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In this lecture we will discuss the development of naive T lymphocytes. The activation and antigen-driven differentiation of T cells will be considered in subsequent lectures. T cell progenitors develop from fetal liver derived stem cells in utero and from bone-marrow progenitors in adult life. These precursors migrate to the thymus where most T cells are generated. Once progenitors seed the thymus via the blood-stream, they begin to develop in this central organ going through a number of cellular stages which are similar, at least in broad outline, to the developmental stages considered during B cell development. The thymus provides stromal signals, both cell-bound and soluble, that drive T cell development and this organ is uniquely required for a “compartmentalization” function that is critical for the development of most T cells, particularly cells of the  lineage. T cell development can also occur at extra-thymic sites and this aspect of T cell generation will also be considered in this chapter.


There are two major T lymphoid lineages, the and the  lineages. About 90% of all T cells are  T cells. Most  T cells mature into either CD4 or CD8 expressing (single positive, SP) T cells. Cells of a “third” T lymphocyte lineage express T cell receptors, may either express CD4, or may lack both CD4 and CD8, and generally express the NK1.1 marker (characteristically found on NK cells). These cells are referred to as Natural T or NT cells (they are also called NK T cells or NK 1.1+ T cells). A developing T cell commits to mature either as a or an  cell. How exactly the decision is made for a progenitor cell to commit to one or the other lineage remains to be established. It is unclear whether the process is stochastic or instructive, and current models to explain this event will be discussed in this chapter. In general, as we shall see, gradual but “leaky” instructive commitment processes best explain how decisions are made during T cell development. Early T cells of the  lineage are positively selected if they productively rearrange the T cell receptor (TCR)  chain, a process known as Positive Selection I or selection. This event is analogous to Positive Selection I in the B lineage, and signals generated during  selection may contribute to a number of important  processes, one of which is the generation of accessibility for rearrangement at the TCR  locus. Pre-TCR signaling may in a sense represent the instructive part of commitment to the  lineage in the course of a gradula but “leaky” instructive process.  T cells which have completed the program of receptor gene rearrangement subsequently undergo a second positive selection event (Positive Selection II - this is what is commonly referred to as “positive selection” by most people in the field), and may also be negatively selected at the CD4+/CD8+ double positive (DP) stage. 
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Figure 1 A simplified overview of T cell development. T cell progenitors lacking CD4 and CD8 (Double Negative cells, DN) rearrange their TCR ,, and genes at the pre-T stage. These early pro-T and pre-T cells express very low levels of CD3 and are frequently referred to as triple negative (TN) cells as well. Cells committed to the  lineage which productively rearrange their chain genes receive signals via the pre-T receptor (Positive Selection I/ selection). The pre-T receptor provides survival and progression signals, contributes to allelic exclusion of the  chain of the TCR, and is required for the generation of accessibility at the TCR locus. Pre-T receptor signaling is required for the DN to DP transition. DP T cells may “die by neglect” if their TCRs do not recognize self-MHC, may be eliminated if their TCRs have a high affinity for self-MHC-peptide complexes, and may be positively selected if their TCRs have a low  to moderate affinity for self MHC-peptide complexes. Positive selection of DP T cells (Positive Selection II) is accompanied by a lineage commitment event whereby SP cells restricted to self-MHC class II express the CD4 co-receptor and cells bearing T cell receptors restricted to self MHC class I express the CD8 co-receptor.
In the T lineage, negative selection leads to the deletion of self-reactive cells. Although there is growing evidence for cells being given “another chance” if they encounter self-antigen during B cell development, there is at present no evidence to suggest that receptor editing occurs early in T cell development (but a similar process might occur in the periphery). Positive selection II in T cells is also closely linked to a lineage commitment decision - to make SP CD4+ or CD8+ cells. A simplified overview of T cell development (primarily of T cells) is provided in Figure 1. 

Homing of progenitors to the thymus


During fetal life T cell precursors leave the fetal liver in waves and colonize the rudimentary thymus at precise stages of development starting from day 11 of gestation (dE11). The first wave of precursors that seed the thymus before dE13 give rise to all the T cells that are produced by the thymus during gestation and the first week after birth. A second wave of progenitors from the fetal liver seeds the thymus after dE13 and this produces T cells that begin to dominate the repertoire from about day 7 after birth. After birth, however, there is a steady exodus of progenitors that leave the bone marrow and home to the thymus. How exactly waves of precursors are generated during fetal life is unclear. Homing of progenitors might require specific exit mechanisms from the bone-marrow as well as specific entry mechanisms that assist in binding to thymic endothelium and entry into the thymus. 


Undoubtedly specific chemokines will be shown to be involved in the homing of progenitors to the thymus. At the present time the best, but poorly studied, candidate is the C-C chemokine TECK which is made by thymic dendritic cells and may facilitate the entry of progenitors into the thymus -although this issue has not yet been systematically addressed.

Why do T cells develop primarily in the thymus and not elsewhere? 


If any organ has been deified by immunologists it is the thymus! It has been described as the “maestro” or the “master orchestrator” of the immune system. Some of the implied “intelligence” attributed to selection processes in the thymus, particularly the process of MHC restriction, may need to be thought through from a strictly developmental, but perhaps teleologically less exciting, viewpoint (see discussion below). Why exactly do we need the thymus? Are there any unique trophic factors in this organ that do not exist at other anatomical sites? Is there any reason why stromal cells in the bone marrow or other cells elsewhere cannot induce positive and negative selection? It appears that the unique architecture of the thymus is essential during lymphocyte development. While the thymus does provide the signals for commitment and differentiation as described below, recent studies suggest that T cell development cannot proceed efficiently in extrathymic sites, because of a feedback inhibition effect. It has been demonstrated that recently generated mature T cells inhibit the further development of precursors. While bone-marrow precursors can give rise to mature SP T cells in the bone marrow itself, mature cells provide feedback signals that prevent the efficient maturation of precursors within this compartment. In in vitro studies, when DN T cell precursors in the bone marrow are separated from mature cells (largely of recirculating origin), these precursors can quite efficiently generate SP CD4+ and CD8+ cells. In the presence of mature T cells, in vitro T cell maturation is relatively inefficient. It has been suggested that perhaps because T cells and their cytokine products can potently influence hematopoiesis, it is advantageous for T cell production not to occur in the immediate vicinity of blood cell generation. Accordingly, a negative feedback loop may have evolved in vertebrates by which mature T cells inhibit the generation of T cells from precursors. Although such a scheme of things is totally speculative, these observations lend support to the view that the underlying design of the thymus is to provide an environment that overcomes the process of feedback inhibition. One major feature of “thymus design” is the compartmentalization of precursors in the cortex and of more mature cells in the medulla. It is likely that in such a set-up, more mature T cells are physically segregated from immature T cells and are thus unable to negatively influence T cell development.

