokines such as IL-2 (Cheng et al., 2002; Kamimura and Bevan, 2007), IL-12 (Curtsinger et 

al., 1999), type I IFNs (Curtsinger et al., 2005) and IFNγ (Whitmire et al., 2005) together with the 

acquisition of cytolytic activity (perforin and granzyme production), the production of IFNγ and 

TNFα and migratory capacities (acquisition and/or loss of certain chemokine receptors) (Haring 

et al., 2006). 

 

CD4+ T cell differentiation 

Depending on the cytokine milieu, CD4+ T cells can be polarized into at least 3 different helper 

subsets: Th1 (induced by IL-12 and produces IFNγ), Th2 (polarized by IL-4 and also releases IL-

4) (Murphy and Reiner, 2002) and Th17 cells (polarized by IL-6 along with TGF-β and secretes 

IL-17) (Stockinger and Veldhoen, 2007). Although certainly less caricaturated than this, each 

subset is thought to have a define role in fighting against microorganisms. Th1 T cells are 

involved in the fight against viral infections, by inducing the cytolitic action of CD8+ T cells 

(Kalinski and Moser, 2005); Th2 are involved in combating bacterial pathogens, by stimulating B 

cell activation and inducing therefore the release of antibodies (Kalinski and Moser, 2005). And 

Th17 cells have an important role in inducing neutrophil-mediated protective immune response 
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against extracellular bacterial or fungal pathogens such as Klebsiella pneumoniae (Happel et al., 

2003; Happel et al., 2005) and Candida albicans (Huang et al., 2004). 

 

c) Contraction 

In an acute infection, the clearance of antigen is accompanied by the shutdown of the T 

cell immune responses and involves apoptosis of a large fraction of antigen-activated T cells. 

This phenomenon is called activation induced cell death (AICD). It is believed that a decrease in 

growth factors following pathogen clearance governs the onset of contraction (Sprent and Tough, 

2001). Candidate factors include type I interferons (IFNs) and members of the IL-2 family (i.e.) 

IL-2, IL-4, IL-7 and IL-15. However, other data suggest that this phase may be programmed early 

in the response (Badovinac et al., 2002). This apoptosis prevents accumulation of no-longer-

needed and potentially dangerous effector cells and thereby avoids immunopathology.  

In viral infections, while around 90-95% of CD8+ T cells die of apoptosis in a 1-2 week 

period, approximately 50 days are required to remove a similar percentage of activated CD4+ T 

cells (Murali-Krishna et al., 1998; Homann et al., 2001). 

 It was reported that the expression of the transcriptional repressor Blimp-1 is essential in 

the contraction phase. Loss of Blimp-1 function either by doing experiments with a knock-in 

GFP mouse that substitutes Prdm1 gene that encondes Blimp-1, (Kallies et al., 2006); or with a 

conditional knock-out mouse, that resulted from crossing Prdm1flox/flox with mice expressing a Cre 

transgene under control of the Lck proximal promoter (Martins et al., 2006), revealed 

accumulation of T cells (Kallies et al., 2006; Martins et al., 2006). However, besides the 

importance of the upregulation of certain genes during this phase, repression of a different set of 

genes is also necessary for contraction to occur. One known example is the case of the Immediate 

Early response gene X-1 (IEX-1). It was shown that IEX-1 is highly expressed at early stages of 

activation, but declines with a prolonged period of activation time, coincident with the 

contraction period. Constitutive expression of this gene impairs apoptosis and induces a lupus-

like autoimmune disease (Zhang et al., 2002) 

Two distinct apoptotic cell-death pathways that ultimately converge at the executioner 

caspases (caspases 3 and 9) are known in mammalian cells (Strasser et al., 1995): 
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-The intrinsic pathway is mediated by the mitochondria and functions in response to certain 

stimuli such as cytokine deprivation, reactive oxygen species (ROS), DNA damage and calcium 

overload. The pro-apoptotic and anti-apoptotic members of the Bcl-2 superfamily tightly regulate 

this pathway. Pro-apoptotic family members include Bax, Bak, and Bok in addition to the BH3-

only proteins Bik, Bid, Bad, Bmf, Hrk, Noxa and Puma. The anti-apoptotic family members 

include Bcl-2, Bcl-xL, Bcl-w, Mcl-1 and A1 (Strasser, 2005). This apoptotic pathway is 

characterized by the release of cytochrome c from the mitochondria. In the apoptosome, 

cytochrome c, APAF-1, dATP and pro-caspase 9 oligomerize, leading to the generation of active 

caspase 9 (Li et al., 1997). This enzyme continues the apoptotic cascade by activating 

downstream executioner caspases such as caspases 3 and 7. 

 

-The extrinsic pathway is mediated by death receptors interacting with their ligand. There are 

several death receptors including Fas, tumor necrosis factor receptor (TNFR) and tumor necrosis 

factor-related apoptosis-inducing ligand (TRAIL) (Fas et al., 2006). After ligation, the death-

inducing signaling complex (DISC) is formed and it recruits pro-caspase 8 and causes its 

activation (Muzio et al., 1996). Caspase 8 then activates executioner caspases such caspases 3 

and 7, resulting in apoptosis. 

 

The relative contributions of the two distinct apoptotic pathways in the termination of T 

cell immune responses has been a matter of controversy for a long time because some studies 

ascribe that function to the extrinsic pathway, through Fas/FasL interactions (Russell et al., 1993; 

Brunner et al., 1995), while others attribute that function to the intrinsic pathway, because of the 

relevant role of Bcl-2 (Hildeman et al., 2002) Bcl-xl (Garcia et al., 1999), Bax and Bak (Rathmell 

et al., 2002). These discrepancies might be explained, at least for CD8+ T cells, by a recent paper 

that shows that in acute immune responses, death is mediated predominantly by the intrinsic 

pathway. However, both the extrinsic and intrinsic apoptotic pathways play a role during chronic 

antigen stimulation, to prevent deregulated expansion of activated T cells (Hughes et al., 2008) 
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Figure 3: Apoptotic pathways. Scheme showing either the extrinsic apoptotic pathway or the intrinsic apoptotic 

pathway (adapted from Fink and Cookson, 2007). 

 

 

d) Memory phase 

After the proliferative burst that is characteristic of the primary T cell response, most 

effector T cells disappear, but a minor fraction of cells persist as long-term memory T cells. 

Generation of memory T cells has been and it is a controversial subject. There are two general 

and mutually exclusive models: the non-linear differentiation model and the linear differentiation 

model. The non-linear model proposes that memory T cell development occurs independently of 

effector function during the initial priming phase. Some reports have shown that T cells that 

expressed activation markers and that proliferated, but didn’t produce cytokines or other effector 

molecules, were the ones that gave rise to memory T cells (Lauvau et al., 2001; Wu et al., 2002a). 

In contrary, the linear model proposes the sequential differentiation of naive to effector to 
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memory T cells (Jacob and Baltimore, 1999; Harrington et al., 2008). Within the linear model, 

many variants have been proposed to account for variations in activation during priming: the 

progressive differentiation model (Lanzavecchia and Sallusto, 2002) and the 

instructive/programmed differentiation model (Kaech and Ahmed, 2001). 

 

The progressive-differentiation model 

The progressive-differentiation model defends that T-cell fate depends on the signal 

strength that they receive by interacting with APCs. There would be 3 factors intrinsic to APC 

that determine the amount of signal: the number of APCs, the concentration of peptide-MHC 

complexes and the concentration of co-stimulatory molecules that will be responsible for the 

duration of the interaction between T cells and APCs. This model proposes that memory T cells 

are generated when one or more signals necessary for terminal differentiation into effector cells 

are lacking, as antigen and infection are waning (Lanzavecchia and Sallusto, 2002). Therefore, 

memory cells arise from precursors that are not fully differentiated effector cells. This model has 

been supported by recent papers, which show that latecomers CD8+ (van Faassen et al., 2005) 

and CD4+ T (Jelley-Gibbs et al., 2005; Catron et al., 2006) T cells exhibit enhanced memory 

formation. However, there is also a recent report showing that while latecomer CD8+ T cells have 

a unique differentiation program, those cells are not preferentially recruited into the memory pool 

(D'Souza and Hedrick, 2006).  

 

The instructive/programmed differentiation model 

The instructive/programmed differentiation model predicts that a brief encounter with 

peptide-MHC on an APC is sufficient for naive T cells to set motion a program of proliferation 

and differentiation, where memory cells arise directly from the few surviving effector cells that 

evade AICD after antigen stimulation. This model was initially based on the finding that 

activating CD8+ P14 T cell in vitro for 24 hours and injecting them subsequently into a B6 wt 

mouse, those cells are able to differentiate into effectors and then functional memory T cells 

(Kaech and Ahmed, 2001). In favor of this model, another report also showed that memory CD8+ 

OT1 T cells can be generated in vivo as early as 3.5 days after activation (Kedzierska et al., 

2007).  
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Nevertheless this model has some deficiencies. On the one hand, up to now, the early-

programmed proliferation has only been shown for CD8+ T cells (Mercado et al., 2000; Kaech 

and Ahmed, 2001; van Stipdonk et al., 2001; Wong and Pamer, 2001; Kedzierska et al., 2007). 

On the other hand, even if Kaech et al have observed a synchronous and extensive cell division, it 

cannot be determined whether all the cells received the same signal strength. Perhaps there are 

signals being received by responding cells that will be responsible for a different final outcome 

for those effector cells. Therefore, even if for the CD8+ T cells they observe that a brief contact 

with antigen (as short as 24 hours in vitro) is sufficient to induce differentiation, that does not 

contradict with the progressive-differentiation model, because a high level of stimulation can be 

delivered in a relatively short time if the levels of antigen and co-stimulation are high enough and 

if the TCR has a particularly high avidity. 

 

In the end, these two models are not mutually exclusive. Maybe the controversy comes 

from the fact that the word “progressive” differentiation induces to think that it takes time for 

naive cells to give rise to memory T cell precursors, when in fact it depends on the strength of the 

signal that a naive T cell receives and the signal strengths received by the expanding and 

differentiating populations. The corresponding signal strengths will depend on the type of 

immunization or pathogen infection. To avoid this potential misunderstanding, the 

comprehensive model of memory T cell generation should be named “signal-strength 

differentiation” model. 

Recently it has been proposed a model that tries to integrate all the data and that was 

named intersecting pathway model (Moulton and Farber, 2006). In this model, cells that have 

been only activated (without acquiring effector functions) and effector cells that haven’t reached 

the terminal differentiation, both can give rise to memory T cells (Moulton et al., 2006). 

 

Subsets of memory T cells and models of their differentiation 

Two types of memory T cells have been described in CD4+ and CD8+ T cell populations 

based on their anatomical location, expression of cell surface markers and effector functions 

(Sallusto et al., 1999; Masopust et al., 2001; Reinhardt et al., 2001). Memory T cells that express 

molecules such CD62L and CCR7, which allow efficient homing to lymph nodes (LNs), are 

termed central memory T cells (TCM), whereas memory T cells that lack expression of these LN 
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homing receptors and are located in non lymphoid tissues are termed effector memory T cells 

(TEM). However, both T cell subsets are present in the blood and spleen. These studies have also 

shown, that TEM acquire effector functions, such as cytokine production and killing, more rapidly 

than TCM, but, TCM have an inherent proliferative advantage over TEM following antigen 

stimulation (Wherry et al., 2003). However, others studies consider that these two subsets do not 

differ in immediate effector cell function (Champagne et al., 2001; Unsoeld et al., 2002).  

The existence of these memory subsets raised the question of how TCM and TEM cells are 

generated and whether each is the product of interdependent or separate lineages. Three models 

of differentiation have been suggested: 

 
-The first proposes a linear differentiation model in which TCM differentiate to TEM. This model 

was first based on the findings that memory human CCR7+ T cells in short-term in vitro culture 

can lose expression of this chemokine receptor, and in the process become functionally 

competent (Sallusto et al., 1999). Recently, an in vivo study, in mice, also concluded that TCM 

could be converted into TEM upon Listeria monocytogenes infection, but the reverse was not 

possible (Huster et al., 2006). 

-The second, like the first model, also proposes a linear differentiation model, but in an inverted 

way. This model considers that naive T cells become effector cells that then differentiate first into 

TEM and that over time this subset converts into TCM cells (Wherry et al., 2003). The first 

evidence for this differentiation was the fact that after clearance of the pathogen lymphocytic 

choriomeningitis virus (LCMV), although the total number of gp33-specific memory T cells in 

the spleen remained constant between 1 and 3 months, during this time the absolute number of 

TEM decreased whereas the number of TCM increased proportionally. But to be sure that was 

conversion of TEM to TCM, they sorted these two subsets of memory T cells and they transferred 

them into naive recipients. After 25 days, the transferred TCM remained uniformly CD62Lhi, but 

half of the transferred TEM cells had converted to CD62Lhi. 

-The third considers that TCM and TEM cells represent mostly separate lineages (Baron et al., 

2003). This study was done by analyzing the T cell receptor (TCR) repertoire of human blood 

memory CD8+ T cells and finding that the TCM and TEM compartments have substantially different 

TCR repertoires. This has been interpreted as support for recruitment from distinct naive 

precursor cells.  
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Despite the fact that each of these 3 models have been proposed based on experimental 

results, the “theory” subjacent to each model is mutually exclusive from the other two. For this 

reason, intensive investigation has been developed around this thematic, in an attempt to unravel 

the memory T cell subsets relationship, as it is of great interest, especially improved future 

vaccination strategies. 

The first model can be easily refuted because the observed conversion of TCM into TEM 

only occurred upon stimulation with the nominal antigen. Therefore, instead of looking at TEM 

cells, they were observing the activation of memory T cells, upon re-stimulation, and the 

formation of effector T cells.  

The second model has also been questioned by the fact that it was demonstrated that naive 

T cell frequency profoundly influences the pathway along which memory CD8+ T cells develop 

(Marzo et al., 2005): whereas at high precursor frequencies, the TEM converted into TCM, at low 

precursor frequencies, the TEM generated cells represented a stable cell lineage that failed to 

further differentiate into TCM. More recent reports have also shown that initial T cell frequency 

affects both effector and/or memory generation, either by using adoptive transfer of TCR Tg cells 

(Badovinac et al., 2007) or by studying endogenous naive CD8+ T cells fate upon infection (Obar 

et al., 2008). However, the last report (Obar et al., 2008) claims that although higher endogenous 

precursor frequencies converted from TEM to TCM, lower-frequency endogenous T cell also 

converted toward TCM. The only difference is that conversion takes longer. Nevertheless, they 

look at the percentage of CD62-Lhi cells (and not numbers) without doing a comparative study 

with the fate of CD62-Llo T cells. Therefore, we cannot be sure, in this case, if we are in presence 

of TEM to TCM conversion. 

The arguments that supported the third model were also refuted by the fact that it was 

found individual clonotypes of epitope-specific TCRs in different subsets (Bouneaud et al., 2005) 

and that a single naive CD8+ T cell precursor can develop into diverse effector and memory 

subsets (Stemberger et al., 2007).  

In the end, these results lead to the hypothesis that actually there is no two memory 

subsets, but only one. We could imagine that the TEM are not a subset of memory T cells, but are 

actually real effector cells. For example, recent papers have shown that although there is no 

influenza virus detection in the lungs and in other tissues after day 12 of infection (either by PFU 

counting or by a sensitive PCR-based test), there might exist an unexpected prolonged 
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presentation of influenza antigens that promotes an activated phenotype of both CD4+ (Jelley-

Gibbs et al., 2005) and CD8+ T cells (Zammit et al., 2006). The observations for the CD4+ T cells 

were done by transferring naive CD4+ T cells into mice, that had supposedly cleared virus, and 

realizing that those cells divided and migrated to different organs, including the lungs, and were 

CD62Llo. For the CD8+ T cells, the same type of conclusion came up from parabiosis studies, 

with mice that had cleared the infection and with non-infected mice. The conclusion resulted 

from the study of the migration and activation pattern of CD8+ T cells originated from the two 

different mice. In addition to the finding of virus persistence even when it’s assumed that it was 

eliminated by the immune response (acute infection) (Ciurea et al., 1999), the existence in 

lymphoid tissues of structures adapted for long-term maintenance of antigen has also been 

reported. The antigen is stored for many months and possibly years, in the form of immune 

complexes, on the surface of follicular dendritic cells (FDCs) (Tew and Mandel, 1979). These 

findings point to the notion that TEM are not really memory cells but effector cells that are either 

long-lived or continuously produced upon stochastic contact of memory T cells with FDCs, for 

example, or with other cells that present the antigen. Thus, following this line of thinking, we can 

say that the real memory cells are the ones that are usually referred as TCM. An important 

observation shown by different reports that supports this hypothesis is that protective immunity 

(either against virus or bacteria) is more efficiently conferred by TCM than TEM, due to the greater 

proliferative capacity of TCM (Catron et al., 2006; Wherry et al., 2003). Therefore TCM seem to be 

the only ones that have acquired the two-hallmark characteristics of memory T cells: ability to 

mount secondary responses and the stem-cell-like quality of self-renewal.  

 

Molecular signature of memory T cells 

On the one hand, it has been shown that naive, effector and memory CD8+ T cells have a 

unique and different molecular signature based on transcriptional profiling (Kaech et al., 2002). 

On the other hand it was shown that, in the mouse, a portion of the genetic program of 

hematopoietic stem cells is shared with embryonic and neural stem cells (Ivanova et al., 2002). In 

other words, there is a stem cell molecular signature. Because it is suggested that memory T cells 

have a stem-cell-like quality of self-renewal, a group decided to compare the gene-expression 

profiles of naive, effector and memory CD8+ T cells with those of long-term hematopoietic stem 

cells (Lt-HSC), short-term hematopoietic stem cells (St-HSC), and lineage committed progenitors 
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(LCP) (Luckey et al., 2006). What they found was that transcripts augmented in memory CD8+ T 

cells relative to naive and effector T cells were selectevely enriched in Lt-HSC and were 

progressive lost in their short-term and lineage-committed counterparts. And transcripts 

selectively decreased in memory T cells were also selectively decreased in Lt-HSP and 

progressively augmented with differentiation. To test whether that TCM are the only real memory 

T cells, one could perform a molecular study comparing the transcripts between Lt-HSC, TCM and 

TEM, to determine if there are differences in the transcripts between the currently accepted 

memory subsets, and to determine if there is a higher similarity between Lt-HSC and TCM or 

between Lt-HSC and TEM.  

 

Markers to identify activated cells that will become memory cells 

Independently of whether there are one or two types of memory T cells, there have been 

extensive studies to try to find out the marker(s) that identify the activated cells that are potential 

future memory cells. 

The first evidence that high level expression of IL-7Rα (also named CD127) could be a 

marker for precursor memory T cells came from a study that showed that mice infected 3 weeks 

after transfer of CD127hi CD8+ P14+ effector T cells, were provided of immunological protection. 