Thymocyte precursors can develop in the absence of the thymus: lineage commitment is generally completed in the thymus


Apart from the “compartmentalization” function, the thymus appears to be required to efficiently complete the process of T lineage commitment. Common lymphoid progenitors (CLPs) in the fetal liver and bone marrow can give rise to all lymphoid lineages including T, B, NK, and lymphoid dendritic cells. Lymphoid dendritic cells may be distinguished from dendritic cells of myeloid origin by the fact that they express CD8. Precursors of these CLPs, and CLPs themselves, may home to the thymus, and cells have been identified in the fetal thymus which can give rise to all the lymphoid lineages. These CLP like cells in the thymus are called thymic lymphoid progenitors or TLPs. They express c-Kit/CD117 (the receptor tyrosine kinase that responds to Stem Cell Factor or SCF) and CD44 but do not express NK1.1 (CD161) or CD25.They also express low levels of CD4 in the adult mouse. CD44 is the hyaluronan receptor and is discussed in Chapter Six. NK1.1 is expressed on NK cells and a subset of T cells known as NT cells, and will be discussed briefly later in the course. CD25 is the  chain of the IL-2 receptor (see Chapter Four) and is a useful marker for T cell commitment.


 Both extrathymic CLPs as well as TLPs can differentiate into a more committed progenitor called a TNK cell. This TNK cell (so called, because it is a precursor for both T and NK cells) can no longer give rise to B cells, but has the potential to develop into a T cell, an NK cell, or a lymphoid dendritic cell. This progenitor still does not express CD25, but expresses NK1.1. In adult mice CD4 expression is lost at this stage. TNK cells are not seen in the fetal liver, but may be observed in fetal spleen and fetal blood in addition to the fetal thymus. They are observed in the fetal circulation even in the absence of the thymus (in nude mice). Committed CD25+ pro-T cells are not observed in the circulation in normal or athymic mice, but are efficiently generated in the thymus in normal mice. Differentiation upto the TNK stage therefore does not require the thymus. However, apart from its compartmentalization function, the thymus does contribute in a major way to providing signals for completing the  T lineage commitment process and for further differentiation. 


Cortical and medullary thymic epithelial cells might have specific and distinct functions during T cell development as discussed below.

The development of the thymus 


The thymus is made up of a highly organized network of epithelial cells, mesenchymal cells, and T lineage cells and their progenitors. The thymic epithelium, fibroblasts, dendritic cells, and macrophages together make up the thymic stroma. The latter two cell types are of bone-marrow origin. Dendritic cells in the thymus may be however of myeloid or lymphoid origin as discussed above, and thymic macrophages may also be fairly diverse. The early, relatively undeveloped, thymic primordium is formed by the fusion of the endoderm from the third pharyngeal pouch with the ectodem of the third branchial cleft. The development of this thymic anlage depends on the inductive influence of the surrounding neural crest derived mesenchyme. In the chick it has been suggested that pharyngeal pouch endodermal cells alone can give rise to thymic epithelial cells. In the mouse both the ectoderm and the endoderm are believed to contribute to the development of these epithelial cells. In the nude mouse, discussed below, ectodermally derived epithelial cells fail to develop. The importance of the neural crest derived mesenchyme in inducing the development of the thymic primordium has been supported by experimental ablation studies. In man, the DiGeorge syndrome (discussed in the lecture on immunodeficiency) might result from a defect in neural crest derived mesenchyme. Mice in which the Hox-a3/Hox 1.5 gene has been knocked out have athymic embryos along with other craniofacial abnormalities. Whether the underlying defect is in cells of ectodermal, endodermal, or mesenchymal origin remains to be established. However the similarity of the thymic defect to that noted in the DiGeorge syndrome suggests a defect at the level of the mesenchymal induction of thymus development. A list of some of the known factors in thymus development is provided in Table 1.


The thymic primordium is invaded by blood vessels and associated mesenchyme of mesodermal origin. Once the blood supply to this organ has been established, bone-marrow derived macrophages, thymic dendritic cells, and thymic progenitors can enter. Further development of the thymus into distinguishable cortical and medullary regions requires the development of early T cells as discussed below. Immunohistochemical markers in a fully developed thymus permit the delineation of a number of distinct types of thymic epithelial cells. These include cortical epithelial cells, medullary epithelial cells, capsular cells that line the mesenchymal capsule of the thymus, and distinguishable epithelial cells at the cortico-medullary junction. 


A number of genes have been identified that specifically affect the development of thymic epithelial cells. Genes that are critical for epithelial cell development include the whn gene and pax-1. E-cadherin also probably contributes to proper thymic architecture and function. Normal hair growth and thymic development are disrupted in nude mice and rats. These rodents carry a mutation in the winged helix or whn gene. The Whn protein is a member of the winged-helix  or forkhead group of transcription factors. These proteins contain an N-terminal presumptive DNA-binding winged-helix domain and a negatively charged, proline rich C-terminal domain which might participate in transcriptional activation. Mutations in the winged-helix domain in members of this family induce homeotic transformations in Drosophila. A member of this family of proteins is critical for vulval development in C.elegans. In the nude mouse mutations are found in the winged-helix (DNA binding) domain of the whn gene (this gene is also defective in the nude rat). Mice in which whn was knocked out by homologous recombination have a phenotype identical to the nude mouse. The whn gene is normally expressed by thymic epithelial cells starting from embryonic day 10, about two days before T cell precursors begin to enter the thymus. The primitive thymic anlage is formed in the absence of whn, but the thymic epithelium does not develop the ability to support the entry or survival of T cell precursors. The Whn protein probably plays a role in the differentiation or maturation of thymic epithelial cells and is believed to be critical for the further differentiation of epithelial cells of ectodermal origin. 


Early T cell commitment and development occurs in the thymic cortex. Interestingly, cortical epithelial cells in the primitive thymic stroma are essential for T cell development, and in turn, the development of the cortex and medulla are both influenced by developing T cells. Cortical epithelial cells promote thymocyte survival and the initiation of V(D)J rearrangement of TCR genes. These cells provide SCF (Stem Cell Factor; the c-Kit ligand) and IL-7 which apparently influence similar molecular events in developing T cells, although SCF initiates signals via the c-Kit receptor tyrosine kinase and IL-7 activates JAK-STAT signaling. Although T cell development can proceed in the absence of either c (which is essential for IL-7 signaling) or c-Kit, T cell development is abrogated in mice which lack both c-Kit and c. 


Development of the thymic medulla is regulated both by genes expressed in medullary epithelial cells as well as by trophic influences provided by more mature thymocytes. In the absence of the relB gene (a member of the NFB family) thymic medullary epithelial cells which are UEA-1+ (UEA-1 is a lectin that identifies this subset of epithelial cells) are not seen, and dendritic cell differentiation is defective. CD8- myeloid dendritic cells are not produced because of a cell intrinsic requirement for RelB. CD8+ lymphoid dendritic cells are not observed in the thymus primarily because of the defect in development of thymic medullary epithelium. These lymphoid dendritic cells do not intrinsically require RelB - if relB-/- progenitors are transferred to a normal thymic environment, myeloid dendritic cells do not develop, but the development of lymphoid dendritic cells is unimpaired. 


Dendritic cells and thymic medullary  epithelial cells participate in antigen presentation and are particuarly important in the presentation of peptides involved in negative selection. In these relB-/- mice commitment to the T lineage and the development of thymocytes is generally unaffected, although the mice are likely to have deficits in negative selection (an issue which requires further analysis). In rag-1 -/- or rag-2-/- mice as well as in SCID mice, T cell development is blocked at the CD44-CD25+ stage because of the absence of pre-T receptor derived signals (discussed below). In these mice, cortical development is intact but the medullary compartment fails to develop. Medullary areas are also missing in the TCR-/- mouse in which development is blocked at the double positive CD4+CD8+ stage. This medullary defect can be corrected by the introduction of normal mature T cells.  
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Figure 2. Thymus development is a two-way street. The thymic cortex provides signals for thymocyte development. Trophic influences from developing thymocytes are required for the generation of the thymic cortex as well as the medulla.
Thymic function and T cell production persists late in adult life

The thymus is known to involute with age. It is often assumed that most T cells are generated in young animals and that new T cell generation does not occur late in adult life. However it should be kept in mind that some thymic tissue has been noted in humans autopsied at a fairly advanced age (as old as 107 years). Studies looking for deleted circles during TCR gene rearrangement have revealed that new T cells are produced late in life. During deletional V(D)J rearangement, the deleted DNA is joined at the signal ends of RSSs (see Chapter Three) and is maintained in cells as an episome though it is not duplicated during mitosis. The presence of these circles in naive T cells can be used as a measure of recent thymic emigrants. There I a decline in recent thymic emigrants with age, and a drastic reduction after thymectomy. Using this approach it has been demonstrated that patients with human immunodeficiency virus (HIV) infection can also generate new peripheral T cells after effective anti-viral therapy.


The issue of new T cell generation with age has been conveniently examined in the chick because of the discovery of a cell-surface marker that is expressed only on recent thymic emigrants. These studies have revealed that while fewer new T cells are generated with age, T cell generation continues at some level throughout adult life. 


Some T cell function persists after thymectomy, and it  is possible that a small number of new T cells are generated after thymectomy. It is possible that new T cells could be generated in extrathymic sites (discussed below) such as the bone-marrow and intestinal cryptopatches, and that no thymectomy is ever perfect - perhaps some residual thymic tissue persists after the most meticulous extirpation.
Differences between the development of T cells from fetal liver and bone-marrow derived progenitors

As we have noted earlier fetal liver derived HSCs are functionally distinct from bone-marrow derived HSCs. The thymus is colonized by waves of progenitors in embryonic life. Progenitors which seed the thymus between dE10 and dE13 generate all the T cells produced by the thymus during fetal development and for the first week after birth. Precursors that seed the thymus after dE13 provide a second wave of T cells that begin to emerge after the first week of life.


All V3  T cells that are found in the skin of the adult mouse (Thy-1+ dendritic epidermal  cells or DECs) are derived from fetal liver derived HSCs responsible for the the first wave of T cells during embryonic life. Adult bone-marrow derived HSCs are incapable of giving rise to V3 rearrangements and all DECs are therefore of fetal origin. Why fetal HSCs and a fetal thymic environment are both necessary for the generation of V3+ DECs and why adult  stem cells cannot generate these rearrangements remain unanswered questions at this time.


As discussed earlier, fetal liver derived stem cells do not give rise to TdT containing T and B cell progenitors. Fetal HSC derived T cells therefore lack N regions. Adult HSCs contribute to more CD4+ than CD8+cells compared to fetal HSCs presumably because the presence of N regions biases positive selection driven by MHC class II molecules.