In contrast, the same approach but with transfer of CD127lo CD8+ P14+ effector T cells, didn’t 

confer protection (Kaech et al., 2003). A more recent study add that CD127hi KLRG1lo 

expression along with low expression of T-bet promoted the differentiation of effector cells into 

memory precursors (Joshi et al., 2007). This observation comes from the use of two different 

strategies. One consisted in the Tbx21 gene dosage (Tbx21 is the gene of T-bet) by comparing 

Tbx21+/+, Tbx21+/- and Tbx21-/- P14 CD8+ T cells during LCMV infection; and the other 

consisted in transfecting Tbx21-/- P14 T cells with T-bet/estrogen receptor (ER) MSCV vector 

and transfer them into a mice that were later infected with LCMV and subsequently treated with 

different doses of tamoxifen (an estrogen). However, it is still not completely clear how absolute 

a role of IL-7Rα expression plays in selecting memory CD8+ T cell precursors, because it has 

been demonstrated that IL-7Rα+ cells also die during the contraction phase, by comparing the 

CD127 MFI with the apoptotic and non-apoptotic cells, i.e. annexin V+ annexin V- (Lacombe et 

al., 2005). Moreover, recent reports using constitutive expression of IL-7Rα in T cells show that 

expression of IL-7Rα alone does not support increased survival of both effector CD4+ (Haring et 
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al., 2008) and CD8+ T cells (Hand et al., 2007; Haring et al., 2008) into the memory phase 

following bacterial or viral infection. However, Kaech’s group showed that expression of IL-7Rα 

is necessary, although not sufficient for memory generation: if mice are treated with rIL-7 during 

the contraction phase, there is an enhancement of IL-7Rα Tg effector P14 T cells compared to wt 

P14 T cells. However, they argue that overexpression of IL-7Rα does not rescue KLRG1hi 

effector cells from death because KLRG1hi IL-7Rα Tg effector CD8+ T cells exhibit decrease 

responsiveness to IL-7 in vivo.  (Hand et al., 2007). 

Another report shows that Serine protease inhibitor 2A (Spi2A), an inhibitor of lysosomal 

executioner proteases dependent on the transcription factor NF-κB, promotes the survival of 

cytotoxic T lymphocytes, allowing them to differentiate into memory CD8+ T cells (Liu et al., 

2004). This was observed by using transfected BM chimeras with MIGR1 retrovirus, which 

expressed Spi2A, Spi2A antisense or GFP alone.  

In this study they also observed that Spi2A correlates, not only with the differentiation of the 

effectors into memory CD8+ T cells, but also with the expression of CD127.  

Expression of the homodimer CD8αα in some effector CD8+ T cells has also been 

described as a memory differentiation marker, by showing that CD8α enhancer-deficient mice 

(E8I-/-) are compromised in generating memory CD8+ T cells (Madakamutil et al., 2004). But a 

more recent report, making use of E8I-/- mice as well, demonstrates that generation of memory T 

cells can occur without the expression of CD8αα (Chandele and Kaech, 2005). 

In spite the numerous attempts in trying to discover a reliable marker of precursor 

memory T cells, up to now, nobody has succeeded in finding it. However, although not perfect, it 

seems that IL-7Rα re-expression is one of the best markers for memory precursor cells.  

In our work we will generate memory T cells by using protocols where we know that nominal 

antigen will totally disappear and where functional tests show that they proliferate and respond 

faster upon re-challenge. 
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3.2.2 Generation of activated/memory T cells in lymphopenic environments 
(LDP) 

 

Lymphopenia driven proliferation (LDP) of peripheral T cells was first described either in 

thymectomized mice during T cell recovery following T cell elimination (Rocha et al., 1983) or 

following the fate of T cells adoptively transferred into T cell deficient hosts ( Miller and 

Stutman, 1984; Freitas et al., 1986; Rocha et al., 1989; Rocha, 1987). The observation of a 

cellular expansion in response to empty space, led several groups to consider that this 

phenomenon should allow T cells to re-conquer the empty space and reestablish the number of 

cells observed in a normal individual. For this reason they named this phenomenon as 

homeostatic proliferation. But actually this proliferation does not reach the number of T cells 

observed in a normal mouse or human and the naive T cells acquire an activated/memory 

phenotype while proliferating, reducing therefore, the number of T cells in the naive pool 

(Mackall et al., 1997). Furthermore, not all T cells have the same potential to expand after 

adoptive transfer into T cell deficient mice, resulting in a repertoire that is limited in diversity and 

prone to skewing (Mackall et al., 1996; La Gruta et al., 2000). This skewing depends also on the 

intial number of cells injected: lower donor T cell numbers injected will induce a more limited 

repertoire than higher polyclonal T cell numbers injected (Min et al., 2004).  

All these findings revealed that it is not correct to call this a homeostatic phenomenon. 

And despite the fact that many groups still use this designation (Jameson, 2002; Williams et al., 

2007), it is more appropriate to call this phenomenon lymphopenia driven proliferation (LDP) or 

lymphopenia induced proliferation (LIP). 

 

Generation of activated/memory T cells in lymphopenic environments can be divided into three 

distinct phases: 

a) Initial activation 

b) T cell proliferation/differentiation 

c) memory-like phase 
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Figure 4: Naive T cell LDP. Upon transfer of naive T cells into a lymphopenic host, there is a period of initial 

activation (a), followed by T cell proliferation and differentiation (b), till the cells reach a plateau (c). When they 

reach the plateau those cells are considered as being memory-like T cells. 

 

 

a) Initial activation 

TCR/p-MHC interactions 

Several results indicate that LDP requires TCR triggering. On the one hand, the disruption 

of the proximal TCR signaling through deletion of the p56 Lck kinase impairs LDP of naive T 

cells (Seddon and Zamoyska, 2002); on the other hand, conditional inactivation of the CD4 co-

receptor abrogates the LDP (Wang et al., 2001), reinforcing the importance of the TCR/p-MHC 

interaction in this process. In addition, the different TCR Tg T cell readouts upon co-transfers 

into lymphopenic hosts revealed also the importance TCR/p-MHC interactions for LDP 

(Kassiotis et al., 2003; Kieper et al., 2004). Although these reports have referred that TCR 

affinity and/or avidity has an important role for CD8+ (Kieper et al., 2004) and CD4+ (Kassiotis 

et al., 2003) T cells to compete for LDP; in reality, the different outcomes of different TCR Tg T 

cells rely on the promiscuity of the T cells, as it was shown by Yi et al, and not on the affinity or 

avidity. But what is important from these studies is that they highlight, using competition 

experiments, the importance of TCR/p-MHC interactions for LDP. However, two studies with 

CD4+ T cells demonstrated that the division of, at least, some of those cells could occur in the 

absence of MHC class II (Bender et al., 1999; Clarke and Rudensky, 2000). Nevertheless, like it 
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was already mentioned for naive T cell survival, these two reports used mice that, indeed, are not 

100% MHC class II KO, and this may be the reason for the observed proliferation of some cells. 

Furthermore, very promiscuous TCR T cells might use non-classical MHC, as substitutive 

resources. 

  Two reports have shown that the source of antigens that drive LDP can come from either 

self peptides or from commensal bacteria in the intestines, and that the origin of the type of 

antigen regulates the LDP by different mechanisms for both CD8+ (Kieper et al., 2005) and CD4+ 

T cells (Min et al., 2005). We will mention later what are the different LDP stimuli. 

 

Co-stimulatory molecules 

One study has shown that LDP occurs independently of co-stimulation signals mediated 

through CD28/B7, or 4-1BB/4-1BBL interactions (Prlic et al., 2001). They concluded that by 

transferring either CD4+ or CD8+ T cells from wild type or CD28-/- mice into irradiated B6, or B6 

4-1BBL-/- hosts and observing that the division pattern was similar independently of the situation. 

However, a more recent study, by also using CD28-/- mice, showed that CD28 has a role in the 

LDP of CD4+ T cells (Hagen et al., 2004). Like in the previous report, a similar division patter 

was observed in both CD28-/- and wt CD4+ T cells transferred into irradiated mice. Nevertheless, 

co-transfer of CD28-/- and wt CD4+ T cells revealed that wt T cells had a competitive advantage 

over CD28-/- cells.  

Altogether, we can conclude that when we have a diverse pool of T cells ongoing LDP, 

expression of co-stimulatory T cells can be of extremely importance. Cells with higher 

expression of co-stimulatory molecules have a better fitness than the others.  

 

Cytokines 

The importance of IL-7 for the occurrence of LDP was demonstrated either by observing 

that transfer of T cells into lymphopenic mice Tg for IL-7 (CD3ε-/-) promoted proliferation of 

both polyclonal CD4+ and CD8+ T cells; or by observing an inhibition of cell division of either 

polyclonal (Bosco et al., 2005) or TCR Tg T cells when transferred into IL-7-/- recipients 

(Schluns et al., 2000; Tan et al., 2001); or by observing an impairment of polyclonal T cell 

division in lymphopenic mice that were treated with anti-IL7Rα mAb (Goldrath et al., 2002). 

Moreover, the fact that IL-7/IL-7 mAb complexes induce proliferation even in the absence of 
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lymphopenia, reflects that when this cytokine exists in non-limiting conditions (such as in a 

lymphopenic hosts), it is an important inducer of T expansion (Boyman et al., 2008). 

More recent reports, by looking at the division pattern of transferred T cells into 

lymphopenic mice, IL-7 deficient or not (Kieper et al., 2005); or into lymphopenic mice treated 

with IL-7Rα monoclonal anyibody (Min et al., 2005), claimed that there are two subsets of LDP 

T cells: one that proliferates fast and is IL-7 independent, and the other that proliferates slow and 

is IL-7 dependent.  One of these reports defends that the role of IL-7 on LDP depends on which 

kind of antigen sets off the division (Kieper et al., 2005), however there is no direct evidence 

supporting this suggestion. 

Although initial experiments using T cell transfers into IL-4 and IL-15 KO mice have 

ruled out a role for IL-4 and IL-15 in LDP of naive T cells (Tan et al., 2001; Goldrath et al., 

2002), a recent report, using the same strategy, shows that IL-15 is important not for initiation, 

but for sustained LDP and accumulation of CD8+ T cells (Sandau et al., 2007). Recently, it has 

been shown the importance of IL-2 in driving naive CD8+ T cell proliferation in lymphopenic 

hosts, by observing that while wt donor T cells strongly proliferated when transferred into CD25-

/- mice; proliferation of CD25-/- donor T cells was undetectable (Cho et al., 2007). This suggested, 

that proliferation was selectively driven by raising levels of IL-2. This suggestion was further 

confirmed by experiments using rIL-2/αIL-2mAb. 

 

b) T cell proliferation/ differentiation 

Transfer of donor T cells into “natural” lymphopenic hosts (meaning, not submitted to any 

kind of treatment), results in two T cell proliferation patterns: one subset that proliferates fast and 

another subset that proliferates slowly. In contrast, transfer of donor T cells in irradiated, 

gnotobiotic and/or antibiotic treated lymphopenic mice, results only in the observation of a slow 

proliferation pattern (Kieper et al., 2005; Min et al., 2005). Therefore, these reports suggested 

that the fast rate of proliferation was related with the presence of commensal bacteria antigens, 

whereas the slow rate of proliferation was only due to sp-MHC. The importance of enteric 

bacteria is confirmed by the fact that inflammatory bowel disease (IBD) cannot be induced if the 

lymphopenic hosts are reared under germ-free conditions (Rath et al., 2001; Jiang et al., 2002). 
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Nevertheless, the dogma that there is a difference on the naive T cell proliferation rate depending 

on the antigen type of stimulation can also be questioned, at least for naive CD8+ T cells, since 

the usual slow proliferation of naive CD8+ T cells stimulated by sp antigens can be transformed 

into an intensive division upon IL-2 stimulation (Cho et al., 2007). However, a constant feature in 

the proliferation is that in both intentional immunization or in lymphopenia (independently of the 

antigen stimulus), the rate of proliferation of naive CD4+ T cells is usually slower than CD8+ T 

cells (Tan et al., 2001), even with IL-2 treatment (Cho et al., 2007).  

Some reports claimed that up-regulation of activation markers (CD69, CD25) and/or the 

acquisition of effector functions during proliferation do not occur in irradiated mice, meaning in 

the absence of commensal bacterial (Goldrath and Bevan, 1999; Murali-Krishna and Ahmed, 

2000; Kieper et al., 2005; Min et al., 2005). However, another report showed in irradiated mice 

that proliferating T cells could, indeed, express surface activation markers and/or effector 

functions, such as cytolytic activity (Oehen and Brduscha-Riem, 1999). Effector markers and 

effector function are observed upon transfer of T cells into non-irradiated lymphopenic mice 

(unpublished data).  

Altogether, one can summarize that transfer of T cells into a lymphopenic host results in 

proliferation of the donor T cells, and in their differentiation into effector cells, at least in 

lymphodeficient mice with an intestinal flora. 

 

c) memory-like phase 

In contrary to “classical” activation /intentional immunization (figure 2), in LDP there is 

no contraction phase (figure 4) of T cells (instead they reach a plateau) and there is no antigen 

disappearance. The LDP of naive T cells occurs due to the sensing of space surrounding them, 

but the mechanisms that stop this proliferation are still debated. At least two general models have 

been proposed. The first suggests proliferation inhibition by physical T-cell-T cell interactions 

(similar to contact inhibition). Therefore, T cells would proliferate while contact inhibition is 

absent. Supporting this model is the fact that co-transfer of a large number of bystander T cells 

inhibits T cell proliferation in lymphopenic hosts (Ernst et al., 1999). The second model 

hypothesizes that T cells stop dividing when resources become limited and therefore they have to 

start competing for those limiting resources. Regarding this possibility, potential limiting 
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resources might include cytokines, namely IL-7 or IL-15, and access to APCs that present 

suitable self-peptide and/or intestinal flora antigens in their MHC complexes. Neither model has 

been conclusively ruled in or out yet, but there is experimental evidence demonstrating that T 

cells can indeed compete for resources. Over-expression of IL-7 increases the size of the T cell 

pool and favors LDP, which indicates that the levels of IL-7 are limiting in a normal host (Kieper 

et al., 2002). Another report, from our laboratory, that highlights the T cell competition for p-

MHC by showing that reducing the number of cells expressing MHC class I will induce a 

reduction in the number of adoptively transferred monoclonal CD8+ T cells when they reach the 

plateau (Hao et al., 2006). 

LDP derived T cells acquire a phenotype and a function similar to the memory cells 

obtained from a conventional activation (Lin et al., 2008). This similarity was also observed at 

the molecular level, by comparing gene expression profiles of real memory and LDP-derived 

memory cells (Goldrath et al., 2004). However, a report has demonstrated that despite the 

similarities, real memory T cells are better competitors than LDP-derived memory cells; also 

named memory-like T cells (Bourgeois et al., 2005). Should be mentioned that a restricted 

memory-like T cell repertoire results from LDP (La Gruta et al., 2000) because not all the intially 

transferred cells are able to proliferate and survive long-term. It was shown that an average of 1 

in 100 cells is able to expand (Rocha et al., 1989). 

 

3.2.3 Survival/maintenance of memory T cells 
 

a) The role of p-MHC 

Initially, it was suggested that nominal antigen was important for the maintenance of 

long-term protective memory T cells (Gray and Matzinger, 1991; Oehen et al., 1992). 

However, more recent studies have demonstrated that, per se, there is no need of the presence of 

the cognate antigen for T cells to survive; in the absence of nominal antigen, interaction of TCR 

with sp-MHC molecules is sufficient for the maintenance of CD8+ memory T cells (Tanchot et 

al., 1997; Markiewicz et al., 1998) and CD4+ T memory T cells (Garcia et al., 1999; Kassiotis et 

al., 2002). However, while in Markiewicz et al study, they showed that sp-MHC interaction is 

required for memory CD8+ T cell maintenance because its survival was drastically impaired in 
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TAP1-deficient hosts; a more detailed study showed that CD8+ memory T cells required only the 

non-restrictive class I interaction for survival (Tanchot et al., 1997).  

As it was observed for naive T cells, conditional TCR ablation leads also to the 

disappearance of memory CD8+ T cells (Polic et al., 2001), putting also in evidence the 

importance of TCR/sp-MHC for memory survival. However, other reports have demonstrated 

that memory CD8+ (Murali-Krishna et al., 1999) and CD4+ T cells (Swain et al., 1999) can 

persist respectively in β2m and I-Aβ deficient mice. Despite not being 100% MHC class I and 

MHC class II deficient mice, the MHC expression is strikingly reduced. The discrepancy in the 

results for the memory CD8+ T might be due to the fact that the two first studies used as memory 

CD8+ T cells, the HY cells, whereas in the later study, it was used P14 T cells or polyclonal 

CD8+ T cells. It was shown that these two types of TCR Tg cells (aHY and P14) have different 

intrinsic properties, namely promiscuity (Hao et al., 2006), which plausibly explain the apparent 

contradictory results. As shown by Yi et al, promiscuous CD8+ T cells can survive in a true MHC 

class I deficient mouse (H-2D/K/ß2m-knocked-out) by interacting with MHC class II molecules. 

In contrast to CD8+ memory T cells, CD4+ memory T cells yet persist after TCR ablation (Polic 

et al., 2001), suggesting that TCR tickling is not required for survival of most CD4+ memory T 

cells. But despite memory CD4+ T cells do not need p-MHC to survive, their function is 

impaired, for example, they lose the capacity to respond in vivo to antigen re-challenge or to 

provide help to B cell responses (Kassiotis et al., 2002). This indicates that functional memory 

(the parameter that really matters) needs some kind of periodic triggering by MHC. 

The fact that it was shown that functional memory T cells need some kind of periodic 

triggering by MHC raises the question of whether cognate antigen causes optimal triggering. 

Therefore, one could think that the amount of nominal antigen present in the organism is a major 

factor for the maintenance or not of optimal memory T cell function. Nevertheless, LDP 

derived/memory-like T cells are continuously in the presence of antigens that activated them and, 

although they are not anergic or exhausted, it was shown that their fitness is lower compared to 

bona fide memory T cells (Bourgeois et al., 2005). 
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b) The role of cytokines 

One cytokine that has emerged as a central regulator of the survival and/or turnover of 

memory T cells is IL-7. Its role was first unequivocally showed for the homeostasis of CD8+ 

memory T cells (Schluns et al., 2000). The system that demonstrated this consisted on adoptive 

co-transfers of OT1 IL-7R-/- and normal OT1 (labeled with CFSE) cells into normal B6 hosts, 

which were then immediately immunized with VSV-OVA. Analysis of donor cell percentages 

was determined at different time points after immunization. It was observed that although both 

donor types had a similar division pattern; the survival of the IL7R-/- OT1 cells was impaired in 

the effector and especially in the memory phase. 

Other papers also showed that IL-7 is in fact required for both polyclonal CD4+ memory 

phenotype (Seddon et al., 2003) and TCR transgenic CD4+ memory T cells (Kondrack et al., 

2003; Li et al., 2003) survival. Nevertheless, CD4+ memory T cells do not seem to be as 

susceptible to this cytokine as CD8+ memory T cells, because it seems that TCR and IL-7R 

signals can have similar outcomes with respect to the maintenance of CD4+ memory T cells, and 

in the absence of one factor, the other can counterbalance. In support of this is the fact that in the 

absence of both of these signals, CD4+ memory T cells failed to survive (Seddon et al., 2003). In 

addition to the IL-7 requirement for memory CD4+ T cell survival, the importance of this 

cytokine in the turnover of those cells has also been reported (Lenz et al., 2004). 