Early T cell development


The earliest  thymic T cell progenitor is also known as a thymic lymphoid progenitor or TLP because it can give rise to all lymphoid lineages. It is functionally similar to bone-marrow CLPs, but may have distinct surface characteristics (TLPs may express higher levels of CD43 and CD44 than CLPs for instance). TLPs in adult mice are distinguished from other CD44+CD25- cells by their CD3-CD4loCD8-Thy-1lo phenotype (See Figure 3). Why low levels of CD4 are expressed by these progenitors is unclear. It is unlikely that the CD4 molecule plays a functional role at this stage, and indeed T cell development through these stages is not affected in any way in mice lacking CD4. In the embryonic thymus, the earliest identifiable progenitor cell does not express CD4. These CD4lo bone marrow derived progenitors seen in the adult thymus are capable of differentiating into other lymphoid lineages, but they become progressively “more” committed to the T lineage as they mature in the thymus (Figure 3). Committed T cell progenitors may either develop outside the thymus and migrate to this organ, or they may be generated in the thymus. Most T cells are probably derived from precursors that commit to the T lineage in the thymus itself.
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Figure 3. An overview of some of  the early events in T cell development. Filled circles represent cycling cells. TLPs (CD44+CD25-) are committed to all lymphoid lineages, but TNK cells (also CD44+CD25-; they also express NK 1.1) cannot give rise to B cells. Pro-T cells (CD44+CD25+) are unable to generate B or NK cells, and early  pre-T (CD44-CD25+) cells are no longer able to give rise to thymic dendritic/lymphoid dendritic (LD) cells. After pre-TCR signaling, developing T cells will infrequently give rise to T cells but cannot do so after TCR gene rearrangement. Signals generated via the common  chain and c-Kit are essential for thymocyte development. The c is a component of the receptors for many cytokines, including IL-7. Cortical epithelial cells trigger T cell progenitors by secreting IL-7 and SCF and by less well understood cell-cell interactions. IL-7 provides survival signals and probaby indirectly initiates V(D)J rearrangement at the   and loci in early pre-Tcells (CD44-CD25+). In cells that commit to the lineage, pre-TCR signaling leads to the successive generation of cycling large pre-T (CD44-CD25_), Immature Single Positive (ISP), and CD4+ CD8+ Double Positive (DP)  cells. Eventually non-cycling DP cells differentiate further into CD4+ and CD8+ Single Positive T cells as decribed elsewhere in this chapter. When exactly the capacity to generate LD cells is lost is unclear. Based in part on Godfrey et al., 1993, Shortman and Wu, 1996, and Carlyle and Zuniga-Pflucker, 1998.

Table 1 summarizes critical signals for T cell development prior to the pre-TCR checkpoint.

Table 1. Signals that drive T cell development prior to the pre-TCR checkpoint

Factor



Comments 




References
Factors involved in thymic epithelial development
Winged helix/nude 
Thymic epithelial defect in nude or whn-/-
 
Nehls et al., 1994, 1996




mice. No development of T cell precursors.

Hox-a3/Hox 1.5-/-
hox-a3-/-  mice have athymic embryos and

Manley and Capecchi,




craniofacial
abnormalities. Hox-a3, Hox-b3,
1995, 1998




and Hox-d3 contribute to the migration of the




thymic anlage

Pax-1


pax-1 mutant (undulated) mice have defects

Wallin et al., 1996




in thymic cortical epithelial and T cell generation




 as well as vertebral column defects

RelB 


In relB null mice UEA-1+ medullary epithelial
Burkly et al., 1995




cells and thymic myeloid-related CD8-  DC fail to 
Wu et al., 1998




mature. Lack of CD8+ lymphoid DC is secondary 




to thymic epithelial defect. No defect in commitment




to T lineage. Impaired negative selection later in 




thymic development

E-cadherin

The use of antibodies in fetal thymic organ

Muller et al., 1997




culture suggeststhat E-cadherin is required




for homotypic interactions between 




epithelial cells and thus  indirectly for




thymocyte development 

Other factors  involved in early T cell development
IL-7  and SCF 

In combined c/c-Kit null mice, pro-T cell

Rodewald et al. 1997




expansion ismarkedly impaired
41 integrin

In the absence of 4 integrins, fetal T cell

Arroyo et al. 1996




development is unaffected, but adult T cell 




development does not occur 

GATA-3

In the absence of GATA-3, T cell progenitors 

Ting et al., 1996




are unable to commit to the T lineage


TLPs can be distinguished from most other TN cells by their c-Kit+ CD44+ CD25-  phenotype. TNK cells expresses rag-1 and rag-2 but their , , and TCR genes remain in germline configuration. The CD44+ CD25+ pro-T cell represents a proliferative stage of thymocyte development. These cells may receive signals from IL-7 and SCF and probably from other poorly defined thymic stromal factors as well. IL-7 provides a Bcl-2 dependent survival signal, and may indirectly influence accessibility for V(D)J rearrangement, while SCF probably provides proliferative signals.


Rearrangement of TCR ,  and  genes is initiated and completed at the CD44- CD25+  small pre-T stage. Induction of TCR  gene rearrangement requires that the  chain locus be made accessible for recombination. It is known from germline deletion studies that rearrangement at this locus requires the TCR enhancer (E). It was generally assumed that E is required for the generation of accessibility in the vicinity of the TCR  gene. More recent studies examining accessibility in the presence and absence of this enhancer suggest that while E is required for rearrangement of the locus, it may not be a critical contributor to accessibility. When an T cell completes the program of chain gene rearrangement it no longer expresses c-Kit (pre-T cells are CD117-). At this stage cells become dependent on a signal from the pre-T receptor for survival and further differentiation. 


Induction of TCR  gene rearrangement requires the TCR  enhancer (E). As seen in Figure 4 the TCR  and  genes share a common locus. The reason they share a common locus may have to do with the ‘fixing’ of the commitment process in T cells (by the deletion of rearranged  genes) as discussed in the following section. TCR  gene rearrangement occurs early in development and gene rearrangement is initiated later following pre-TCR signaling. V/V gene segments are located at the 5’ end of the locus, and early in development E is activated presumably as a result of signals received in part via the IL-7R and c-Kit. This enhancer is required for the generation of local accessibility prior to TCR gene rearrangement which (unlike TCR or IgH  gene rearrangement) is a non-ordered process and may in a given cell first involve a V to D recombination event or a D to J rearrangement. As evidenced from the Eknockout mouse, E is absolutely required for D to J joining but some other unidentified regulatory element may be necessary for V to D recombination.
.
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Figure 4. The Tcr / locus. V/ Vsegments are located at the 5’ end of this locus. The locus is rearranged early in T cell development and the process is non-ordered (recombination may start as a V to D event or a D toJ event). The BEAD-1 element is an insulator which presumably prevents E (the enhancer that regulates accessibility and rearangement at the  locus) from opening up the J region early in T cell development. After pre-TCR signaling, in an  committed T cell, rearrangement at the  locus deletes any rearranged TCR unit thus ensuring that commitment is irreversible. Regulatory regions in the  locus include an enhancer (E), two silencer elements, and an LCR. 


While nomenclatures vary, it would be appropriate to define cells of the lineage that have productively rearranged their TCRgenes, but have yet to rearrange their TCR genes, as pre-T cells. These include T cells which are CD44-CD25+ and which have just rearranged their TCR genes, proliferating cells which are CD44- CD25- , and also proliferating cells at the immature single positive (ISP) stage which generally  express low levels of CD8 (or CD4 in man, and in some strains of mice). The pre-T cell receptor (pre-TCR) is generally described as driving cells through the Double Negative to Double Positive transition. While this is correct in a broad sense, in actual fact, in the  total absence of pre-T receptor signaling cells remain frozen at the DN CD44-CD25+stage and do not increase in size and begin to proliferate, or make it to the DN CD44-CD25- stage. Depending on the “severity” of the block, mutations in different genes can block pre-TCR dependent development at different steps prior to the DP stage. In wild-type mice the pre-TCR is expressed at low levels on cycling DP T cells which are actively rearranging their TCR loci. Pre-TCR signaling will be discussed in a later section.

Commitment to the  or the  lineage


A developing double negative T cell may rearrange its TCR, , and genes around the same time. What drives a cell to develop as an  T cell or a  T cell? How is the process regulated?   T cells may develop in the thymus or extrathymically as discussed below. They are not restricted by classical MHC class I or class II molecules and do not develop via an intermediate DP stage.  cells either express no CD4 or CD8 or they may sometimes express CD8. However unlike CD8 T cells which express CD8 heterodimers, T cells express CD8 homodimers. While we appreciate that  and  T cells develop quite differently, and have some understanding of how commitment to the  lineage may be sustained (once it has occurred), fundamental questions about the commitment process remain unanswered. It is most useful to think of most commitment events as being gradual and step-wise, with true irreversibility being attained late in the day. Both the  versus  commitment event, as well as the CD4 versus the CD8 lineage commitment decision do not occur in a sudden and precipitate manner. Simplified models, while of heuristic value, do not necessarily fit these processes in an entirely convincing manner. 


Instructive models suggest that the  productive rearrangement of  the appropriate T cell receptor genes generates signals that drive a developing T cell to commit to the lineage represented by the rearranged genes. Stochastic models suggest that progenitor T cells randomly commit to becoming either  or  cells before TCR gene rearrangement is initiated. If a cell commits to the  lineage, for instance, stochastic models suggest that such a committed cell will be incapable of developing into an  T cell even if one of its TCR loci is productively rearranged (Figure 9.7).


In instructive models, productive rearrangement of both the  and  chain genes in a given cell might commit it to the  lineage. Commitment to the  lineage presumably occurs if an in-frame rearrangement at the TCR locus precedes the generation of in-frame rearrangements at the  and loci. Some support for this model has been obtained from studies that suggest that very few productive V to J rearrangements are seen in  T cells. In frame V-DJ rearrangements are however frequently seen in  T cells. It appears that even if a pro-T cell rearranges its TCR chain productively it may nevertheless commit to either the  or lineage. Similarly productive rearrangement of the TCR  chain does not necessarily commit a cell to the lineage. However some more recent analyses suggest that expression of the TCR  and genes in developing T cells does impede, at least in a statistical sense, these cells from developing into  T cells, providing some support, though unfortunately not in a black and white sense, for instructional models. 

 T cell development involves the generation of DP T cells, whereas during  T cell development cells retain the DN phenotype. In a cell that may have begun to stochastically commit to the lineage, productive  and rearrangements might occur in the absence of a productive rearrangement. In such cells the TCR may provide signals for movement to the DP stage (which is characteristic of T cells but not T cells), as witnessed in transgenic experiments. Productively rearranged TCR  chains may also associate with the preT chain, albeit fairly inefficiently,  and form an atypical pre-TCR. However expression of the TCR chain tends to be down-regulated when cells differentiate along the  developmental pathway and these “surrogate” pre-TCRs which contain the TCR  chain are not very effective in driving development along the  pathway. While some signals are clearly generated in a stochastic way, many molecular events probably need to be completed in order to irreversibly commit a cell to the  or  lineage. The available data is consistent with a “leaky” instructive model which takes into account that commitment is a gradual process. The signaling event that might be critical for irreversible commitment to the lineage may be signaling via the pre-T receptor.
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Figure 5. Instructive and stochastic models for the  versus  lineage choice. In instructive models, based on which of their TCR genes are productively rearranged, developing T cells receive signals to commit to the appropriate T lineage. In stochastic models, cells commit to a lineage prior to the rearrangement process. Committed cells that make the “right” rearrangements then receive survival signals. The versus  decision might occur stochastically, although it is likely that a “leaky instructive” process might be relevant. 

Details of the molecular changes that are necessary for a cell to commit to the  lineage remain unknown. It has been suggested that the random induction of expression of the pT component of the pre-T receptor may commit a developing T cell to the lineage, though there is no experimental data to support such a model. However, when a cell does commit to this lineage, and also productively rearranges its TCR chain, signaling via the pre-TCR may fix the commitment of such a cell to the  lineage. Pre-TCR signaling probably induces accessibility at the TCR  locus as discussed below. Since the TCR  and  loci are interwoven (see Figure 4), a V to Jrearrangement will delete any rearranged V-DJunit in the same locus, thus ensuring irreversible commitment to the  lineage.In this kind of model, if pT is not induced, a cell may commit to the  lineage; if rearrangement of the and chains is productive in such a cell it will receive a survival signal that permits its further maturation as a  T cell. While there is at present no evidence to suggest that pT expression is selectively induced in some early thymocytes and not in others, it seems very likely that the productive rearrangement of both the TCR  and  genes in early T lineage cells may drive development along the lineage.