Another important cytokine, but only for the homeostasis of memory CD8+ T cells, is IL-

15. The first evidence of its importance was the observation that it induced expansion of CD8+ 

CD44hi T cells in vitro (Grabstein et al., 1994). Later on, the same function was demonstrated in 

vivo (Zhang et al., 1998). This specialized role was further put in evidence by the fact that over-

expression of IL-15 leads to persistence of increased numbers of antigen-specific CD8+ memory 

T cells after Listeria infection (Yajima et al., 2002) and IL-15 over-expressing transgenic animals 

contain increased numbers of memory phenotype CD8+ T cells (Fehniger et al., 2001). Moreover, 

these findings were amplified by analysis of IL-15-/- and IL-15Rα-/- mice that displayed reduced 

numbers of CD8+ T cells in the periphery, specially the subset of CD8+ CD44hi T cells (memory 

phenotype) ( Lodolce et al., 1998; Kennedy et al., 2000). The ability of IL-15 to reverse the CD8+ 

T cell memory phenotype defect in otherwise naive IL-15-/- mice provides additional evidence to 

support a role for IL-15 in expansion and/or maintenance of these cells (Kennedy et al., 2000). 

However, it should be pointed out that these works were focused on analysis of memory 
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phenotype CD8+ T cells resident in non-immunized mice, and thus the impact on antigen-specific 

CD8+ memory T cells was not addressed. Nevertheless, two reports addressed this question, by 

studying CD8+ antiviral responses to VSV (Schluns et al., 2002) or LCMV (Becker et al., 2002) 

infections in IL-15-/- and IL-15Rα-/- mice. Surprisingly, whereas IL-15 was required for primary 

expansion during VSV infection, this was not the case during LCMV infection. Nonetheless, both 

studies observed that IL-15 is required for the turnover of CD8+ memory T cells to maintain 

populations of memory cells over long periods of time. Numbers of CD8+ memory T cells 

undergo a slow attrition in the absence of IL-15. Another report implies that IL-15 is not only 

important in the turnover, but also in the survival of memory cells, because of a reduction in Bcl-

2 expression in CD8+ T cells deficient in the IL-15Rα chain (Wu et al., 2002b). However, the 

dependency of memory phenotype CD8+ T cells can be overcome by overexpression of IL-7 

(Kieper et al., 2002). 

It should be just mentioned that although the majority of CD8+ CD44hi T cells are dependent of 

IL-15 for their turnover/survival, there is a subset of CD44hi CD8+ T cells that survive in IL-15-/- 

and IL-15Rα-/- mice and that are CD122lo. This subset has a high rate of turnover (Judge et al., 

2002).  

In summary, like it was demonstrated for naive T cells, both memory T cell subsets (CD4+ 

and CD8+) need IL-7 for survival. The CD8+ memory T cell maintenance is also governed by IL-

15, especially for the CD8+ memory T cell turnover. 

 

 

3.2.4 Activation of memory T cells 
 

a) Recall response to infections (conventional activation of memory T cells) 

Like it was mentioned before, when rechallenged with an infectious pathogen, antigen-

specific memory T cells, in contrast to naive T cells, can divide after a shorter lag time, have an 

increased division rate and show a more rapid and efficient differentiation to gain effector 

functions. It was also observed that, in contrary to naive cells, memory CD8+ T cells are able to 

be activated by DCs in nonlymphoid tissues, although they are dependent on CD4+ T cell help 

(Wakim et al., 2008). Furthermore, it was also shown that memory T cells can be stimulated by 
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all APCs, including B cells and macrophages to a limited extent (Croft et al., 1994); and it was 

postulated that reactivation of memory CD8+ and CD4+ T cells does not depend on CD28 co-

stimulation (Croft et al., 1994; Bachmann et al., 1999b; Kim et al., 1999; London et al., 2000).  

However, a later report has shown that DCs are required for optimal secondary CD8+ T cell 

responses (Zammit et al., 2005): the recall response to Listeria monocytogenes, to vesicular 

stomatitis virus (VSV) and to influenza virus was severely reduced (between 60 and 90% 

reduction) when DCs were depleted at the time of infection. This DC requirement suggests that 

memory CD8+ T cell reactivation needs either co-stimulation and/or inflammatory cytokines 

derived from DCs. The requirement of CD28 co-stimulation for optimal memory CD8+ T cell 

response was also demonstrated recently (Borowski et al., 2007). 

Altogether, despite the fact that memory T cells can be activated with less stringent 

requirements, for the best recall response, they need the signals that are indispensable for naive T 

cells, which are: TCR signaling through interaction with DCs, costimulation signaling, and 

possibly the presence of inflammatory cytokines (although there are no studies on this, at least to 

my knowledge). 

 

b) LDP of memory T cells 

 As the survival and LDP of naive T cells seem to require the same kind of resources (p-

MHC and IL-7); survival and LDP of memory T cells also share the same requirements. 

Therefore, like for memory T cell survival, IL-7 is important for LDP of both CD8+ (Goldrath et 

al., 2002; Tan et al., 2002) and CD4+ (Seddon et al., 2003) subsets, although CD8+ memory T 

cells seem to be more dependent of this cytokine. Also, the CD8+ subset needs the presence of 

IL-15 for LDP to occur (Becker et al., 2002). 

 Regarding p-MHC requirement, as it was demonstrated for memory T cell survival, LDP 

of memory T cells is less stringent to p-MHC than naive T cells. This conclusion comes from 

LDP comparing studies of naive and memory cells singularly transferred into lymphopenic hosts 

with or without deficiencies in MHC class (Murali-Krishna et al., 1999; Tanchot et al., 1997). 

The importance of TCR tickling with p-MHC was further confirmed by other studies. Another 

study documented the importance of p-MHC in CD4+ memory T cells by showing that CD4+ 

memory T cells with higher “avidity” (actually they should mention promiscuity) have a 
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competitive advantage over lower “avidity” T cells at early time points of LDP (Kassiotis et al., 

2003). Altogether, we can conclude that TCR/p-MHC interactions are important in LDP of 

memory T cells, because in a competitive situation, cells interacting MHC and with higher 

promiscuity will out-compete the others. 

 

 

 
 

 
legend:  arrow means the moment of challenging 

              a) T cell activation 

              b) expansion and differentiation of T cells 

              c) contraction phase 

              d) steady-state of memory/memory-like T cells 

 

 
Figure 5: Differences in the kinetics of intentional immunization or LDP between naive and memory T cells. 

This figure shows that in intentional immunization, naive T cell activation takes longer than memory T cells. For 
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LDP it is not really known if there is difference of time during initial activation, but it is known that memory T cells 

proliferate faster than naive T cells. One important difference between intentional immunization and LDP is that in 

LDP (although there is proliferation and cell death) the contraction phase (c) is absent. 

 

 

 

3.3 T cell attrition 

During the course of a lifetime, individuals are subjected not only to one infection, but to 

multiple pathogens, some homologous and others heterologous. Thus, the induction of profound 

T cell memory, particularly during viral infections poses a problem for the accommodation of 

memory T cells specific for multiple pathogens over the course of a lifetime. The memory T cell 

pool would rapidly fill up unless curtailing mechanisms operate. Although the numbers of CD44hi 

T cells increase with age, the size of the spleen and LNs restricts the total number of memory T 

cells. 

An elegant work showed for the first time that sequential heterologous viral infections 

induce a reduction of otherwise stable virus-specific cytotoxic T memory cells (Selin et al., 

1996). This phenomenon was later called attrition (Selin et al., 1999) and it was suggested that 

the mechanism that results in the attrition of memory T cells specific to viruses to which the host 

has been previously exposed may involve a selective process, as not all epitope-specific 

populations are reduced in equal proportions. Likewise, the immune system is able to maintain 

homeostasis by saving space with two mechanisms, either the deletion of a portion of the 

memory T cell pool or the preservation of the cross-reactive memory T cells. One report showed 

that attrition can also be observed in naive T cells, but the CD44hi T cells are the most affected 

population (McNally et al., 2001). This phenomenon was further extended to intracellular 

bacterial infections (Jiang et al., 2003b; Smith et al., 2002). However, while memory CD4+ T 

cells seem resistant to depletion in a viral system (Varga et al., 2001), a report using a bacterial 

model showed that CD4+ memory T cells are also susceptible to attrition (Smith et al., 2002). The 

reason for this differential susceptibility of CD4+ memory T cells during viral vs bacterial 

attrition is not clear. One possibility is that since viral infections are overwhelmingly biased 

toward CD8+ T cell responses, it is possible that attrition during such infections affects CD8+ but 

not CD4+ T cells. Another possible explanation may relate to the persistence of the pathogen 
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since the viral infection used for evaluating attrition did not cause chronic infections, whereas the 

bacterial infection that induced CD4+ T cell attrition was a chronic pathogen. 

 

 

 
 

 
Figure 6: Modulation of the T cell repertoire during viral infection. A naive immune system (coloured dots 

represent T-cell populations with different specificities) is challenged with either of two heterologous viruses: 

LCMV or Pichinde virus. When the immune system that has been exposed to a virus (LCMV), is challenge by 

another virus (Pichinde virus), the cross-reactive T cells for the 2 viruses (red outline) will expand preferentially and 

dominate the response. The memory cells that were specific only for the first virus will be reduced in number. (From 

(Welsh and Selin, 2002). 
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3.3.1 Attrition models 

Selin et al have proposed two hypothetical models to explain attrition : 

-active deletion model suggests that pre-existing memory T cells undergo a bystander apoptosis 

and get killed off by cytotoxic factor(s) released during the early phase of a new infection. 

- passive competition model suggests that during infection, pre-existing memory T cells 

inevitably have to compete with newly generated pathogen specific T cells for structural niches 

and/or survival factors such as cytokines, and eventually some memory T cells would lose this 

battle and die off. 

 

A common feature of many severe viral (Oura et al., 1998; Summerfield et al., 1998;  

Reed et al., 2004) and bacterial (Hassan and Curtiss, 1994; Chapdelaine et al., 2003; Carrero et 

al., 2004) infections is a transient lymphopenia that occurs prior to the peak of the T cell 

response. Several reports demonstrated that depletion of memory T cells occurred very early (day 

2) after viral (McNally et al., 2001; Kim and Welsh, 2004; Bahl et al., 2006) and bacterial (Jiang 

et al., 2003b) infections.  

It was shown in one report that early memory CD8+ T cell attrition occurred either in the 

presence or in the absence of cognate antigen, favoring therefore the active deletion model (Bahl 

et al., 2006). However, another study demonstrated a selective depletion of nonspecific memory 

T cells during the early phase of immune responses to infection, which more strongly supports 

the competition model (Jiang et al., 2003b). The reason for this discrepancy is not known. The 

difference between those two reports is based on the infection pathogen: in the first case a viral 

infection was used, while the second report used bacteria. 

 

3.3.2 Attrition mechanism 

It was observed that mice injected with poly(I:C) (which mimics double stranded RNA 

found in certain viruses) present a bystander T cell proliferation (Tough et al., 1996). 

Nevertheless, poly(I:C) induces a cell division pattern that does not result either in an increase in 

cell number or in changes in hierarchies (in contrast to what is found in heterologous viral 

infections) (Kim et al., 2002). However, during analysis of memory T cell numbers of poly(I:C)-

treated mice in the early phase upon injection (between 12 and 72 hours), a decrease in memory 
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CD8+ T cell numbers was observed (McNally et al., 2001; Jiang et al., 2005b; Bahl et al., 2006). 

Since it is known that poly(I:C) is an inducer of type I interferon through the TLR3 signaling 

pathway, it was hypothesized that a that a possible mechanism for attrition could involve IFNα 

and/or IFNβ. Interferons are natural proteins that belong to the large class of glycoproteins 

known as cytokines, and they are produced by a wide variety of cells in response to infections or 

tumors. 

In some reports it was shown that the early decrease of lymphocytes was, indeed, due to 

type I interferon, and that decrease was the result of lymphocyte apoptosis. The observation came 

from the fact that type I IFN receptor deficient (IFNAR-/-) mice displayed decreased lymphocyte 

apoptosis in both viral (McNally et al., 2001) and bacterial (Carrero et al., 2004; O'Connell et al., 

2004) infections. However, other viral infection experiment demonstrated that the type I IFN 

induced initial decrease of lymphocytes upon infection was transient and it was not related to cell 

death, but rather to the regulation of lymphocyte recirculation and redistribution (Kamphuis et al., 

2006). In this study they showed that type I IFNs had a direct role on T cells. 

Altogether, it seems that depending on the infection, either we can have a real memory T 

cell attrition, with changes in the memory T cells hierarchies and frequencies, or just a trasient 

decrease that is later compensated and that keep T cell frequencies. In both types of early 

decreases, type I IFN seems to play a role but with different outcomes. 

We cannot, however, exclude that it might exist other molecule(s) that can also have a 

role in the attrition and that probably their signaling pathways are somehow cross-linked with 

type I IFN. In support to this hypothesis is the fact that it was shown that IL-15, that is produced 

by APCs in response to IFNα/β and known for the maintenance and survival of memory CD8+ T 

cells (Sprent and Surh, 2001), can also enhance the erosion of pre-existing memory CD8+ T cells 

(Chapdelaine et al., 2003). 

Altogether, the role of type I IFNs in attrition is not clear cut. More studies have to be 

performed to find whether type I IFNs play a general role in attrition or if it is restricted to some 

specific infections. Moreover, it is also of interest to determine if type I interferons have a direct 

role on T cells or if they play an indirect action. But we also have to keep in mind that other 

potential “attrition” molecules might exist. 
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In conclusion, if attrition has been first described as a mechanism affecting non-specific 

memory CD8+ T cells during viral infections, the definitive nature of the target cells, CD4+ 

versus CD8+ T cells, memory versus naive T cells, specific versus non-specific cells, remains 

unclear and may depend on the infectious agents. Furthermore, in all cases, the mechanisms of 

this attrition process are still non elucidated. 

 

Because until now the great majority of the studies only reported CD8+ T cell attrition 

during infections inducing high CD8+ T cell response, we decided to reconsider the possible 

attrition of CD4+ T cells during a bacterial infection which induces a high CD4+ T cell response, 

i.e. infection by Salmonella Thyphimurium. 

 

 

4 SALMONELLA THYPHIMURIUM 

The genus Salmonella is extremely heterogeneous, comprising almost 2000 serotypes, of 

which only a few are major human pathogens. However, despite this apparent complexity, 

Salmonella species are actually quite similar genetically, with the serotype differences based on 

surface antigen differences such as LPS and flagella. 

Salmonella spp are gram-negative, flagellated and facultative intracellular pathogens 

capable of causing disease in a great variety of animal species, including human beings (Chalker 

and Blaser, 1988). Salmonella infections are largely initiated after the consumption of 

contaminated food or water (Chalker and Blaser, 1988). Ingested bacteria reach the intestinal 

tract where they interact in a rather intimate and complex manner with the cells that line the 

intestinal mucosa. 

The etiologic agents of murine and human thyphoid fever are named Salmonella enterica serovar 

Thyphimurium and Salmonella enterica serovar Typhi. However, they are usually called 

Salmonella thyphimurium and Salmonella thyphi.  

 

 Host defense against Salmonella typhimurium infection requires significant contributions 

from both the innate and acquired arms of the immune system (Mittrucker and Kaufmann, 2000) 

The initial stages of infection are characterized by an innate immune response triggered 

by pathogen associated molecular patterns (PAMPs) host recognition, such as flagellin, LPS, 
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lipoproteins and glycoproteins, which are recognized by Toll-like receptors (TLRs) and by 

nucleotide-binding oligomerization domains (NODs).  

Experimental models using an injection of Salmonella have shown that neutrophils are rapidly 

recruited after bacterial administration (Coates and McColl, 2001; Fierer et al., 2002; Yang et al., 

2002). Therefore, neutrophils have the earliest detectable change in abundance whereas changes 

in macrophages numbers are apparent a couple of days thereafter (Kirby et al., 2002). The 

number of DCs also increases within days after infection (Kirby et al., 2001). It has been 

demonstrated that Salmonella induces death of macrophages and DCs by activating the 

inflammasome (a caspase-1 activating multiprotein complex that processes pro-inflammatory 

cytokines including IL-1) (van der Velden et al., 2000). This kind of death is called pyroptosis, 

because in addition to cell lysis, there is release of pro-inflammatory cytokines that stimulate 

fever: IL-1β and IL-18 (Monack et al., 2001). These cytokines are important for the recruitment 

of immune cells, enhancement of T and NK cell function and production of diverse secondary 

cytokines (Braddock et al., 2004).  

B6 background mice (the ones that we are going to use in our experiments) are Itys, which 

means that they have a point mutation in the Nramp1 that makes these mice susceptible among 

other infections, to Salmonella (Vidal et al., 1995). Therefore, macrophages from Itys mice cannot 

efficiently kill bacteria, and mice usually die before the adaptive response is initiated.  

Although the innate mechanisms of the immune system are highly effective in restricting 

the initial growth of S. thyphimurium for several days, these mechanisms fail to achieve sterile 

elimination of the bacteria from the host. Only the generation of specific lymphocyte response 

allows the eventual effective eradication of bacteria, and provides increased protection against 

subsequent encounter with this pathogen. 

T cell responses are important for primary and secondary immune responses: mice 

deficient in αβ T cells infected with attenuated strains fail to control infection and develop 

chronic disease (Hess et al., 1996; Sinha et al., 1997). In most Salmonella infection experiments, 

CD4+ T cells were found to be more important than CD8+ T cells. The depletion of CD4+ T cells 

(as opposed to CD8+ T cells) had a more pronounced effect on the control of primary Salmonella 

infection. Transfer of CD4+ T cells from vaccinated mice into naive recipients resulted in higher 

levels of protection than transfer of CD8+ T cells (Nauciel, 1990; Mastroeni et al., 1992; Sinha et 

al., 1997). Moreover, mice lacking MHC class II (deficient in CD4+ T cells) succumb to infection 
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with strains of attenuated Salmonella that are normally eradicated in wild-type mice (Hess et al., 

1996; Sinha et al., 1997). In contrast, mice lacking MHC class I  (deficient in CD8+ T cells), 

display no difference, or only a mild defect in the resolution of primary infection with attenuated 

Salmonella (Hess et al., 1996; Lo et al., 1999). This may explain the delayed expansion and 

contraction of CD8+ T cells (Luu et al., 2006) and the massive proliferation of CD4+ T cells 

(Srinivasan et al., 2004) observed in Salmonella infected mice, in sharp contrast to the vast 

majority of infections. 

 

Because Salmonella thyphimurium is an intracellular facultative bacteria that induces, 

unusually, a much stronger CD4+ T cell than CD8+ T cell response, we decided to use this 

pathogen to study some of the open questions about attrition, including whether attrition can also 

occur in the CD4+ T cell subset when the pathogen clearance is much more dependent on CD4+ T 

cell responses and if IFNα/β plays an important role in Salmonella infection. 
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IN THIS THESIS: 
 

As it was presented throughout the introduction, T cells are produced in the thymus (that 

belongs to what is called central compartment) and then migrate to the periphery. In the periphery 

there are two compartments that are considered to be independently regulated (Tanchot and 

Rocha, 1997): the naive and the activated/memory T cell compartments. Nevertheless, some 

resources required for T cells belonging to different peripheral compartments and ongoing 

different homeostatic processes are common, namely p-MHC and cytokines. Thus, in the first 

part of our study (see submitted article, p57), we decided to investigate if those common 

requirements could overlap between different T cell populations (naive/versus activated/memory 

cells) and between different homeostatic processes (survival and LDP), and to determine the 

impact of this potential overlapping on the establishment of the peripheral T cell pools.  