The nature of the signal generated by receptors during T cell development is poorly understood. It is clear however that such a signal might be capable of influencing commitment even as late as the small pre-T (non cycling CD44-CD25+) stage. This signal, unlike that generated by the pre-TCR, does not induce selected cells to proliferate in a significant way but may influence commitment and further differentiation along the  pathway.


 It has been suggested that the Notch pathway may be involved in driving the versus decision. Studies examining T cell development in mice expressing a constitutively active Notch transgene suggest that Notch signaling might favor T cell development. The ability of an activated Notch allele to influence  T cell development does not necessarily suggest that Notch is involved in commitment to the  lineage but could be consistent with a role for Notch signaling downstream of or in parallel with the pre-T receptor. It could also be argued that Notch signaling is really not involved in  T cell development but that the overexpression of an activated Notch molecule can provide signals which are not “physiological” but which can enhance pre-TCR derived signals.

Positive selection I and allelic exclusion are mediated by the pre-T receptor


The pre-TCR is made up of the chain of the T cell receptor, a surrogate  chain known as pre-Tgp33 pT and the associated CD3 complex (Figure 6). pTis a 33 kd type I membrane glycoprotein which is expressed in pro-T and pre-T stages prior to TCR  chain gene rearrangement. This protein has a fairly long cytoplasmic tail which could potentially participate in signaling events. In the absence of pT, positive selection I in the T lineage is abrogated, T cells are frozen at the DN stage, and allelic exclusion fails to occur at the TCR locus. This defect can be rescued by the transgenic introduction of a truncated pT chain which lacks most of the cytoplasmic tail. This suggests that the cytoplasmic tail of pT is not essential for pre-TCR signaling. However it is worth keeping in mind that the rescue experiment involved a very high degree of overexpression of the tail-deleted pT transgene. It is possible that a signaling role for the cytoplasmic tail of pT may be revealed by appropriately engineering the endogenous gene by a “knock-in” approach, but this remains to be demonstrated. However since the cytoplasmic tails of murine and human pT are not conserved, it is likely that this portion of the protein is not critical during T cell development.


Signal transduction by the pre-TCR not only mediates a survival function and therefore promotes the DN to DP T cell transition, but also contributes to allelic exclusion at the chain locus of the T cell receptor. All the issues that we have considered in connection with the pre-B receptor and how it functions may be equally relevant when discussing the pre-TCR. This receptor is expressed at low levels on the surface of DN T cells. No ligand has been found for the pre-TCR, and it is very likely that pre-antigen receptors signal constitutively and do not require a ligand in the classical sense. Deletion of the extracellular portions of theTCR chain and of pT does not compromise the ability of the pre-TCR to drive differentiation or to mediate allelic exclusion. Pre-antigen receptors, unlike most other cell surface receptors, are designed to monitor whether the right kind or rearrangement has been made and are not really designed to respond to external cues. Nevertheless pre-T receptors that are engineered to be intracellularly retained (and which, therefore, might associate more readily with chaperones than with signaling proteins) fail to provide differentiation signals. While these results appear to suggest a need for the pre-TCR to be expressed on the cell surface, they do not prove that this is the case. The level of expression of  the pre-T receptor on the cell surface is miserable! If signaling occurs constitutively, without the need for an external ligand, it is more than likely that signals may actually be transduced from intracellular sites soon after assembly of the receptor.
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Figure 6. The pre-T receptor induces multiple signaling programs during the Double Negative to Double Positive thymocyte transition

The pre-T receptor drives the the DN to DP transition. A summary of mutations that block T cell development at the pre-TCR checkpoint is provided in Table 2. In the absence of a rearranged TCR chain gene or of pT, of most members of the CD3 complex, or of critical signaling components downstream of the pre-T receptor, cells remain frozen at the CD44CD25+stage. In mice lacking Rag-1, Rag-2, or Ku80, development does not proceed beyond the CD44-CD25+stage presumably because these mice cannot generate a rearranged TCR  chain. 
 


It is likely that pre-TCR signaling contributes to the induction or activation of a subset of transcription factors which drive the cell through the DN to DP transition. In the absence of LEF-1 (Lymphoid Enhancer factor 1) and TCF (T cell factor 1), both members of the HMG group of transcription factors, T cell development is blocked at the Immature Single Positive (ISP) stage in fetal as well as adult T cells. TCF and LEF-1 are both expressed in a number of tissues during embryogenesis; in the adult, TCF is expressed only in T cells while LEF-1 is expressed both in T cells and immature B cells. In the absence of LEF-1 alone, both fetal and adult T cell development is unaffected. In the absence of TCF alone, fetal thymic development is relatively normal, but adult  thymopoiesis is blocked at the ISP stage. These transcription factors function dowstream of the Wnt/Wingless signaling pathway and it is possible therefore that pre-T receptor and Wnt signaling pathways intersect. TCF-1 and LEF-1 presumably act as activators or repressors of critical genes that may be regulated downstream of the pre-TCR. 


 Signals from the pre-TCR are also responsible for ensuring that only one TCR allele is productively rearranged during ontogeny. Signals from this receptor drive proliferation of CD25- pre-T cells and thus contribute to CDK induced phosphorylation, ubiquitination, and degradation of Rag-2. This post-translational regulation of Rag-2 may contribute to allelic exclusion at the TCR  locus - it probably plays an important role in transiently shutting off rearrangement (some experiments suggest that Rag-2 degradation may not be relevant for allelic exclusion). Pre-TCR signaling must also contribute to chromatin remodeling at the TCRlocus in order to render this gene inaccessible to Rag mediated recombination especially while the cell is rearranging its TCR genes. Although the TCRenhancer is required for the induction of TCR rearrangement, the cis-acting sequences in this locus which are responsible for the generation of inaccessibility (in order to ensure allelic exclusion) have yet to be identified.


Pre-TCR signaling is required for the initiation of rearrangement at the TCR locus. It is likely that nuclear events downstream of the pre-TCR are responsible for the opening up of the TCR locus. 

Table 2 

Mutations that block development at the pre-TCR checkpoint
1. Mutations that abrogate TCR  rearrangement


a. Rag-1 -/- 



Mombaerts et al., 1992a


b. Rag-2-/-



Shinkai et al., 1992


c. Ku80-/-



Nussenzweig et al. 1996, Zhu et al. 1996


d.DNA-PK-/-



Bosma and Carroll 1991, Danska et al. 1996

2. Mutations in pre-T receptor components or in their expression


a. TCR



Mombaerts et  al., 1992b


b. E



Bories et al., 1996, Bouvier et al., 1996


c. pT



Fehling et al.  1995


d. CD3 -/-



Malissen et al., 1996


e. CD3-/-



Haks et al., 1998


f. CD3/partial  devel. block

Love et al., Malissen et al., 1993,








Ohno et al., 1997,Ardouin et al., 1998,







Shores et al., 1998


g. CD3-/- (no  devel. block)

Berger et al., 1997
. Signaling molecules


a. Lck-/- (partial block)


Molina et al., 1992


b. Fyn -/- (no block)


Appleby et al., 1992


c. Lck -/-, Fyn-/-



Groves et al., 1996, van Oers et al., 1996


d. Syk -/- (no block)


Turner et al., 1995, Cheng et al., 1995


e. Zap 70 -/- (no block)


Negishi et al. 1995, Wiest et al., 1997


f. Syk-/-, ZAP-70-/-


Cheng et al., 1997


g. Vav-/- (Block is minimal)

Turner et al., 1997


h. ?Notch - (Activated Notch

Robey et al., 1996, Washburn et al., 1997 




in T cells) 


i. SLP-76



Clements et al., 1998, Pivniouk et al., 1998

4. Transcriptional regulators


a. TCF-/- (block in adult)


Verbeek et al., 1995


b. TCF-/-, LEF-1-/-


Okamura et al., 1998


c. Sox-4-/-



Schilham et al., 1997


d. ? Ets-1 -/-



Bories et al., 1995, Muthusamy et al., 1995


e. ? EF-1-/-



Higashi et al., 1997


f. ? Egr-1



Miyazaki et al., 1997

Positive and Negative Selection at the Double Positive T cell stage


 A number of models have been proposed to explain how a developing T cell makes the choice between positive and negative selection at the DP stage. Some information is now available about cytosolic effectors that mediate positive versus negative selection downstream of the TCR. For instance distinct  members of the MAP kinase family are required for positive and negative selection. Nevertheless it is unclear how the same cell may engage different cytosolic effectors when the TCR is triggered. Qualitatively or quantitatively distinct signal outputs must be generated by the same receptor during these two selection processes. Some of the categories of models proposed to explain this phenomenon are listed below:


1. Affinity models suggest that T cells bearing receptors with no affinity for self-MHC complexed with peptide “die by neglect”, cells bearing TCRs with low affinity for self ligands are positively selected, and cells with high affinity TCRs are eliminated.


2. Avidity models suggest that low avidity interactions lead to positive selection, and high avidity interactions lead to tolerance. High avidity may be generated by higher concentrations of ligand or by cooperative interactions that depend on coreceptors.


3. Peptide-specificity models suggest that certain types of peptides which behave as agonists mediate negative selection if they are of self origin. Variants of these peptides which do not trigger the T cell receptor as efficiently are described as “antagonists”. Antagonist peptides of self origin have been postulated to be responsible for positive selection.


4. Cell-specificity models have suggested that different cells mediate positive and negative selection. 


a) In one version of this model cells responsible for positive selection express distinct sub-sets of self proteins and therefore present different peptides when compared with cells responsible for negative selection.


b) In another version of this type of model the antigen processing machinery is assumed to be different in cells responsible for positive and negative selection, and therfore distinct subsets of self peptides might particpate in the two selection processes.


c) Another version of the cell specificity model (which is consistent with one type of avidity model) suggests that the cells that mediate positive and negative selection express different co-receptors, thus ensuring that distinct signals are generated during positive and negative selection.


d) It has also been postulated that  in the absence of glucocorticoids, TCR signaling initiated even by moderate to low affinity peptide-MHC ligands may  provoke apoptosis, while collaboration with glucocorticoids might prevent death. Glucocorticoid receptor activation may occur only in cells mediating positive selection because these steroids may be synthesized only in the thymic cortex.  


Versions of the affinity model are now widely accepted as being best able to explain most of the available data on positive and negative selection. If a DP T cell expresses an antigen receptor that can be triggered by a high affinity MHC-peptide combination in the thymus (and which is therefore “strongly” self-reactive), it receives signals that lead to its elimination (negative selection). If a DP T cell expresses no receptor whatsoever or if it synthesizes an antigen receptor which does not recognize self-MHC (see discussion below, as to whether such cells exist), it is allowed to “die by neglect”. If a DP T cell recognizes self MHC-peptide complexes with moderate or low affinity, it receives trophic signals that allow it to survive - it is this category of positively selected T cells (undergoing positive selection II) that contributes to the naive T cell repertoire in the periphery.


Although the affinity model is well supported by a large body of evidence, an alternative model that has received some support is the “avidity” model. Avidity of a TCR-MHC interaction may be influenced by ligand density. The avidity of the interaction between the TCR on a T cell and an MHC molecule on an antigen presenting cell may also be influenced by adhesion molecules that hold these disparate cells together, thus increasing the likelihood that appropriate inter-molecular collisions will occur. The peptides involved in positive selection are fairly promiscuous - this is perhaps not too surprising given that small peptides are likely to assume many different conformations even when restrained by one or two invariant anchor residues within the MHC groove. When considering MHC-peptide complexes which interact with TCRs with relatively low affinity, promiscuity may be all the more likely. A number of ingenious approaches to examine positive selection in the context of a single peptide or a small number of peptides have all confirmed that a few peptides may be involved in the positive selection of a relatively large number of distinct T cells. It has been argued, based on positive selection studies performed in fetal thymic organ culture models, that a low concentration of a high affinity peptide -MHC ligand (a high affinity peptide-MHC complex is sometimes considered an “agonist” ligand), may provide the same kind of  positive selection signal through the TCR as is provided by a high concentration of a low affinity MHC-peptide complex. The latter may be a so called “antagonist” ligand if it can compete with an agonist ligand for the MHC groove; a low-affinity MHC-peptide complex that associates with the same TCR is however far more likely to involve a peptide that has no discernible structural similarity to the “agonist” peptide. All the evidence to date on the functional behavior of T cells selected by low concentrations of agonists (antigenic peptides!) indicates that such T cells are incapable of mounting functional responses. High affinity self at low concentrations has not been shown to positively select functional T cells and there is therefore at present limited support for avidity models. However it is likely that the avidity of the interaction between the TCR and MHC-peptide ligands is influenced by a number of means, particularly by adhesion molecules or other costimulatory interactions. 