In the second part of the study (see additional results, p81) we investigated attrition of 

memory T cells either in the absence or in the presence of bacterial infection, with the intention 

to understand if this phenomenon is selective of a specific T cell subset (CD8 versus CD4; naive 

versus memory…) and with the aim to discover what is the mechanism responsible for the 

deletion of T cells.  

The results obtained will be discussed in the last chapter (Discussion, p100) of this thesis. 
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Abstract 

Survival of peripheral CD8+ T cells requires T cell receptor (TCR) interactions with 

peptide-MHC complexes (p-MHC). In the presence of homeostatic mechanisms that strictly 

control T cell numbers, it is likely that diverse T cells clones may compete for shared patterns of 

p-MHC. In the present study, we investigate if the recognition of p-MHC overlaps between 

different T cell populations and what role does this process plays in the establishment of the 

peripheral T cell pools. Using an experimental strategy that follows the fate of adoptively 

transferred polyclonal T cells into different types of RAG-deficient hosts, we demonstrate that T 

cells bearing different TCR specificities share identical TCR-specific requirements for survival 

and lymphopenia-driven-proliferation (LDP). This phenomenon of interclonal competition 

applies to both naive and activated/memory T cells and is partially determined by the clone size 

of the established/resident T cells. We also show that clonal competition with activated/memory 

resident T cells impacts differently on the fate of newly produced BM (bone marrow)-derived T 

cells or adoptively transferred peripheral T cells. Overall, our findings indicate that p-MHC are 

limiting resources, that define multiple diverse niches and can be shared by T cells belonging to 

different compartments. Moreover, they may have clinical relevance for disease-induced 

lymphopenia (HIV infection, irradiation, chemotherapy) potentially associated with T cell LDP 

and the T cell repertoire obtained after subsequent immune reconstitution. 
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Introduction 

In the adult mouse, the number of peripheral T cells is maintained within narrow ranges and is 

largely independent of the numbers of precursor and thymus cells (1). Using competitive bone 

marrow (BM) reconstitution strategies to study the establishment of the peripheral CD8+ T cell 

compartments, it was shown that, in the presence of continuous new cell production, each 

lymphocyte had to compete with other newly produced or resident cells for survival (2). Besides, 

competition is supposed to take place between T cells within a defined compartment, with naive 

and memory T cell pools regulated independently (3, 4). Several different lines of evidence 

suggest the important role of TCR/self peptides-MHC complexes (sp-MHC) interactions in the 

process of T cell competition. First, TCR/sp-MHC interactions are required for peripheral T cell 

survival, as demonstrated by the findings that the absence of either the TCR (5, 6) or specific 

MHC molecules (7-11) leads to the disappearance of the peripheral MHC-restricted mature T 

cells. Secondly, in monoclonal (recombination activating gene) RAG-deficient TCR transgenic 

(Tg) mice, the number of T cells differs according to the TCR expressed (12), suggesting that 

TCR specificity for sp-MHC plays an important role to define the final clone size (12, 13). 

Finally, TCR recognition of sp-MHC has been shown to be required for the expansion of mature 

T cells during the peripheral T cell repopulation of immune-deficient hosts (1, 14-16). 

Alternatively, it was shown that MHC complexed with peptides derived from foreign Ags (p-

MHC) could also participate to T cell LDP (17). 

Because of the involvement of p-MHC complexes in many homeostatic T cell processes, 

competition among T cells in limiting conditions for defined TCR specific ligands are likely to 

occur. Different studies have showed that a defined TCR Tg T cell population transferred into 

hosts containing T cells bearing the same TCR Tg could not proliferate, in spite of the relative 
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host lymphopenia (19-22). These observations were consistent with the existence of competition 

between resident naive T cells and transferred T cells. Nevertheless, because most of these 

experiments involved T cells bearing identical TCRs, they did not allow any conclusion whether 

different T cell clones can compete for identical p-MHC. A recent study showed that 

lymphopenia-driven proliferation (LDP) of transferred polyclonal CD4 T cells was inversely 

correlated to the repertoire diversity of resident LDP-derived T cells (18). However, this study 

only addressed the role of the number and diversity of the resident T cell clones, and provided no 

information concerning the potential role of the TCR specificity of each of the competing T cell 

clones. 

We have now studied the role of TCR specificity in T cell competition. Using different TCR 

transgenic RAG-deficient hosts, we show that diverse polyclonal CD8+ T cell clones compete for 

identical p-MHC and that the clone size of resident T cells influenced the expansion and 

accumulation of the transferred T cells in a TCR-dependent manner. We show that this 

interclonal competition applied to both naive and activated/memory T cells. In addition, we 

studied clonal competition among naive and activated/memory T cells, showing that resident 

LDP-derived activated T cells interfere with the peripheral establishment of newly introduced 

populations of T cells. However, while newly produced BM-derived T cells were out competed 

according to their TCR specificity, the accumulation of a second population of transferred mature 

T cells occurred in a non-specific manner. These results indicate that p-MHC may define TCR-

specific niches shared by T cell belonging to different compartments and controlled by different 

homeostatic processes.  
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Results 

 

CD8+ T cell LDP is regulated by interclonal competition. 

In order to evaluate the influence of resident naive T cells and their TCR specificity on the 

fate of newly transferred T cells, we injected CFSE-labeled polyclonal B6 CD8+ LN T cells into 

different lymphopenic RAG0/0 hosts, non-transgenic (non-Tg) or transgenic (Tg) for different 

class I-restricted TCRs (aHY, P14 and OT1 Tg mice), i.e. hosts containing or not monoclonal 

CD8+ T cell populations. As expected, after transfer into RAG20/0 hosts the transferred T cells 

expanded and the vast majority of cells recovered 7 weeks later had divided and lost their CFSE 

labeling (Fig. 1A). When the same number of T cells was transferred into TCR Tg RAG20/0 hosts, 

an increased fraction of the transferred T cells did not divide and remained CFSEhi, following the 

order OT1>P14>aHY≥RAG20/0. Symmetrically, the number of CFSE- cells recovered in these 

hosts followed the opposite hierarchy RAG20/0>aHY>P14>OT1 (Fig. 1B).  

Because the proliferation of some donor polyclonal CD8+ T cells could be just delayed by 

the presence of the resident T cells, we evaluated the number of non-dividing (CFSEhi) CD8+ T 

cells after transfer into RAG20/0 or OT1 TCR Tg hosts at different time intervals. As shown in 

Figure 1C, the total number of CD8+ T cells recovered from both RAG20/0 and OT1 hosts 

reached a plateau about 1 month after transfer. At equilibrium the number of T cells recovered in 

the OT1 hosts was 2.5 X lower than in the RAG20/0 hosts (1.5*106 vs. 3.5*106). The 

accumulation of CFSE- T cells followed the same kinetics in both types of hosts (data not 

shown). In contrast, while in RAG20/0 hosts virtually all non-dividing (CFSEhi) CD8+ T cells 

disappear after transfer, in OT1 hosts some CD8+ T cells still not divided even 2 months after 
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transfer (Fig. 1D). These findings indicate that the proliferation of a fraction of the polyclonal 

CD8+ T cells was at least for 2 months stably prevented in OT1 hosts. 

 

Fig. 1 : Proliferation of donor polyclonal CD8+ T cells after transfer into different lymphopenic hosts. A) 2.106 

CFSE-labeled CD8+ Thy1.1+ LN T cells were transferred into Thy1.2+ RAG0/0 hosts transgenic or not for the 

different class I-restricted TCRs: aHY, P14 and OT1. The CFSE profile of CD3+ CD8+ Thy1.1+ is shown in each 

case. Each FACS profile is representative of 1 out of 5 mice for each type of hosts. Panel B) shows the numbers of 

donor CFSElo (left part) and CFSEhi (right part) CD8+ Thy1.1+ LN T cells recovered in RAG20/0 (white bars), aHY 

(pale grey bars), P14 (dark grey bars) and OT1 (black bars) TCR Tg hosts. Each bar represents the mean ± SD of 5 

mice. C) and D) show the total number (C) and the number of CFSEhi (D) donor CD8+ T cells recovered at different 

times after the transfer of 2.106 polyclonal Ly5.1+ CD8+ LN T cells into RAG0/0 (open symbols) or OT1 (closed 

symbols) hosts. E) shows the numbers of T cells in the different intact TCR Tg hosts. 

 

We then asked about the mechanism that prevented division of a fraction of the transferred 

CD8+ T cells in the TCR Tg hosts. This may be due to limitation of resources sequestered by the 

resident TCR Tg T cells to survive, and may be just related to their presence as T cells and 
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proportional to their respective number (Fig. 1E). More precisely, these limited resources may be 

either TCR-unspecific (IL-7, IL-15) or TCR-specific (likely p-MHC ligands) or both. We 

reasoned that if TCR-specific resources were involved in this inhibition, the proliferation of the 

undivided CFSEhi recovered from a defined TCR Tg host would be only specifically blocked by 

the presence of T cells from this specific host. To test this, we sorted polyclonal CFSE- and 

CFSEhi Ly5.1+ CD8+ T cells from primary injected OT1 hosts and transferred fewer than 10000 

cells of each subset into different non-Tg and Tg Ly5.2 secondary RAG0/0 hosts. The re-

transferred CFSE- (re-labeled with CFSE) CD8+ T cells divided extensively, losing their CFSE 

and becoming relatively easily detectable, whatever the type of secondary hosts they were 

transferred into (Fig. 2A and C). In contrast, the Ly5.1 CD8+ CFSEhi T cells were not detectable 

in secondary OT1 RAG20/0 hosts, indicating their lack of proliferation after transfer into these 

hosts (Fig. 2B), but they divided extensively after transfer into non-Tg or P14 Tg RAG20/0 hosts 

(Fig. 2B and C). Thus, these observations exclude any intrinsic proliferation defect of these cells. 

They indicate that their inability to proliferate was dictated by the TCR specificity of OT1 T cells 

rather than due to competition for other non-specific factors like IL-7, IL-2 or IL-15 cytokines 

previously involved in CD8+ T cell LDP (23, 24). Therefore, our findings confirmed that TCR-

specific resources, likely recognition of p-MHC, control CD8+ T cell LDP (23). These resources 

seem identical to those required by resident naive T cells to survive. They may define TCR-

specific niches, which both control the number of CD8+ T cells that survive and proliferate. 
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Fig. 2: Clonal inhibition of CFSEhi donor CD8 T cells. Ly5.1+ CD8+ polyclonal T cells were injected into Ly5.2+ 

OT1 RAG0/0 hosts. Five to 6 weeks later, CFSEhi and CFSE- Ly5.1+ CD8+ T cells were sorted and each population 

(after re-labeling with CFSE the CFSE- T cells) was re-transferred into new RAG0/0, OT1 RAG0/0 or P14 RAG0/0 

hosts. Six weeks later, the secondary hosts were sacrificed and the presence of donor Ly5.1+CD3+CD8+ T cells 

derived from the CFSE- (A) and CFSEhi (B) cell subsets was assessed by flow cytometry. C) shows the absolute 

number of CFSEhi (white circles) or CFSE- (dark circles) derived CD3+CD8+Ly5.1+ donor T cells recovered in the 

OT1 RAG0/0, P14 RAG0/0 or RAG0/0 secondary hosts. This experiment is representative of 4 different experiments. 

D) Two million CFSE-labeled Ly5.1+CD8+ LN T cells were transferred into Ly5.2+ OT1 RAG0/0 hosts. The CD44 

expression by the donor Ly5.1+CD3+CD8+ T cells was assessed by flow cytometry before (histogram) and after 

transfer (dot plot) as a function of CFSE profile. 

E) CFSE-labeled Ly5.1+ CD8+ polyclonal T cells were injected into Ly5.2+ OT1 RAG0/0 hosts. Six weeks later, 

CFSEhi Ly5.1+CD8+ T cells were sorted and re-injected into secondary RAG0/0 hosts. Six weeks later, the transferred 

Ly5.1+CD8+ T cells, which have expanded extensively (see Fig. 2B), were sorted again, re-labeled with CFSE and 

transferred into tertiary RAG0/0 or OT1 RAG0/0 hosts. Six weeks later, the expansion of the donor T cells in RAG0/0 

vs OT1 RAG0/0 hosts was assessed by flow cytometry. Dot plots show CD8+Ly5.1+ donor T cells after gating on 

CD3+ T cells. Please note that, while donor T cells were present in the tertiary RAG0/0 hosts, we were unable to 

detect any in the tertiary OT1 RAG0/0 hosts. This experiment is representative of 2 experiments. 
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Activated/memory T cells are also submitted to interclonal inhibition during LDP. 

To determine whether naive and activated/memory CD8+ T cells are equally affected by 

interclonal competition for TCR-specific ligands during LDP, we first characterized the 

phenotype of the CFSEhi CD8+ T cells, which did not proliferate after transfer into TCR Tg hosts. 

We found that the representation of naive CD44lo (about 90%) and activated/memory CD44hi 

(about 10%) T cells among the transferred and the recovered non-dividing CFSEhi CD8+ T cells 

was similar before and after transfer into OT1 hosts (Fig. 2D). This observation suggests that the 

LDP of both naive and activated/memory T cells was inhibited through TCR-specific 

interactions. More precisely, we studied whether the LDP of polyclonal activated/memory CD8+ 

T cells was also inhibited by the presence of resident T cells. For this, we first transferred sorted 

CFSEhi polyclonal CD8+ T cells, recovered from previous transfer into OT1 hosts, into RAG-

deficient hosts. We tested whether these cells, once activated and expanded in these secondary 

RAG-deficient hosts, would be then able to expand in tertiary OT1 hosts. We found that, even 

after activation and extensive proliferation in secondary hosts, the CD8+ memory-like T cells 

derived from previous CFSEhi T cells were still unable to proliferate and remained undetectable 

in new OT1 hosts (Fig. 2E). The same cells were able to proliferate and repopulate tertiary 

RAG0/0 hosts (Fig. 2E). We concluded that resident host naive T cells inhibit, in a clonal specific 

manner, the LDP of not only naive but also activated/memory transferred CD8+ T cells. 

 

Clonal competition between different naive and activated T cell populations. 

Since resident OT1 naive T cells could specifically prevent the proliferation of a fraction 

of polyclonal CD8+ T cells, we asked whether these non-proliferating CD8+ T cells could out 

compete the expansion of naive OT1 T cells during LDP. In other words, we wanted to study if 

the TCR-specific requirements of OT1 naive T cells and polyclonal CD8+ T cells for survival and 
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LDP would somehow overlap. We co-transferred OT1 T cells together with polyclonal CFSEhi 

CD8+ T cells, recovered from a primary transfer into OT1 hosts, into new RAG20/0 hosts. We 

found that 6 weeks after transfer the number of OT1 T cells recovered in the new hosts was 

significantly lower when co-transferred with CFSEhi CD8+ T cells than when transferred alone, 

indicating that CFSEhi CD8+ T cells could out-compete OT1 T cells (Fig. 3A). It should be 

pointed out that the co-transfer of OT1 cells with the CFSE- CD8+ T cells recovered from primary 

OT1 hosts, did not modify the number of OT1 T cells recovered (Fig. 3B). To note, the number 

of CFSE- CD8+ T cells recovered is reproducibly lower than that of CFSEhi CD8+ T cells, likely 

because of a lower proliferative capacity due to their previous proliferation, which may be in part 

compensated by the help of OT1 T cells during co-transfer. Thus, the CFSEhi CD8+ T cells, 

which did not divide in the first OT1 host mice, specifically out-competed the OT1 T cells during 

LDP, suggesting that the OT1 and the polyclonal CFSE+ CD8+ T cells recovered from OT1 hosts 

share similar TCR-specific resources to survive and proliferate. 

 

 

Fig. 3: Clonal competition during LDP between polyclonal CFSEhi CD8 T cells and OT1 T cells. Ly5.1+ CD8+ 

polyclonal T cells were injected into Ly5.2+ OT1 RAG0/0 hosts. Six weeks later, CFSEhi (black circles, panel A) and 
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CFSE- (white circles, panel B) cells were sorted and injected alone or together with identical numbers of Ly5.2+ OT1 

T cells (grey circles in both A and B) into secondary RAG0/0 hosts. Six weeks after transfer, the secondary RAG20/0 

hosts were sacrificed and the absolute number of each population was calculated. P values (Mann-Whitney test) are 

indicated (NS = not significant). This experiment is representative of 3 experiments. 

 

We next asked whether an established population of LDP-derived CD8+ T cells could also 

affect the fate of newly introduced CD8+ T cells, and whether these effects would be related to 

the TCR specificity of the populations involved. For this purpose, a first population of CFSE-

labeled Ly5.1 TCR Tg T cells was transferred into RAG0/0 hosts, followed 4 weeks later by a 

second population of Ly5.2 CFSE-labeled TCR Tg T cells. In control RAG0/0 host mice each 

population was injected alone. Four weeks later, we studied both the CFSE dilution pattern and 

the number of cells recovered. The CFSE dilution profiles obtained showed that the presence of a 

first LDP-derived T cell subset reduced the proliferation of the second T cell subset and that this 

effect was more marked when resident T cells bore the same TCR as transferred T cells (Fig. 4A-

B). However, although more marked when resident T cells were from the same specificity than 

transferred T cells, consistently with the CFSE profile, a decrease in the final number of the 

second injected population was observed with both homologous and heterologous resident T 

cells, indicating that the accumulation of the dividing T cells was inhibited partly in a non-TCR 

specific manner (Fig. 4C-D). It should be noted that the number of resident T cells was not 

statistically modified by the introduction of a new cell subset (data not shown).  
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Fig. 4: Clonal inhibition of CD8 T cell LDP in hosts containing LDP-derived T cells. A first subset of Ly5.1 

TCR Tg P14 or TCR Tg OT1 LN CD8+ T cells was injected into RAG20/0 hosts. Four weeks later, a second subset of 

CFSE-labeled Ly5.2 TCR Tg P14 (A, C) or OT1 (B, D) LN CD8+ T cells was injected into RAG20/0 hosts previously 

injected or not with a first subset of Ly5.1 TCR Tg P14 or OT1 LN CD8+ T cells. Another 4 weeks later, the hosts 

were sacrificed and the CFSE profiles of the second subset of Ly5.2+CD3+CD8+ P14 (A) or OT1 (B) cells were 

analyzed after transfer into new RAG20/0 hosts empty (pale grey histogram), or containing LDP-derived P14 (black 

histogram) or OT1 (dark grey histogram) T cells. Each histogram represents the data obtained from one mouse and is 

representative of 7-10 mice. C) and D) show the absolute number of cells of the second subset of Ly5.2 TCR Tg P14 

(C) or OT1 (D) LN CD8+ T cells recovered after transfer into RAG20/0 hosts empty (pale grey circles), or containing 

LDP-derived P14 (black circles) or OT1 (dark grey circles) T cells. P values (Mann-Whitney test) are indicated. The 

data shown are a pool of 2 different experiments. 

 

We also studied whether the TCR specificity of a previously established population of 

LDP-derived CD8+ T cells could affect the fate of a newly produced population of CD8+ T cells. 
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For this, we first injected RAG20/0 hosts with TCR Tg LN T cells. Four weeks later, when the 

first population reached a stable plateau, we injected T cell-depleted BM cells from the same or 

different TCR Tg donors. Please note that the mice were not irradiated to preserve the existing 

first T cell population. In these conditions some of the transferred precursor cells colonize the 

empty RAG0/0 thymus and reestablish T cell development. The mice were sacrificed 8 weeks later 

and the number of each of the T cells subsets evaluated. The presence or absence of the LDP-

derived resident T cells did not alter the numbers of DN, DP and SP thymus subsets. Thus, 

resident T cells did not affect the thymus T cell development from the subsequently injected BM 

precursors (Fig. 5A) and the activation status of the BM-derived population in the periphery (Fig. 

5B). However, as shown in Figure 5C, the number of BM-derived mature P14 and OT1 T cells 

was significantly decreased in the presence of LDP-derived T cells bearing the same TCR 

specificity, i.e. from the same TCR Tg donors. This was true for both naive CD44lo and 

activated/memory CD44hi T cells (data not shown), indicating that the peripheral seeding and 

establishment of newly incoming naive and activated/memory T cells is inhibited in a clonal 

specific manner by the presence of a previously established population of LDP-derived T cells. 

To note, the LDP-derived T cells were in all cases unaffected by the new incoming BM-derived T 

cells (data not shown). These results indicate that the peripheral accumulation of newly 

developing T cells is impaired by the presence of resident T cells bearing the same TCR 

specificity, i.e. in a TCR-dependent manner.  
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Fig. 5: Clonal inhibition of peripheral BM-derived T cell accumulation in hosts containing LDP-derived T 

cells. BM precursors from TCR Tg Ly5.1 P14 or OT1 mice were injected into empty RAG20/0 hosts or into RAG20/0 

hosts previously injected 4 weeks earlier with LN TCR Tg Ly5.2 P14 or LN TCR Tg Ly5.2 OT1 CD8+ T cells. Eight 

weeks later, the hosts were sacrificed. A) shows FACS profiles of CD4/CD8 thymocytes after reconstitution of 

RAG20/0 (left dot plot) or RAG20/0 hosts containing OT1 LN cells (right dot plot) by BM from OT1 donors. The 

percentages of SP CD4+ and SP CD8+ are indicated in each case. B) shows CD44 expression of peripheral BM-

derived Ly5.1 OT1 T cells (dot plot and top histograms) and transferred LN Ly5.2 OT1 T cells (dot plot and bottom 

histograms) after transfer into RAG20/0 (left histograms) and RAG20/0 hosts containing OT1 LN cells (right 

histograms). C) the absolute numbers of BM-derived Ly5.1+CD3+CD8+ were calculated for each types of donors and 

hosts. BM precursors from TCR Tg Ly5.1 P14 (left part) or OT1 (right part) mice were injected into empty RAG20/0 

hosts (pale grey symbols) or into RAG20/0 hosts previously injected 4 weeks earlier with LN TCR Tg Ly5.2 P14 

(black symbols) or LN TCR Tg OT1 (dark grey symbols) CD8+ T cells. P values (Mann-Whitney test) are indicated. 

This experiment is representative of 3 experiments.  
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Discussion. 

In the present study, we evaluated to which extend specific TCR/p-MHC interactions may 

overlap between different clones during CD8+ T cell homeostasis. We studied the existence of 

interclonal competition between different subsets of CD8+ T cells according to their TCR 

specificity, their differentiation state and the ongoing homeostatic processes. We found that 

clonal competition, based on specific TCR/p-MHC interactions and affecting both populations of 

naive and activated T cells, occurs during either peripheral cell accumulation after thymus 

development or peripheral T cell recovery after LDP. 

It was previously shown that LDP of monoclonal TCR Tg CD8+ T cells is fully blocked 

after transfer into hosts containing monoclonal T cells bearing the same TCR (19-22). We now 

extend this concept of “intraclonal competition” during LDP, to that of “interclonal competition” 

showing that the proliferation of some adoptively transferred polyclonal CD8+ T cells was strictly 

and stably blocked by the presence of specific T cell clones in the lymphopenic hosts. This 

interpretation is strongly supported by the observation that the polyclonal CD8+ T cells that were 

unable to proliferate in OT1 hosts specifically out-competed the OT1 T cells and that other T cell 

clones can not, when both T cell populations were co-transferred into RAG20/0 hosts. This 

indicates that these cells disclose the same TCR-specific ligands or requirements to survive and 

proliferate during LDP. In addition, we found that these requirements were shared by both naive 

and activated LDP-derived CD8+ T cells. Although the sharing of p-MHC resources between 

surviving naive clonal and proliferating T cells suggests the involvement of MHC complexed 

with self peptide, we can not exclude any involvement of foreign peptides as there were 

previously implicated in T cell LDP (17). 

 The fraction of polyclonal CD8+ T cells, whose proliferation was inhibited after adoptive 

transfer into TCR Tg hosts, varied according to the TCR specificity of monoclonal resident T 
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cells and followed the hierarchy OT1>P14>aHY hosts. It has been previously shown that the 

LDP of naive CD4+ T cells and the number they reach, are not controlled by the number of 

resident T cells but by their repertoire diversity (18). In their study, Min et al. (18), generated 

RAG-deficient hosts containing identical numbers of memory CD4+ T cells but with different T 

cell repertoire complexity by transfers of different numbers of naive CD4+ T cells. They then 

showed that the expansion of a second polyclonal naive CD4+ T cell population transferred into 

these different hosts was inversely proportional to the TCR diversity of the resident memory T 

cells (18). Since in the monoclonal RAG-deficient TCR Tg mice, the number of T cells varies 

according to the TCR expressed and was higher in OT1 than in P14 or aHY hosts, the differential 

expansion of polyclonal CD8+ T cells that we observed in this study could be related in our case 

to the clone size of the resident T cells rather than to their diversity. Recent findings from our 

laboratory, showing that T cell clone size is determined according to the TCR promiscuity (12), 

reconcile our present results with the Min et al. report (18). Indeed, one can easily postulate that 

numerous and promiscuous TCR-bearing resident T cells, like OT1 T cells, will interact with 

many more p-MHC ligands than less promiscuous and numerous T cells, like aHY T cells. The 

number of T cell clones among the transferred polyclonal T cells that will not proliferate would 

be determined by the availability ofp-MHC ligands that are not sequestered by the resident T 

cells. 

Using sequential transfers of mature T cells, we found that, while a population of resident 

naive cells selectively inhibited the proliferation and accumulation of newly transferred CD8+ T 

cells bearing the same TCR specificity, LDP-derived resident T cells inhibited the expansion of 

all newly transferred T cells independently of their TCR specificity. They suggest that LDP-

derived T cells may consume non-TCR specific resources that are required for the survival and 

accumulation of newly transferred T cells (22). IL-7 or IL-15 cytokines, which were shown to be 
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involved in memory T cell survival, are the most likely candidates. Alternatively, LDP-derived 

resident cells could actively inhibit or eliminate the newly proliferating T cells through TNFα or 

IFNα secretion, by a mechanism that was previously shown to be involved in attrition of memory 

CD8+ T cells (25). Altogether, these observations strongly suggest that the survival requirements 

of naive and LDP-derived CD8+ T cells do not completely overlap. Although they both require 

recognition of p-MHC, the activated LDP-derived T cells seemed to be more capable of using 

other “non-TCR specific” resources like cytokines. 

By secondarily transferring BM precursors instead of mature T cells into hosts containing 

LDP-derived T cells, we found that the resident population selectively impaired the accumulation 

of newly produced recent thymus emigrants, in a TCR-specific manner. Most likely, the LDP-

derived resident T cells monopolize TCR specific resources required by developing T cells to 

accumulate in the peripheral pools. In spite of the well-established different requirements of 

naive and memory T cells for survival (3, 4), it seems that they share enough resources to 

compete for them, at least in the case of the T cell clones we used and for TCR-specific 

resources. 

In our TCR-specific system, resident activated clonal subsets were unaffected by the 

entering of new thymus-produced clonal T cells in the peripheral pools (data not shown). 

Although dealing with non-TCR specific issues, another study showed that polyclonal BM-

derived T cells were able to out-compete CD4+ TCR Tg LDP-derived T, while “true” memory 

A1 T cells were resistant to displacement (26). These later data likely reflect the high competitive 

capacities of polyclonal over TCR Tg T cells and/or different behaviour between CD4+ and CD8+ 

T cells. Thus, in normal conditions, new forming naive and/or memory T cells would replace the 

less competitive memory cells. This pre-emptive competition favors peripheral T cell diversity 
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since the new developing cells expressing redundant existing specificities do not survive. 

Interestingly, LDP-derived resident T cells affect differently recently developed T cells arising 

from BM precursors and adoptively transferred mature T cells, suggesting that these two latter 

populations have different survival requirement and/or competitive fitness. Alternatively, the 

kinetics and higher number of continuously produced RTE competitors, compared to the limited 

number of cells introduced upon adoptive transfer may justify the different final outcomes.  

Overall, our results strongly support, that in the absence of intentional immunization, 

competition for overlapping p-MHC ligands controls peripheral CD8+ T cell survival, 

proliferation and accumulation. This implies the existence of a complex network of TCR/p-MHC 

interactions defining specific niches, which regulate several homeostatic events and dictate the 

final composition of the T cell pools (27). The fact that resident naive T cells prevent the 

establishment of new T cells expressing identical TCR specificities, favors peripheral T cell 

repertoire diversity. On the other hand, the fact that LDP-derived activated T cells prevent, in a 

non-TCR specific manner, the accumulation of other activated T cell subsets, might enhance the 

efficiency of an immune response by avoiding bystander expansion of non-antigen specific cells 

and favoring the expansion of the appropriate set of responding cells. These findings may help 

understanding the homeostatic events leading to the establishment of a new T cell repertoire and 

occurring during the reconstitution of the peripheral T pools in individuals suffering from 

infection or therapeutic-induced lymphopenia, and potentially subjected to LDP processes. 
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Materials and methods 

Mice. C57BL/6 (B6).Ly5.1, B6.PL.Thy1.1 and B6.RAG20/0 mice were from the Centre de 

Distribution, Typage & Archivage animal (CDTA, Orleans, France). The TCR Tg strains on a B6 

background used in this study were: the aHY RAG20/0 mice Tg for a H-2Db-restricted TCR 

specific for the HY male antigen; the P14 RAG20/0 mice Tg for a H-2Db-restricted TCR specific 

for the gp33-41 epitope of the lymphocytic choriomeningitis virus glycoprotein (LCMV); the 

OT1 RAG10/0 mice Tg for a H-2Kb-restricted TCR specific for the 257-264 peptide of 

ovalbumin. All Tg mice were crossed to be Ly5.1+ and Ly5.2+ and were maintained in our SPF 

animal facilities according to the Experimental Ethics Committee guidelines. 

 

Adoptive T cell transfers and CFSE staining. LN CD8+ T cells (2.106) from B6Ly5.1+ or 

B6.PL.Thy1.1+ mice (enriched after negative selection of CD19+ and CD4+ cells by magnetic cell 

sorting (MACS; Milteny Biotech)), were labeled with CFSE (Carboxy-Fluorescein Diacetate 

Succinimidyl Ester) (Molecular Probes) as previously adapted (28) and injected intravenously 

into RAG20/0 hosts, transgenic or not for different TCRs. For secondary T cell transfers, donor 

Ly5.1+CD8+ CFSEhi and CFSE- T cells recovered from the first set of hosts, were sorted 

(MoFlow, DAKO) after depletion of TER119+GR1+Ly5.2+ cells using magnetic cell sorting 

(MACS; Milteny Biotech). The CFSE- T cells were re-labeled with CFSE and about 3000-6000 

cells from each subset were transferred into secondary RAG20/0, P14 RAG20/0 or OT1 RAG20/0 

Ly5.2 hosts. In competition experiments, sorted CFSEhi and CFSE- (re-labeled with CFSE) donor 

CD8+ T cells were transferred alone or together with the same number of CFSE-labeled LN OT1 

T cells into RAG20/0 hosts. Hosts were killed at different times after transfer. Spleen, inguinal and 

mesenteric LN cells were pooled and counted, and analyzed by flow cytometry. For the 

sequential cell transfer experiments, 2-3.106 P14 or OT1 LN T cells were injected intravenously 
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into RAG20/0 hosts and 4 weeks later, a second subset of P14 or OT1 LN T cells (2-3.106) was 

injected into the same hosts. The mice were killed 4 weeks after the transfer of the 2nd population. 

In all the experiments, we used mice expressing different Ly5 and Thy1 allotypes to discriminate 

either T cells from hosts and donors or from different donors. 

 

Flow cytometry. Pooled spleen, inguinal and mesenteric LN cells were stained with appropriate 

combinations of different FITC, PE, PercP or PercPCy5.5, APC, PE-Cy7 and APC-Cy7-

conjugated CD4, CD8, CD3, Ly5.1, Ly5.2, Thy1.1, Thy1.2 and CD44 mAbs (BioSciences and 

Pharmingen). All acquisitions were done with LSR or Canto (Becton Dickinson) flow cytometers 

interfaced to the CellQuest or FlowJo softwares. 

 

BM chimeras. RAG20/0 mice were injected i.v. with 2.106 LN T cells from P14 or OT1. Four 

weeks later, 5.106 T cell-depleted (by magnetic cell sorting, MACS; Milteny Biotech) BM 

precursors from P14 or OT1 donors were injected intravenously into the same hosts. Please note 

that the mice were not irradiated to preserve the existing first T cell population. In these 

conditions some of the transferred precursor cells colonize the empty RAG0/0 thymus and 

reestablish T cell development. The mice were analyzed 8 weeks after the BM cell transfer. 

Donor and host T cells were discriminated on the basis of the differential expression of Ly5 

alleles. 
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1 MEMORY T CELL ATTRITION 
 

 

The second part of our different study consisted in the analyzes of pre-existing memory T 

cell depletion in two situations ,i.e. in the absence of intentional immunization, or in the presence 

of a bacterial infection by Salmonella Thyphimurium. 

 

 

 

1.1 IN THE ABSENCE OF INTENTIONAL IMMUNIZATION : 
« NATURAL ATTRITION » 

 

We have previously shown that pre-existing memory-like T cells could interfere with the 

establishment of BM-derived T cells in a TCR-dependent manner. In these experiments, while 

the new incoming monoclonal T cells are affected by the presence of resident LDP-derived 

memory T cells bearing identical specificity, the number of resident memory-like T cells remain 

unchanged independently of the TCR of the BM-derived subset. However, this observation is in 

disagreement with two main studies. While reporting only a displacement of naive aHY CD8+ T 

cells and not memory aHY CD8+ T cells by BM-derived polyclonal T cells, the first study 

concluded an independent homeostatic regulation of naive and memory cells (Tanchot and 

Rocha, 1997). In contrast, the second study showed displacement of both clonal LDP-derived 

memory “like” and “true” (generated by immunization with the nominal antigen) memory TCR 

Tg A1 CD4+ T cells by polyclonal BM-derived T cells (Bourgeois et al., 2005). The latter study 

reported however a preferential displacement of LDP-derived T cells, suggesting that LDP-

derived memory-like T cells would be more susceptible to “natural attrition” by BM-derived T 

cells than “true” memory T cells. Because these discrepancies may arise from the use of different 

T cell specificities from CD4+ (A1 TCR Tg) versus CD8+ (aHY TCR Tg) lineages, and of LDP-

derived versus “true” nominal antigen-induced memory T cells, we decided to reconsider the 

question of the depletion of pre-existing memory T cells using another experimental system. 
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We generated hosts containing BM precursors from different TCR Tg strains and 

containing clonal subsets of memory CD4+ and CD8+ T cells. We used the aHY and Marilyn 

TCR Tg strains to generate “true” memory T cells after activation by their cognate antigen (male 

antigen). In this study, all TCR Tg mice were on a RAG-/- background, ensuring the 

monoclonality of each subset.  

 

 

The peripheral seeding of BM-derived T cells induces a reduction of resident memory T cell 

number. 

One day after having injected a mixture of 10% BM from OT1 donors and 90% BM from 

OT2 donors into RAG-/- hosts, we co-injected aHY and Marilyn LN T cells together with male 

BMDCs. This last adoptive transfer led to the development of both CD4+ Marilyn and CD8+ aHY 

memory T cells. We previously established the 10% OT1 /90% OT2 BM ratio to avoid the 

thymic out-competition of OT2 thymic precursors by OT1 thymic precursors, due to the higher 

promiscuity of the OT1 TCR as compared to the OT2 TCR, leading to the general activation of 

the fewer OT2 recent thymic emigrants in the periphery (Freitas et al., 1996; Almeida et al., 

2001). As control groups, we generated on the one hand chimeric mice with only BM-derived T 

cells; and on the other hand we generated chimeric mice constituted with only memory T cells. 

The identification of the different T cell populations was based either on the different Vα and Vβ 

expressions; or, in the case of OT1 and OT2 T cells that have commons Vα and Vβ chains, on 

the different congenic markers expression, like it is described in material and methods. 

As shown in figure 1A, the CD44 expression of peripheral OT1 (Vβ5+ Ly5.1+) and OT2 

(Vβ5+ Ly5.2+) T cells correspond to that observed in intact donors. Moreover, OT1 T cells are 

mainly CD8+ CD3+ (less than 2% CD4+ CD3+) and virtually all OT2 T cells are CD4+ CD3+ (data 

not shown). Figure 1B shows the activated/memory phenotype of aHY (T3.70+ CD8+ CD3+) and 

Marilyn (Vβ6+ CD4+ CD3+) T cells (CD44hi) sixteen weeks after activation in vivo by male 

BMDCs. Functional tests also confirmed their capacity to secrete IFNγ upon short activation in 

vitro (data not shown), correlated with a faster response in vivo of the aHY T cell consistent with 

memory T cell generation in this adoptive transfer system (Schlecht et al., 2004).  

The analysis of the hosts containing recently developed naive and resident memory T cell subsets 

showed that the seeding of BM-derived OT1 and OT2 T cells were not affected by the presence 
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of resident memory T cells (figure 1C). In contrast, the number of both CD8+ aHY and CD4+ 

Marilyn memory T cells were 6.5 times and 3.6 times respectively decreased in the presence of 

BM-derived OT1 and OT2 T cells (figure 1D). While the effect on CD8+ memory T cells is 

reproducible (varying from 1.7 to 6.5 fold decrease), the effect on CD4+ memory T cells varies 

from one experiment to another one. The generally relative lower number of CD4+ memory T 

cells comparing to CD8+ memory T cells, generated in this system, may explain the absence of a 

significant CD4+ memory T cell deletion in some experiments. In addition, this displacement 

does not appear to be time-dependent (data not shown).  

We named this displacement “natural attrition” as opposed to the attrition of bystander 

memory T cells observed during infections (see Introduction, chapter 3.3, p49). 
 

 

 

 
figure 1: Fate of BM-derived OT1 and OT2 T cells and memory aHY and Marilyn T cells  

CD44 expression level (MFI) was analyzed by flow cytometry of both BM-derived OT1 (Vα2; Vβ5 Ly5.1) and OT2 

(Vα2; Vβ5 Ly5.2) splenic T cells (A), and aHY (VαT3.70; Vβ8.2) and Marilyn (Vα1.1; Vβ6) memory splenic T 

cells (B). Red histograms correspond to the MFI of a naive T cell control, whereas blue histograms correspond to the 

cells found in the chimeric mouse. The numbers of BM-derived OT1 and OT2 spleen T cells (C) and aHY and 

Marilyn memory splenic T cells (D) were calculated in the presence (+) or absence (-) of the other two respective 

populations. 
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Depending on the TCR specificity, CD8+ and CD4+ BM-derived T cells are able, alone, to 

induce the attrition of CD8+ memory T cells. 

We next asked whether attrition of memory T cells was lineage specific. In other words, 

we wanted to test whether CD8+ BM-derived T cells or CD4+ BM-derived T cells alone were 

able to displace CD8+ memory T cells (we focused on this subset, due to the low efficiency of 

attrition in the CD4+ memory T cells, at least in our system). For this, we first assessed the fate of 

aHY memory T cells in the presence of OT1 BM-derived T cells. As shown in figure 2A, it 

appears that the introduction of a new population of thymus-derived OT1 T cells alone induced 

the attrition of aHY memory T cells, but did not affect Marilyn memory T cells. In contrast, the 

introduction of newly developed OT2 T cells alone had no effect on aHY memory T cells and on 

Marilyn T cells (figure 2B). We reasoned that this could be due to the lower number of peripheral 

OT2 T cells as compared to the OT1 T cells, linked to their lower TCR degeneracy (Hao et al., 

2006), and not to their lineage. We, thus, performed the same type of experiment replacing BM 

precursors from OT2 donor strain by BM precursors from another class II-restricted TCR Tg 

donors. We choose the AND strain because of their well described TCR degeneracy (Kassiotis et 

al., 2003). As expected, we obtained much more AND T cells (Vß3+ CD3+ CD4+) in the 

periphery of AND-BM engrafted hosts (figure 2C) than OT2 T cells after OT2 BM engraftment 

(figure 2B). Importantly, the vast majority of AND T cells were CD4+ CD3+ T cells cells (less 

than 5% were CD8+ CD3+) (data not shown). Figure 2C shows that BM-derived AND CD4+ T 

cells alone were able to displace aHY CD8+ memory T cells. 

Altogether, these results suggest that the TCR degeneracy rather than the T cell lineage of 

newly introduced thymus-derived T cells is important for the induction of memory CD8+ T cell 

attrition. 
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figure 2: Both BM-derived CD8+ OT1 and CD4+ AND TCR Tg T cells induce attrition of resident aHY 

memory T cells. 

RAG2-/- recipients’ females were constituted either with only memory aHY and Marilyn T cells or together with 

BM-derived OT1 T cells (A), BM-derived OT2 T cells (B) or BM-derived AND T cells (C). Between thirteen and 

fourteen weeks after transfer, total T cell numbers of pooled spleen and LNs (inguinal and mesenteric) were 

determined. Each bar represents the numbers in millions of BM-derived T cells and aHY and Marilyn memory T 

cells for each histogram. 

 

 

“Natural attrition” does not affect either the phenotype or the function of remaining CD8+ 

T cells. 

In order to determine if the “natural” attrition process may influence the phenotype and 

function of the remaining memory aHY T cells, we compared the expression of some markers, 

including CD44, CD127 (the α chain of the IL-7R) and the CD122 (the ß chain of the IL-2R 
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shared by the IL-15R) of aHY memory T cells in the presence or absence of BM-derived T cells. 

We did not find any change in the expression of these markers (figure 3A), nor in the proportion 

of IFNγ-producing cells among both CD8+ aHY memory T cells and CD4+ Marilyn memory T 

cells (figure 3B). 

 

 

 
figure 3: phenotype and function of memory surviving aHY and Marilyn T cells  

CD44, CD127 and CD122 expression profiles (expressed as MFI) were determined by flow cytometry for aHY and 

Marilyn memory T cells (A). The histogram delimited with a thick red line corresponds to the MFI of naive control 

TCR Tg mouse, the solid gray histogram corresponds to the MFI of memory TCR Tg T cells in chimeric mice with 

only memory T cell population, and the histogram delimited with a thin green line corresponds to the MFI of 

memory TCR Tg T cells in chimeric mice containing both memory and BM-derived OT1 and OT2 T cells. (B) The 

percentage of memory T cells producing IFNγ either in the absence (-) or in the presence (+) of BM-derived OT1 and 

OT2 T cells was also determined by flow cytometry after a short in vitro 4h-stimulation by PMA+ionomycin. 

 

 



ADDITIONAL RESULTS 

 88 

In conclusion, attrition of memory CD8+ aHY T cells was always observed when TCR 

degeneracy of BM-derived T cells was high, independently of T cell lineage. For the CD4+ 

Marilyn T cells, their attrition was not a constant factor. Therefore, although we observed that 

they can be displaced as well, they seem to be much more resistant to displacement. 

 

 

1.2 DURING BACTERIAL INFECTION: “SALMONELLA-
INDUCED ATTRITION”: 

 

As discussed previously in the introduction (chapter 3.3.1, p51), depletion of bystander 

non-specific memory T cells induced during viral and bacterial infections has been observed 

mainly for CD8+ T cells, leading to the conclusion that CD8+ T cells were predominantly 

susceptible to the attrition mechanism. CD4+ memory T cell attrition has been only reported in 

the case of chronic Mycobacterium bovis. Since all tested infections mainly promote a CD8+ T 

cell response, we decided to test the occurrence of CD4+ and CD8+ T cell attrition during 

infection by an attenuated strain of Salmonella thyphimurium, which induces a massive CD4+ T 

cell response as previously described (Srinivasan et al., 2004). The reason of using an attenuated 

bacterium relies on the fact that we worked with mice on a B6 background. Those mice have a 

point mutation in the Nramp1 gene, located at the Ity/Bcg/Lsh locus on mouse chromosome 1 

(Plant and Glynn, 1979), that makes B6 mice susceptible to Salmonella among other infections 

(Vidal et al., 1995). Indeed, macrophages from Itys B6 mice cannot efficiently kill bacteria. 

To ensure the non-specificity of memory T cells, we used the system consisting on 

generating in RAG-/- hosts CD8+ and CD4+ memory T cells by adoptive transfer of Marilyn and 

aHY LN T cells together with BMDCs. We chose these TCR Tg strains because of the absence of 

degeneracy of their TCR, and the very weak probability to cross-react with Salmonella antigens. 

Host mice were then intraperitoneally infected with Salmonella (see Material and Methods, p97) 

and two weeks later, the numbers of aHY and Marilyn memory T cells were compared between 

non-infected and infected hosts. Each population was identified as described in Material and 

Methods.  
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Depletion in the spleen of both CD8+ and CD4+ memory T cells upon infection with 

Salmonella typhimurium. 

Fourteen days upon intraperitoneal injection of either PBS (control group) or Salmonella, 

we analyzed in the host’s spleen the total number of bacteria and the total number of memory 

CD8+ aHY and CD4+ Marilyn donor T cells. Mice infected with Salmonella present a 

splenomegaly, as a consequence of a huge increase of cells of the innate immune system, 

especially CD11b+ macrophages (data not shown). Of note that intraperitoneal administration 

was used to mimic the systemic phase of the infection, bypassing the entry of the bacteria 

through epithelial cells in the gut. 

The number of Salmonella presented in the spleen at day 14 upon infection was, in 

average, around 1x106 (figure 4A). The Salmonella infection induced a reduction in cell number 

of both CD8+ aHY (5 fold) and CD4+ Marilyn (4 fold) memory T cells (figure 4B). On average, 

CD8+ memory T cell decrease is higher than CD4+ memory T cell decrease.  

In conclusion, Salmonella seemed to be responsible not only for a decrease in memory 

CD8+ T cell number, but also in memory CD4+ T cell number. 

 

 
 
figure 4: Splenocytes and Salmonella colony counts 

Female B6 RAG2-/- mice were adoptively transferred with aHY and Marilyn LNs cells along with male BMDCs. 

Fourteen weeks after adoptive transfer, mice were i.p. injected with 2,5x105 Salmonella typhimurium or with PBS 

(control group). Fourteen days upon infection mice were sacrificed and spleen analysis was effectuated.  
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A) Determination of the number of colony forming units per spleen in the 5 infected mice. B) Recovered memory 

aHY (white columns) and Marilyn (black columns) T cell numbers in not infected (-) or infected (+) mice. 

 

 

Depletion is related with apoptosis and not with T cell migration out of the spleen. 

In order to determine whether this decrease in CD4+ and CD8+ memory T cell numbers 

was due to the depletion of these cells rather than to migration to other sites than spleen location, 

we also analyzed total donor CD4+ and CD8+ memory T cell numbers in the LNs (pooled 

inguinal and mesenteric), bone marrow (BM), liver and lung of infected versus non-infected 

“memory” hosts. As depicted in Table 1, total numbers of both CD4+ and CD8+ memory T cells 

decreased in infected mice, whatever the organ in question, although this diminish was more 

significant for CD8+ aHY memory T cells. These results suggest that the decrease in T cell 

numbers is due to cell death instead of cell migration to other infected organs.  

 

 
Table 1: memory T cell numbers in different organs 

Numbers of aHY and Marilyn T cells were determined in infected and not infected chimeric mice. The following 

organs were analyzed 14 days upon infection: bone marrow (BM), LNs (pooled inguinal and mesenteric), liver and 

lung. Values in the table are in million (x106) and represent the mean+/- standard deviation of 5 mice.  

 

 

 

To further document this hypothesis, we compared the percentage of apoptotic T cells, 

detected by 7AAD incorporation (when cell starts losing the impermeability, 7AAD as being a 
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small molecule can pass through the cell membrane and intercalate the DNA), and the percentage 

of T cells expressing the anti-apoptotic molecule Bcl-2 in infected and non-infected mice. We 

observed that the percentage of 7AAD+ T cells was higher in infected mice than non-infected 

(figure 5A). The increase of apoptotic T cells was more pronounced in the CD8+ memory T cell 

subset than in the CD4+ memory T (figure 5A) . 

We also checked if the expression of the anti-apoptotic molecule Bcl-2 was altered in 

infected mice. We observed a decrease in the percentage of memory T cells expressing Bcl-2 in 

infected mice compared to non-infected mice (figure 5B), although this reduction was much 

stronger for the CD8+ aHY memory T cells than for the CD4+ Marilyn memory T cells (figure 

5B). 

Altogether, these results indicate that the decrease of both CD4+ and CD8+ T cells during 

Salmonella infection are due to their death. They also suggest that this death may be regulated by 

Bcl-2. 

 

 
 
figure 5: Study of the fragility state of memory T cells in infected and non-infected mice 

Six weeks after i.v. injection of LN aHY and Marilyn cells plus male BMDCs into B6 RAG2-/- female recipients, 

mice were infected with Salmonella typhimurium, and 14 days later, mice were killed and splenocytes were 

analyzed. Control mice were i.p. injected with PBS. 

Determination of the percentage of apoptotic (7AAD+) A) and high Bcl-2 expression level B) in memory aHY (white 

bars) and Marilyn (black bars) T cells in infected (+) and non-infected (-) mice. 
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Memory attrition is not early induced during Salmonella infection: it is related to the 

bacterial load  

To understand the mechanism responsible for this Salmonella-induced depletion of non-

specific CD4+ and CD8+ memory T cells, we first asked whether this process could occur in the 

very early phases of infection, as it was previously described for other infections (McNally et al., 

2001; Jiang et al., 2003b; Kim and Welsh, 2004; Bahl et al., 2006). For this, we compared the 

fate of aHY and Marilyn memory T cell subsets 2 and 14 days after infection by Salmonella. At 

day 2, we did not find any alteration in the number of memory CD8+ aHY and memory CD4+ 

Marilyn T cells (figure 6A), whereas at day 14 attrition was observed for both memory T cell 

subsets, with again a higher effect on CD8+ than CD4+ T cells (figure 6B). Consistently, while we 

did not observe any difference in the percentage of apoptotic cells in infected and non-infected 

mice at day 2, we found an increase in the percentage of 7AAD+ cells in the infected group at day 

14 (data not shown). When we looked at the Salmonella colony forming units (CFU)/spleen, at 

day 2 either bacteria were not detectable or the number of CFU/spleen was very small, between 

50 and 100 (figure 6C). In contrast, at day 14, the CFU/spleen was between 1,4x103 and 1,7x104 

(figure 6D). These results suggest that the depletion of memory T cells does not occur at early 

time point of infection and, that it is correlated with the bacterial load. 
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figure 6: Kinetics of Salmonella typhimurium infection 

Six weeks after i.v. LNs aHY and Marilyn and male BMDCs co-transfer into B6 RAG2-/- female recipients, mice 

were infected with Salmonella typhimurium. Mice were then sacrificed at day 2 and day 14 post-infection. 

Numbers of aHY (white bars) and Marilyn (black bars) T cells in infected (+) and not infected (-) mice obtained 

from the spleen at day 2 A) and day 14 B) upon i.p. infection. 

C) and D) is the CFU counts per spleen in the different infected mice 2 and 14 days after infection, respectively. 

 

Memory attrition is not directly induced by type I IFN 

Because former reports have attributed a role of IFNα/β in the attrition induction of 

memory CD8+ T cells (McNally et al., 2001; Carrero et al., 2004), we asked whether type I IFNs 

have a direct role on memory T cells attrition. For this, we generated IFNAR-/- CD8+ aHY and 

CD4+ Marilyn memory T cells and compared their fate with wild type memory T cell subsets. 

IFNAR-/- mice lack both IFNAR1 and IFNAR2 chains that form the IFNα/β receptor; therefore 

no type IFN-mediated signaling can be transmitted to IFNAR-/- cells. We first ensured that CD4+ 
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and CD8+ IFNAR-/- T cells have no functional abnormalities and no problems in migration and 

LDP (data not shown), confirming previous observations (Muller et al., 1994).  

Spleen analysis 14 days upon infection showed that both wild type memory T cells (data 

not shown) and IFNAR-/- memory T cells (figure 7A) decreased in numbers in a similar extent. 

The CFU/spleen was high and also similar for both wild type (data not shown) and IFNAR-/- 

memory T cell (figure 7B) groups. As seen for wild type memory T cells (figure 5B), IFNAR-/- 

memory T cells also present a reduction, stronger for the CD8+ subset than for the CD4+ subset, 

of the percentage of cells expressing high levels of Bcl-2 (figure 7C). 

Altogether, these results suggest that type I IFN-mediated signals were not directly 

responsible for the depletion of both CD4+ and CD8+ non-specific T cell memory during 

Salmonella infection. 

 

 
figure 7: “Behavior” of memory aHY IFNAR-/- and Marilyn IFNAR-/- upon Salmonella typhimurium infection 

LNs aHY IFNAR-/- cells, LNs Marilyn IFNAR-/- cells and male BMDCs were adoptively transferred into females B6 

RAG2-/- mice. Six weeks later, mice were i.p. injected with either PBS or Salmonella typhimurium, and 14 days 

upon infection, spleen was analyzed. 
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A) Graphic shows the number of aHY IFNAR-/- (white bars) and Marilyn IFNAR-/- (black bars) T cells when mice 

were infected (+) or not (-). B) Number of Salmonella Colony forming units per spleen of the different infected mice. 

As a control, we also determined the CFU in a non-infected mouse. C) Percentage of high expressing Bcl-2 aHY 

IFNAR-/- (white bars) and Marilyn IFNAR-/- (black bars) in the presence (+) or absence (-) of Salmonella infection. 

 

 

Both the phenotype and function of the surviving non-specific memory T cells are impaired 

during Salmonella infection. 

 As expected, the CD8+ aHY and CD4+ Marilyn memory T cells presented higher 

expression levels of CD44, CD127, and CD122 than their naive counterpart (figure 8A). 

Expression of CD25 and Fas was low and roughly equivalent to that of naive cells (Figure 8A). 

However, when we compared the MFI expression of these different markers between the infected 

and non-infected groups, we observed that, while the CD122 expression is kept constant in both 

groups, in infected mice, there was an up-regulation of CD25 (especially CD8+ T cells) and Fas 

and a down-regulation of CD127 and CD44 levels. We also observed that the percentage of 

memory T cells belonging to the subset of CCR7+ T cells decreased considerably in infected mice 

compared to not infected (figure 8B). We also examined the function of the surviving memory T 

cells, analyzing the IFNγ production by 4 hours ex-vivo stimulation of these cells with PMA and 

ionomycin. As shown in figure 8C, we observed a dramatic decrease in the percentage of cells 

producing IFNγ in infected mice compared to non-infected. Although this functional defect was 

reproducible, its intensity was variable. 

In conclusion, these results suggest that Salmonella infection affected both the phenotype 

and the function of the non-depleted non-specific memory T cells. 
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figure 8: Surface markers expression in memory aHY and Marilyn T cells 

FACS MFI profile of: A) CD44, CD122, CD127 , CD25 and Fas. Each FACS profile contains three overlayed 

histograms to compare the MFI between the naive TCR Tg control (histogram delimited with a thick red line), the 

memory TCR Tg cells of non-infected mice (solid grey histogram) and the memory TCR Tg cells of infected mice 

(histogram delimited by a thin green line). B) Table with the percentage of CCR7+ memory T cells recovered from 

the spleen of infected and not infected mice. C) Percentage of IFNγ producing memory T cells in infected (+) and 

non-infected (-) mice. 
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2 MATERIALS AND METHODS 
 

 

Mice 

B6 RAG2-/- mice were originally from the Centre de Distribution, Typage & Archivage Animal 

(CDTA Orleans, France) and were subsequently maintained as breeding colonies in our SPF 

animal facilities. All the TCR Tg used were also in a B6 background. AND TCR Tg RAG2-/- 

(Vα11; Vβ3 I-Ab restricted TCR) has T cells with specificity for pigeon cytochrome c; aHY TCR 

Tg RAG2-/- (VαT3.70; Vβ8.2 H-2Db restricted TCR) and Marilyn TCR Tg RAG2-/- (Vα1.1; Vβ6 

I-Ab restricted TCR) have T cells that are specific for epitopes of the H-Y antigen; and OT1 TCR 

Tg RAG1-/- (Vα2; Vβ5 H-2Kb restricted TCR) and OT2 RAG2-/- TCR Tg (Vα2; Vβ5 I-Ab 

restricted TCR) have T cells with specificity for different epitopes of the Ovalbumin protein; both 

OT1 and OT2 were distinguished on the basis of their Ly5.1 and Ly5.2 allelic expression.  

Marilyn and aHY TCR Tg RAG2-/- mice were further backcrossed with B6 IFNAR-/-, to originate 

TCR Tg RAG2-/- IFNAR-/- mice.  

Usually we used female mice to do the experiments. The only males mice used were the B6.PL 

Thy1.1 and the B6 CD3ε-/- to produce the APCs presenting the male antigen in order to generate 

the memory aHY and Marilyn T cells. All mice were maintained in the SPF animal facilities 

under the guidelines of the Experimental Ethics Committee.  

 

Bone marrow (BM) chimeras 

BM chimeras were made by lethal irradiation (950 rads) of B6 RAG2-/- host female mice, and 

injection i.v. of 2-3x106 T cell depleted BM cells from different donor mice, mixed at variable 

ratios. T cell depletion was performed using an AutoMACS (Milteny Biotec) after incubating 

BM cells with anti-CD3 biotinylated, followed by biot-MACSbeads.   

 

Generation of memory aHY and Marilyn T cells and adoptive transfers 

We used two different approaches to originate memory T cells. In one approach, along with BM 

coming from females OT1 and/or OT2 or AND donors, we mixed 5x105 male BM CD3ε-/-. One 

day after BM transfer, we adoptively transferred 5X105 LN aHY and 5X105 LN Marilyn T cells. 
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Three weeks after BM injection, male B cells are rare and undetectable thereafter (Rocha et al., 

1995). 

In the second approach, lymph nodes from aHY TCR Tg rag2-/- and Marilyn TCR Tg rag2-/- were 

adoptively transferred together with male bone marrow derived dendritic cells (BMDCs) into rag-

female deficient hosts by i.v. injection. We co-transferred between 0,5x106 and 1x106 of aHY and 

Marilyn T cells and 1-2x106 male BMDCs. BMDCs were generated from 6 days culture of a 

male BM B6.PL Thy1.1 donor with GMCSF in a complete medium (RPMI + 10% FBS + Hepes 

+ β-mercaptoethanol + penincilin-streptovidin) at 37°C. Male BMDCs disappear 3 weeks after 

transfer (Garcia et al., 1999). 

In both approaches, six weeks after transfer all T cells were CD44hi, were IFNγ producers upon 

stimulation and persisted in vivo in the absence of their specific antigen. 

 

Bacteria strains  

Salmonella enterica Serovar Typhimurium strains used were either χ4550-OVA or SL3261 aroA. 

 χ4550 contains deletions in the genes encoding adenylate cyclase and cyclic AMP receptor 

protein that reduces its virulence relative to wild-type strain. This bacterium is also mutant for the 

gene encoding aspartate β-semialdehyde dehydrogenase (ASD) and it was used as a host for the 

vector pYA3259 that contains the ovalbumin gene and encodes a truncated form of ASD. ASD is 

an enzyme in the biosynthetic pathway for diaminopimelic acid (DAP), an essential component 

of the peptidoglycan of the bacteria cell wall (Yrlid et al., 2001). 

SL3261 aroA is a derivative of the virulent wild-type SL1344 with an extensive deletion at aroA, 

generated from a transposon insertion aroA554::Tn10 transductant (Hormaeche et al., 1996). 

Salmonella aro mutants are affected in the aromatic biosynthetic pathway, which means that they 

require the substrates para-aminobenzoic acid and 2,3-dihydroxybenzoate. Those substrates are 

not available in sufficient quantity in host tissues; therefore this strain is less virulent. 

The bacteria strains were provided and prepared by the Unité de Pathogénie Microbienne 

Moléculaire at the Pasteur Institute. 
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Bacteria growth conditions 

Bacteria were grown in Luria broth at 37°C with aeration. For mice infection, bacteria were 

ressuspended in a 0,9% NaCl solution. The concentration used for infection was calculated as 

follows: 1 OD at 600 nm corresponds to 2x109 bacteria/ml. 

 

Mice infection 

To mimic the systemic phase of infection, bypassing the entry of the bacteria through epithelial 

cells in the gut, mice were i.p. infected with 1-5x105 Salmonella typhimurium. Two or fourteen 

days upon infection, mice were sacrificed and spleen was always analyzed. Bone marrow, LNs 

(inguinal and mesenteric), lung and liver were also analyzed when mentioned. Control mice were 

i.p. injected with PBS. 

 

Flow cytometry 

Cells were stained with appropriated combinations of different antibodies purchased from either 

BD Pharmingen or eBioscience. The following mAbs were used: anti-CD3, anti-CD4, anti-CD8, 

anti-CD44, anti-CD122, anti-CD25, anti-CD45.2 (Ly5.2), anti-Fas, anti-Vα2, anti-Vβ3, anti-Vβ5 

and anti-Vβ6 from BD Pharmingen; and anti-CD127, anti-VαT3.70, anti-CD4 and 

CD45.1(Ly5.1) from eBioscience. Cell surface staining was performed with the appropriate 

combinations of FITC-, PE-, PE Cy7-, Percp-, APC-, APC Alexa 750-, APC Cy7- and pacific 

blue- coupled antibodies.  

To detect apoptotic cells, we used 7AAD (Sigma). Intracellular staining was done by culturing 

the cells 4h in a CO2 incubator at 37°C in the presence of Brefeldin A (10 µg/ml), with or without 

PMA (50 ng/ml) plus ionomycin (500 ng/ml), followed by surface staining and fixation in 1% 

paraformaldehyde. Fixed cells were permeabilized with saponin (0,1%) and stained with IFNγ 

APC and or Bcl-2 PE. All acquisitions were done with Canto (Becton Dickinson) or CyAn 

(Dako) flow cytometers interfaced to the Macintosh FlowJo software (TreeStar). 

 

Statistical analyses 

Mann-Whitney test was used for data analysis. P is significant when inferior to 0,05 and ns 

means not significative. 

 



 

 100 

 

 

 

 

 

 

 

DISCUSSION 
 



DISCUSSION 

 101 

DISCUSSION 
As we have extensively documented in the introduction, the number of mature T cells is 

kept constant throughout the life by a tightly regulated process termed homeostasis. Different 

mechanisms contribute to the maintenance of peripheral T cell pool: thymic production, survival, 

proliferation and differentiation, leading to the building of two main T cell compartments 

according to the activation/differentiation state of the T cells; the naive and the activated/memory 

T cell compartments. These compartments are thought to be regulated independently. Another 

important event during the maintenance of the T cell pool is the occurrence of competition among 

T cells for limiting resources involved in the different homeostatic mechanisms. Many of these 

resources, mainly p-MHC and cytokines, appeared to be common to the different homeostatic 

processes and to the different T cell pools. During this work, we asked whether some of these 

resources could overlap among the different T cell pools affected by concomitant homeostatic 

processes, and if so, whether this overlapping may affect T cells differently according to their 

TCR specificity. We found that indeed, depending on the TCR specificity of the T cells, some 

TCR-specific resources could be shared by different T cells from different compartments and 

ongoing different homeostatic processes. The consequences of these findings will be discussed 

below. In addition, we also decided to study the influence of infection by bacteria, Salmonella 

typhimurium, on the T cell homeostasis, and in particular on the fate of the memory pool. 

Although further work will be need, preliminary data showed that this pool may be impoverished. 

Potential mechanisms will be discussed. 

 

 

1 OVERLAP BETWEEN SURVIVAL AND LDP MECHANISMS: 
COMPETITION FOR P-MHC 

Because survival and LDP share common resources, we decided to study if there was an 

overlap and interference between those two mechanisms when we forced them to occur at the 

same time. We, like others (Ge et al., 2004; Moses et al., 2003; Troy and Shen, 2003), have 

observed that, while donor TCR Tg monoclonal T cells were able to proliferate when transferred 

into hosts containing T cells bearing different specificity, their proliferation was totally blocked 

when transferred into hosts containing T cells bearing the same specificity. Therefore, this 
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suggested, that some of the TCR-specific resources needed by donor T cells for LDP (namely p-

MHC) were used by resident T cells to survive. By comparing the recovered donor cell numbers 

at days 1 and 14 post- transfer of TCR Tg T cells into hosts containing T cells bearing the same 

specificity, we further found that, while donor T cells could not proliferate, their survival was not 

impaired (data not shown). Since the donor cells seemed to have sufficient amounts of resources 

to survive in the presence of resident T cells with the same TCR specificity, but not enough to 

trigger their LDP, this strongly suggests that the threshold of signaling to start T cell LDP is 

much higher than the one required for T cell survival. 

From these experiments, it was highlighted the existence of intraclonal competition, but 

the question remained if this LDP inhibition could also be observed when transferring polyclonal 

T cells (with a wide TCR diversity) into different TCR Tg RAG-/- lymphopenic host mice. The 

aim of our study was first to investigate the existence of interclonal competition through the 

evidence of TCR-specific competition between resident T cell clones and polyclonal T cells, and 

second the influence of the size of the resident clones on the extend of this competition. We 

found indeed that a fraction of injected polyclonal CD8+ T cells was not able to proliferate in 

TCR Tg hosts, although these cells could survive in the hosts since their number did not seem to 

decline at least over the time of the study. Interestingly, the absolute numbers of the non-dividing 

polyclonal donor CD8+ T cells increased with the resident clone size in the periphery. At this 

stage, two possible hypotheses were raised to explain the existence of this non-proliferating 

fraction: competition with resident T cells for either TCR unspecific or specific resources. By 

observing that the stable fraction of cells that didn’t proliferate in one specific TCR Tg host, was 

able to proliferate in a different TCR Tg host, even to similar extents that the ones obtained in an 

“empty” RAG-/- host, we could conclude that the limiting resources for LDP were TCR-specific.  

A study made in our laboratory revealed that OT1 T cells were more promiscuous than 

P14 cells, that were more promiscuous than aHY. Moreover, it reported that promiscuity 

regulates clone size of peripheral T cells (Hao et al., 2006). These findings could explain the 

different numbers of polyclonal non-dividing CD8+ T cells recovered in the different TCR Tg 

hosts. Since OT1 T cells bear more promiscuous TCRs, they are likely to interact with a wider 

spectrum of peptides-MHC complexes than P14 and aHY T cells, and thus, they will block a 

higher number of polyclonal T cells to receive enough TCR-mediated signal for activation and 

proliferation, than the other less promiscuous TCR bearing Tg cells. In contrast, since 
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promiscuity of aHY is very low, these cells only block LDP of a very few number of polyclonal 

T cells. Although first contradictory, our results are therefore in consensus with the report that 

showed that the more diverse the repertoire of resident T cells, the more the T cell proliferation is 

restricted (Min et al., 2004). Based on these observations, we can hypothesize that the TCR 

diversity of the non-divided polyclonal CD8+ T cell fraction in TCR Tg OT1 hosts will be higher 

than in TCR Tg P14 hosts, that will be higher than in TCR Tg aHY hosts. To test this hypothesis, 

we will sort CFSEhi polyclonal CD8+ T cells after transfer into the different TCR Tg hosts and we 

will compare their diversity by sequencing their TCRs. 

During the polyclonal CD8+ T cell adoptive transfers, the main percentage of T cells had a 

naive phenotype (90%) before the adoptive transfer. Therefore, we hypothesized that maybe the 

fraction of undivided T cells corresponded to only naive CD8+ T cells that needed the same p-

MHC interactions for LDP as the resident naive T cells were consuming to survive. We found 

that memory T cells LDP was also inhibited by the resident naive T cells and were, thus, as 

susceptible as naive T cells to the inaccessibility to appropriate p-MHC ligands to proliferate. 

Nevertheless, for a same specificity, it is probable that the threshold of activation for naive T cell 

LDP is higher than that required for memory T cell LDP. Although we showed that the overlap of 

survival of resident naive T cells and LDP of both naive and memory T cells was mainly due to 

competition for p-MHC, we can not rule out the importance of cytokines in our experiments.  

Our results indicated that some transferred polyclonal T cells could not proliferate 

because resident monoclonal T cells were competing for the same specific resources to survive 

and did not allow them to get enough p-MHC signals to trigger division. We then asked what 

would happen if resident and transferred populations were co-transferred in a same ratio into a 

lymphopenic host. This experiment indeed demonstrated that the polyclonal CD8+ T cells that 

were not able to proliferate in a TCR Tg host, out-competed the resident T cells from that host for 

LDP. This result, therefore, allows us to more strongly support the idea that there is an overlap 

between those two mechanisms. When both cell types are “submitted” at the same time to LDP, 

the cells that have a better fitness will out-compete the others, in that case the polyclonal T cells, 

probably because of their overall greater TCR promiscuity (Hao et al., 2006). 

Therefore, the sharing of common resources, especially p-MHC between T cells subjected to 

different homeostatic processes and belonging to different compartments, modulates the 

previously proposed independency of the two T cell pools (Tanchot and Rocha, 1997). 
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In the previous experiments, the resident T cells always blocked to some extend the 

establishment of the transferred polyclonal population, following the rule “first come, first 

served”. We wanted then to study whether the same rule was still applied when the resident 

population was not naive but memory and when the introduced subset was mature (adoptive 

transfer) or derived from BM-progenitors (BM-engraftment), and if so, whether it was related to 

TCR specific resources. 

We analyzed different situations, summarized in the table below: 

 

 RESIDENT SUBSET NEWLY INTRODUCED SUBSET 

1 LDP-derived Naive adoptively transferred 

2 LDP-derived BM-derived 

3 True-memory BM-derived 

 

 

In the first two situations (1 and 2), we first injected RAG-/- host with a mature 

monoclonal CD8+ T cell population (either it was OT1 or P14 T cells), followed 4 weeks after 

(when the LDP-derived T cells had reached a plateau) with a second subset. When this second 

transfer consisted on mature monoclonal CD8+ T cells bearing the same or a different specific 

TCR (1), the accumulation of the second injected population was reduced in a non-specific 

manner, although we observed a delayed CFSE proliferation pattern dependent on TCR 

specificity, consistent with what was previously reported (Ge et al., 2004). These results suggest 

that the final T cell number recovered may be reached through two phases: first, a division 

process, which likely require TCR/p-MHC interactions, and is submitted to competition with 

identical resident clones, although less dramatically than when the later is naive likely due to a 

lower requirement of memory T cells on p-MHC; and second an accumulation process of the 

dividing cells, which may involve competition for non-TCR-specific resources, such as IL-7 or 

IL-15, and dictate the final number of the second population of LDP-derived T cells.  

When the second introduced T cell subset derived from BM-precursors (2), the number of BM-

derived T cells was significantly decreased in the presence of LDP-derived T cells bearing the 

same TCR specificity, independently of whether they belonged to the naive or activated/memory 
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pool. Importantly, the thymic development was not affected by the presence of resident T cells, 

further emphasizing the homeostatic independency between thymic development and peripheral 

pools (Berzins et al., 1998; Berzins et al., 1999; Almeida et al., 2001;). Therefore, TCR-specific 

resources required for the accumulation of BM-derived T cells (involving either survival and/or 

LDP after colonization of the periphery in the lymphopenic environment of the hosts) is impaired 

by the presence of the same LDP-derived clones, suggesting again that the later interact 

continuously with p-MHC to maintain. Here again, the final equilibrium followed the rule “first 

come, first served”. 

The fact that LDP-derived resident T cells have a different impact on mature transferred T cells 

versus recent developed T cells coming from BM precursors suggests that these two types of 

populations have different competitive fitness. Alternatively, we cannot exclude that it is the 

result of a unfair competitive situation involving continuous T cell production in the BM transfer 

compared to a limited T cell numbers in the adoptive transfer.  

Importantly, in both approaches 1 and 2 the number of LDP-derived resident T cells was not 

affected by the incoming of new cells, whenever they were transferred or BM-derived. 

Finally, we analyzed a third situation in which we used “true” memory T cells as resident 

T cells (3). We made a chimeric mouse, that consisted of RAG-/- hosts containing both memory 

anti-male TCR Tg CD8+ and CD4+ T cells, class I (aHY) and class II (Marylin) restricted,  

engrafted with BM precursors from both anti-OVA TCR Tg CD4+ (OT2 strain) and CD8+ (OT1 

strain). We found a 2 to 6 fold decrease of the number of the resident aHY memory CD8+ T cells 

and much less reproducible, a 2-4 fold decrease of the resident Marylin memory CD4+ T cells. 

By analogy with the attrition process described during microbial infections and developed in the 

introduction part (chapter 3.3, p49), we named this process “natural” attrition of the memory T 

cells. Using BM-transfer of OT1 or OT2 BM-precursors alone, we found that only OT1 BM-

derived T cells were able to induce the depletion of some resident T cells. Because the number of 

peripheral OT2 T cells were far less important than that of OT1 T cells (very likely due to their 

TCR promiscuity difference), we decided to test whether BM-derived CD4+ T cells from the 

promiscuous class II-restricted anti-PCC TCR Tg strain AND, could displace the resident CD8+ 

T cell memory. We found that indeed they could, indicating that TCR promiscuity and 

subsequent T cell clone size of BM-derived T cells was much more relevant in that process of 

natural attrition of resident memory than their lineage. To further test this hypothesis, we will 
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invert the system, by engrafting aHY BM-precursors into RAG-/- hosts containing OT1 resident 

memory T cells. If aHY newly produced T cells are not able to displace memory OT1 T cells, 

this will argue that memory displacement by newly produced T cells depends on the TCR 

degeneracy of the later. 

 

2 INTERDEPENDENCE BETWEEN NAIVE AND MEMORY T CELL 
COMPARTMENTS 

The fact that memory-like T cells interfere with the accumulation of BM-derived T cells 

(either with naive or memory phenotype) in a TCR-dependent manner, and that in other cases, 

BM-derived T cells with a naive phenotype are able to displace resident memory T cells question 

the precedent statement of independent homeostatic regulation of naive and memory T cells. This 

statement was first based on the observation that BM-derived polyclonal T cells affected resident 

naive aHY T cells, while memory aHY T cells remained unaffected (Tanchot and Rocha, 1997). 

Nevertheless, when one looks carefully these data, while the effect on naive T cells is far more 

dramatic than on memory T cells, the later are still displaced although in a smaller proportion 

than naive T cells (about 5 times less). In another study, it was showed that TCR Tg CD4+ T cells 

with a memory phenotype (either due to LDP or to activation with the nominal antigen) were 

displaced by polyclonal BM-derived T cells (Bourgeois et al., 2005). Nevertheless, this 

displacement was explained as being due to the action of the CD44hi BM derived T cells, and 

thus also arguing for the independent regulation of the naive and memory T cell pool (although 

without any experimental evidence). 

If the original statement remains globally true, our data showed that it had to be modulated. They 

may lead to two main considerations: 

-The first one is that the system may avoid a redundancy of specificity by inhibiting the 

establishment of new T cells bearing the same specificity than resident T cells, whenever they 

belong to the naive or memory T cell pool. Intriguingly, this was not observed in the case of A1 

TCR Tg CD4+ T cells, since BM-derived A1 T cells are able to establish in the presence of 

memory A1 T cells (Bourgeois et al., 2005). Whether it reflects a difference between CD4+ and 

CD8+ T cell behavior remains to be determined.  

-The second one is that memory T cell displacement by new generated naive T cells may depend 

on the clonal size of the naive T cells in the periphery and thus on their TCR degeneracy.  



DISCUSSION 

 107 

Nevertheless, these two points have not the same impact since the first one leads to the total 

block of the accumulation of new produced T cells, while the second one leads to a much more 

modest effect, in particular when compared with the effect on naive resident T cells observed by 

others (Tanchot and Rocha, 1997). While the first mechanism implicates competition for p-MHC 

ligands, the mechanism beneath the “natural” attrition remains to be characterized. What can be 

concluded from our data is that it depends on the clone size of the BM-derived T cells, as 

discussed above, and that it does not depend on the lineage of the BM-derived T cells. Because 

the only common resource to both CD4+ and CD8+ subsets and to both naive and memory T cells 

is the IL-7 (Vella et al., 1997; Boursalian and Bottomly, 1999; Schluns et al., 2000; Tan et al., 

2001; Vivien et al., 2001; Seddon et al., 2003; Kondrack et al., 2003; Li et al., 2003;), the natural 

candidate to explain this observed natural attrition is this cytokine. The differential documented 

role of IL-7 in the survival of CD8+ and CD4+ memory T cells may explain our finding that 

memory CD8+ aHY T cells are more susceptible to natural attrition than memory CD4+ Marilyn 

T cells. Although the monoclonal OT1 and AND T cells express the same or slightly lower level 

of CD127 (the α chain of IL-7 receptor) (data not shown) compared to the memory CD8+ aHY T 

cells, their higher TCR degeneracy may confer them better competitive capacities for IL-7 and/or 

a better quality of IL-7R signaling. Alternatively, other possible reason for the non-

reproducibility of CD4+ Marilyn memory T cell deletion could be related with the fact that the 

numbers of the CD4+ memory subset was (even in the control group) usually much lower than 

the CD8+ memory subset. And therefore, when the frequency of memory T cells is more rare, 

those cells are in terms of probability more “protected” from deletion.  

In summary, our data led to the conclusion that naive and memory T cell compartments 

are not totally independent. The sharing of some resources, p-MHC/TCR interactions and 

cytokines, namely IL-7, common factors for survival of the two pools (naive and 

activated/memory pools), would be responsible for, at least, a partial interdependent homeostatic 

regulation. Nevertheless, naive and activated/memory T cells occupy different niches that 

partially overlap, and as a consequence, in general, memory T cells affect much more other 

memory T cells than naive T cells and naive T cells have a higher impact in other naive T cells 

than in memory T cells. 



DISCUSSION 

 108 

3 IMPORTANCE OF TCR DEGENERACY IN PERIPHERAL HOMEOSTASIS 
AND CONSEQUENCE FOR THE T CELL POOL 

Altogether, these data show the occurrence of competition among T cells that are 

subjected to different homeostatic processes, and (which is more contradictory with previous 

statements) among T cells belonging to different T cell compartments. T cells compete for p-

MHC ligands and also probably for non-specific ligands, cytokines, although our study did not 

directly demonstrate it. This competition is more often detrimental for new establishing cells, at 

least in the systems we decided to study, confirming the rule “first come, first served”. It is the 

case for mature T cells which cannot divide (in spite of the relative lymphopenia of the hosts) 

when naive T cells from the same specificity or recognizing same p-MHC ligands are already 

established. The “first come, first served” rule was also observed for resident activated/memory T 

cell clones, which inhibit the settlement of new BM-derived T cell bearing the same TCR. This 

competition for p-MHC ligands, may avoid redundancies in the T cell repertoire in the case of the 

same clones, favoring a larger diversity of Ag recognition. It might be more valuable for the 

organism to keep a diverse naive repertoire, on the one hand, and to keep faster responders 

activated/memory T cells instead of slower responder naive T cells. 

The fact that it affects T cells from different T cell compartment may imply that, to a 

certain extend, the T cell repertoire is build as a “whole”, including T cells from different origin 

(recent thymic emigrant, resident naïve, resident activated/memory, resting or dividing). The 

situation is quite similar when the new introduced T cells population transferred mature T cells, 

although in that case it is also true when both populations are from different specificity, involving 

competition for non-TCR specific resources. This competitive mechanism may in part restrain 

the size of the LDP-activated pool, maybe avoiding the occurrence of hazardous auto-immunity.  

However, this “first come, first served” rule does not apply in all situations when T cells have to 

compete for resources. Indeed, although we did not explore this situation, it has been clearly 

demonstrated that new BM-derived T cells could displace resident naive T cells but in a non-

TCR-specific manner (Tanchot and Rocha, 1997). We also showed that in some cases when the 

TCR degeneracy of the new establishing T cell population is much higher than that of the 

resident T cells, naive BM-derived T cells could displace activated/memory T cells, what we 

named “natural attrition” by opposition with the well described “attrition” reported during 

microbial infections. 
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Therefore, a major component of competition during T cell homeostasis seems to be the 

properties of a defined TCR to be degenerated and to recognize a large panel of p-MHC ligands. 

This capacity confer to the cells bearing such TCRs much higher competitive capacities as it has 

been shown throughout this work and by other studies (Kassiotis et al., 2003; Bourgeois et al., 

2005; Hao et al., 2006). Indeed, as it dictates the size of a clone, we may have to consider not the 

diversity of the repertoire as the diversity of different clones per se, but as the repertoire of p-

MHC ligands and further Ag that can be recognized by the T cell pools. 

 

4 ANOTHER CASE: MEMORY ATTRITION INDUCED BY INFECTION 

While the above findings tried to reproduce what may occur in steady state situations, in 

absence of intentional immunization, we then asked what might happen to the memory pool 

during a bacterial infection. 

The term of memory T cell “attrition” was first applied to explain the changes in 

frequency and dominance of memory T cells upon sequential mice infection with several 

heterologous viruses (Selin et al., 1999). Since then, several studies have been performed in an 

attempt to find if attrition can also be observed in infections with other pathogens, if there is a 

selective process of attrition, when does it occur and what is the mechanism involved in this 

process. Although much work has been done, there are still much more to do in order to 

completely understand attrition mediated by infection. We thus decided to study this process in 

an infectious model never used before for this purpose, namely the infection by Salmonella 

thyphimurium. We used an attenuated strain of bacteria, because the virulent one induces B6 

mice death much before the generation of adaptative response, which would interfere with our 

aim to study T cell fate. 

 

 Attrition: selective versus non-selective process 

It is still not known whether attrition previously described is a selective or non-selective process. 

Among the parameters of potential selectivity, there are: 

a) CD8+ vs CD4+ T cells; most of the studies have shown CD8+ T cell deletion (Selin et al., 

1999; McNally et al., 2001; Varga et al., 2001; Kim et al., 2002; Smith et al., 2002; 

Chapdelaine et al., 2003; Peacock et al., 2003; Kim and Welsh, 2004;). Only one report 
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showed CD4+ T cell deletion (Smith et al., 2002), but this observation was made during 

chronic infection with Mycobacterium bovis. 

b) memory vs naive T cells; most of the studies that have shown CD8+ T cell deletion have 

focused on memory T cell attrition; only some reports have shown that attrition can also 

be observed in naive T cells (Jiang et al., 2003b; McNally et al., 2001; Smith et al., 2002). 

c) specific vs non-specific T cells; one report documented attrition of only pathogen non-

specific T cells (Jiang et al., 2003b), whereas other report showed a general attrition of 

both pathogen specific and non-specific T cells (Bahl et al., 2006). 

d) T cell function (Th1, Th2, Th17…); will be investigated if we observe that the attrition 

observed is specific to T cells. 

 

Although preliminary, our experimental model, which consisted of chimeric mouse 

reconstituted by both CD8+ aHY and CD4+ Marilyn T cells that recognize the male antigen and 

do not recognize Salmonella Ag (data not shown), allowed us to answer the first point. The 

choice of Salmonella typhimurium as the pathogenic agent in our study was related to the fact 

that attrition had only been demonstrated in viral (Selin et al., 1999; Selin et al., 1996) and 

intracellular bacteria (Jiang et al., 2003b; Bahl et al., 2006) infections, but never with a 

facultative intracellular bacteria that, in opposition to the other types of infection, induces a very 

strong CD4+ T cell response (Srinivasan et al., 2004). Thus, our aim was to determine if a 

pathogen with this kind of features could also induce CD4+ T cell depletion that was not observed 

in the other infections (Varga et al., 2001). 

Salmonella’s intra-peritoneal infection induced attrition of both non-specific CD8+ and CD4+ 

memory T cells. Therefore, in our system, it seemed that attrition did not affect selectively CD8+ 

T cells, but also CD4+ T cells. Nevertheless, the level of attrition was higher for memory CD8+ T 

cells than CD4+ T cells. To note, the experiments were initially done by using the attenuated 

χ4550-OVA strain, but the later use of another Salmonella non-transgenic attenuated strain 

(SL3261), which gave the same results, showed that the χ4550-OVA strain did not bias our 

experiments. 

Because we observed, with our system, attrition of non-specific memory T cells in a 

reproducible way, we next want to test whether naive T cells are also susceptible to attrition.  For 

this, we will create BM chimera by engraftment of a mixture of precursors from both aHY and 
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Marylin donors. We want to determine if we can also observe attrition in non-specific naive T 

cells, and if we observe, we want to compare the extension of their attrition with the “memory” 

chimeric mice. 

In order to have a clue about specific vs non-specific T cells attrition, we will infect 

chimeric mice containing both the non-specific anti-male memory T cells and the SM1 TCR Tg 

mice, that bear an anti-Salmonella flagelin I-Ab restricted-TCR (McSorley et al., 2002), and 

compare the fate of each subset. Alternatively, we will re-activate in vivo aHY and Marilyn 

memory T cells by transfer of male BMDCs and infect the mice immediately after. The potential 

resistance of re-activated memory T cells versus non-re-activated memory T cells to attrition will 

be then evaluated. 

We still cannot answer if this death is not a general bacteria toxic effect, although nobody 

reported any cell death excepted the infected macrophages and DCs (Fink and Cookson, 2007). 

 

5 ATTRITION: CELL MIGRATION INTO OTHER ORGANS VERSUS 
APOPTOSIS 

Attrition is a common feature of many severe viral and bacterial infections, that occurs 

prior to the peak of T cell response (Jiang et al., 2003b; Peacock et al., 2003; Reed et al., 2004). 

Some reports have shown that this attrition was a consequence of cell death (McNally et al., 

2001; Jiang et al., 2003b; Bahl et al., 2006), whereas others demonstrated, that it was a 

consequence of lymphocytes redistribution (Gresser et al., 1981; Schattner et al., 1983). 

The comparative analyses of memory T cell numbers from different lymphoid and non 

lymphoid organs of Salmonella-infected versus non-infected mice allowed us to conclude that in 

our system, attrition is a consequence of death of the memory T cells rather than a re-localization 

of these cells out of the spleen. The study of the apoptotic status of both CD4+ and CD8+ anti-

male memory T cells after infection supported this conclusion. 

By using TRAIL-/- mice and mice treated with soluble death receptor 5, attrition by 

apoptotic death during infection with Listeria monocytogenes has been suggested to be induced 

via TNF-related-apoptosis-inducing ligand (TRAIL) (Jiang et al., 2003b). These observations 

tend to support an extrinsic apoptotic pathway. Although we did not look at the expression of this 

receptor during Salmonella infection, we observed the increased expression of another death 

receptor, Fas. The use of Fas-/- T cells should help to understand the involvement of this molecule 
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in Salmonella-induced death of memory T cells. In addition, we have evidenced that memory T 

cells from infected mice showed a decrease in Bcl-2 levels comparing to non-infected mice, 

suggesting a protective role of Bcl-2 in the apoptosis mechanisms involved during Salmonella 

infection. We are currently confirming these data by using memory T cells from aHY and 

Marilyn donors that we have crossed with mice transgenic for the human Bcl-2 molecule 

(Strasser et al., 1991; Akashi et al., 1997). Since caspase-8 is a major initiator caspase, which is 

activated upon death receptor signaling and can initiate the activation of the caspase cascade via 

both the death receptor and mitochondrial death pathways (Li et al., 1998; Luo et al., 1998; Yin et 

al., 1999), it would be also of interest to study its activation in memory T cells in our 

experimental model. 

 

6 POSSIBLE MECHANISMS OF ATTRITION 

Due to the construction of our chimeric mice, we can tell that T cell memory attrition can 

occur in the absence of competition with other T cells, suggesting other mechanisms than 

competition for surviving resources such as IL-7 or IL-15 during Salmonella infection. 

Some reports have observed that attrition occurs in the early phase of infection, like day 2 

after infection or poly(I:C) injection ( McNally et al., 2001; Jiang et al., 2003a; Jiang et al., 

2003b; Kim and Welsh, 2004; Jiang et al., 2005b; Bahl et al., 2006). These observations led to 

hypothesize that this attrition was related with the release of inflammatory cytokines, mediated 

by activated cells of the innate immune system (Selin et al., 2004), for example, type I interferon. 

Indeed, some reports, by using mice deficient for IFNα/β receptor (IFNAR-/-), demonstrated that 

in those mice, T cells were more resistant to apoptosis than in wild type mice (McNally et al., 

2001; Carrero et al., 2004; Selin et al., 2004). Therefore, we decided to look as early as day 2 and 

at day 14 after Salmonella infection to study if we observed a similar early T cell depletion. In 

our case we did not get an early T cell deletion, since we only obtained it at day 14 post-infection. 

However, at day 2 the number of CFU/spleen was inexistent or very small compared to day 14. 

Therefore the very weak bacterial load may not have induced a release of inflammatory 

molecules high enough to induce attrition. Another explanation that is not mutually exclusive is 

the use of two strains of attenuated Salmonella bacteria, which have likely altered kinetics of 

bacterial expansion early after infection. Altogether, these results suggest a role of bacterial load, 

direct or indirect, in the T cell memory attrition induced during Salmonella infection. 
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Since Salmonella typhimurium stimulates type I interferon synthesis after the invasion of 

the cell (Bogdan et al., 2004), we decided to determine if IFNα/β played a role in attrition, like it 

had been suggested for other infections (McNally et al., 2001; Carrero et al., 2004; Selin et al., 

2004). By generating chimeric mice constituted with aHY IFNAR-/- and Marilyn IFNAR-/- 

memory T cells, we first decided to investigate the potential direct role of IFNα/β on memory T 

cells during Salmonella-induced attrition. Importantly, we did not find in our system any 

functional defect of aHY IFNAR-/- and Marilyn IFNAR-/- memory T cells in terms of 

proliferation, and function (same numbers of anti-male memory T cells obtained whatever their 

expression of IFNAR, and same production of IFNγ), in contrast to what was observed during 

LCMV infection (Kolumam et al., 2005). Because aHY IFNAR-/- and Marilyn IFNAR-/- memory 

T cells presented the same level of attrition than wild type memory T cells, we concluded, that 

IFNα/β did not have any direct role on T cell depletion. To note, the absence of a role of 

IFNα/β may be a feature of Salmonella’s infection. Indeed, while type I interferons are required 

for activation of the inflammasome and for the cell death of macrophages during Francisella 

infection, Salmonella typhimurium-mediated macrophage cell death appears to be type I IFN-

independent (Henry et al., 2007).  Nevertheless, we cannot exclude an indirect role of type I 

interferon through its action in cells from the innate immune system that expressed the IFNα/β 

receptor in our system. Thus, our next experiment will be to use RAG-/- IFNAR-/- hosts 

containing wild type memory T cells to confirm or not the role of IFNα/β in Salmonella-induced 

attrition of memory T cells. 

CD8+ aHY and CD4+ Marilyn memory T cells showed altered phenotype pattern and 

function cell impairment (in terms of IFNγ production) after infection with Salmonella as 

compared with non-infected mice. Among the phenotypic characteristic of the non-specific 

memory T cells that we observed in infected mice, we observed a very strong decrease of the 

expression levels of the CD44 activation marker similar to what is commonly obtained for naive 

T cells. 

CD44 is a type I transmembrane glycoprotein. This cell-adhesion molecule is ubiquitously 

expressed on the surface of leukocytes, parenchymal cells and keratinocytes (Pure and Cuff, 

2001). The principal known ligand for CD44 is the glycosaminoglycan hyaluronic acid (HA), a 

major constituent of extracellular matrices (Hughes et al., 1981; Trowbridge et al., 1982; Culty et 

al., 1990; Miyake et al., 1990;). Several reports suggest an inflammatory role for CD44 (Brocke 
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et al., 1999; Camp et al., 1993; Rafi-Janajreh et al., 1999; Pure and Cuff, 2001; Wang et al., 

2002), although this effect is controversial (Teder et al., 2008; Jiang et al., 2005a; Kawana et al., 

2002). Moreover, in models of inflammatory colitis in mice with targeted deletions of exon 7, or 

exons 6 and 7 of CD44, a reduction in disease activity was associated with an increase in 

apoptosis of infiltrating cells (Wittig et al., 2000). Thus, CD44 might regulate cell survival of 

leukocytes during evolution of an inflammatory response. To determine whether CD44 reduction 

expression in our system is related to cell death, it would be of interest to compare the survival 

capacity of “CD44-deficient” and wild-type T cells upon Salmonella infection. In addition, a very 

recent paper has demonstrated that CD44 is responsible for suppression of TLR-mediated 

inflammation (Kawana et al., 2008), because of its regulatory effect on TLR signaling through 

the inhibition of NF-κB activation in BM macrophages after TLR-ligand stimulation. 

 

 

 

7 FUTURE PERSPECTIVES 
 

Many questions are still waiting to be answered concerning T cell homeostasis and 

involved T cell competition; we have risen in detail all along this discussion. Concerning what 

we called “natural attrition”, we still have to play with different TCR specificity to further 

analyze the impact of TCR degeneracy on the better fitness of BM-derived T cells, and the 

mechanisms associated with this attrition. Concerning the attrition induced by Salmonella 

infection, we have to better define whether this observation is applied to all cells of the infected-

organism, or characteristic of non-specific memory T cells, and not a particular feature of these 

anti-male T cells. For this, we will make use of different approaches, involving transgenic or 

knocked out mice for different populations. Here again, if we find a specific effect on non-anti-

Salmonella memory T cells, we will first try to determine the mechanism of this attrition, again 

using KO mice, or transfection technology by vector encoding for siRNA specific for potential 

targets like TLRs in order to modify our memory T cells. The eventual focus on TLRs as an 

eventual mechanism of T cell attrition will only be done if we find TLR expression on aHY and 

Marilyn T cells, and this will be tested by single cell qPCR. Besides the complementary 

experiments proposed throughout the discussion, it would be interesting to define whether all 
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memory T cells are equally susceptible to this attrition in terms of 1) TCR specificity, and in 

particular TCR promiscuity; 2) differentiation status after activation (TCM vs TEM); 3) LDP vs 

nominal Ag activation; 4) effector functions (Th1, Th2, Th17…).  

Altogether, these data contribute to show the elements, which participate in the shaping of 

the final T cell repertoire. This shaping may be reformatted at steady state but also after 

infections. This work may help us to understand the final establishment of the T cell pool and of 

the final TCR repertoire. 

 

In a more applied perspective, unraveling the mechanisms underlying attrition upon 

infection is of major interest not only in the fundamental perspective but also in a practical point 

of view. By discovering those mechanisms, doors can be opened in the future to develop 

therapies to try to contradict the trend of losing memory T cells, specially in chronic infected 

patients (like HIV infected individuals). 
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