Positively and negatively selecting peptide ligands were once postulated to be selectively synthesized in different cell types. This is not likely to be the case for the vast majority of peptides, since for the most part the same peptides appear to be presented by MHC molecules expressed in thymic cortical epithelial cells and in bone-marrow derived (largely medullary) cells. Some differences may exist in the antigen processing machinery found in cells expressd in the thymic cortex as opposed to the medulla; distinct cathepsins (lysosomal/late endosomal proteases responsible for most of the cleavage that occurs during antigen processing in the MHC class II pathway) have been shown to be differentially expressed in the thymic cortex and the medulla. As discussed below, positive and negative selection appear to be mediated in a sequential fashion by cells in the thymic cortex and medulla respectively, and the reason why different types of cell may play different roles during thymic selection may relate to their differential ability to contribute to the avidity of TCR-MHC interactions or to induct costimulatory responses. 


Acceptance of the basic premise of the affinity model suggests that a DP T cell can tell when it has received a “strong” signal which leads to elimination and also recognize a moderate/weak signal which has a trophic function and allows for positive selection. Some of the pathways that must be invoked to ensure positive selection and signaling pathways that mediate negative selection will be considered below. DP T cells are hard-wired differently from mature SP T cells and as a result these former cells are eliminated by the kind of high-affinity MHC ligand that would drive an immune response in the periphery. The nature of this hard-wiring difference is now being explored. DP T cells refuse to enter the cell cycle when stimulated by the same MHC-ligand complexes which will trigger the proliferation of SP T cells in the periphery.  

Does positive selection cull the T cell repertoire? 


It was once generally believed that a large number of newly generated  T cells express receptors that do not recognize MHC like shapes and that positive selection at the DP stage was basically designed to cull out those T cells that recognized MHC-self peptide complexes with low to moderate affinity. The “need” for positive selection was to ensure MHC restriction by getting rid of the T cells that recognize “garbage” or non-MHC shapes. It has now become clear that all TCRs are intrinsically biased towards the recognition of MHC like shapes. There are probably no T cells generated whose antigen receptors recognize “garbage” and there is probably no real reason to “cull” the repertoire towards MHC molecules in general, since all  T cells are already MHC directed. However it clearly helps to cull the repertoire towards self-MHC, as discussed below. 


It has been shown that if TCRs are tested against a wide range of MHCs, virtually all newly formed T cells will prove to be alloreactive. In studies using TCR transgenics, preferential positive selection by self MHC molecules, compared with a small subset of non-self MHC proteins, has been noted. Nevertheless, it is quite likely that some other non-self MHC-peptide combinations that were not tested, might potentially trigger the test TCR more strongly than self-MHC. If all newly generated T cells are potentially alloreactive against some non-self MHC molecule, why is positive selection necessary? It could be argued that an alloreactive T cell that cannot see self-MHC+ self-peptide should nonetheless have the potential to recognize self MHC + some foreign peptide pretty well and should therefore be worth keeping around. It is probably critical for T cells to be self-MHC restricted because they cannot survive unless they interact with MHC like shapes, and the only ones that they are going to see are self-MHC shapes. Indeed, as we shall see, peripheral maintenance of T cells requires that they be constantly “tickled” by self-MHC-peptide complexes. The “goal” of positive selection may primarily be to provide trophic signals to T cells that express complete antigen receptors, and to ensure that only T cells that can survive in response to these trophic signals be invited to stick around.


Although both positive and negative selection might potentially be mediated by a number of cell types and tissues, it appears that  positive selection primarily occurs in the thymic cortex and is mediated by thymic cortical epithelial cells. Negative selection probably occurs both in the cortex and in the medulla. In the latter site it might be mediated by bone marrow derived thymic dendritic cells and macrophages, and also by medullary epithelial cells. 

Positive selection and the CD4 versus CD8 lineage commitment decision


As we discussed in the previous sections, DP T cells expressing T cell receptors which recognize MHC-peptide complexes with low or moderate affinity are positively selected and help generate the T cell repertoire. Positive selection identifies cells which have made in-frame rearrangements at both the TCR  and  loci and also identifies cells with receptors that are MHC-restricted. In addition this selection event commits cells to the CD4 or CD8 lineage. 


In order for a DP T cell to be positively selected, signaling through  the TCR is essential. Just as a T cell must decide to become an  or a  cell,  cells themselves must make a decision to commit either to the CD4 or the CD8 lineage (Figures 7 and 8). Since TCRs on CD4 cells recognize MHC class II-peptide complexes, and TCRs on CD8 cells recognize MHC class I-peptide complexes, instructive models were proposed to explain this developmental switch (Figure 7). These models postulated that an MHC class II-peptide complex might engage CD4 on a DP T cell and thus induce the shut-off of CD8 expression in a DP T cell to give rise to a CD4 T cell. Similarly, MHC class I-peptide complexes might instruct a double positive T cell to shut off CD4 synthesis and thus allow a DP T cell to mature into a CD8 T cell. These models assume that a DP T cell will “know” that its CD4 coreceptor (or its CD8 coreceptor, as the case may be) has been engaged and as a result will shut off expression of its other type of coreceptor. 
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Figure  7. An instructive model for CD4/CD8 lineage commitment. DP cells which initially express low levels of the TCR and Bcl-2, are first induced to express activation markers such as CD5 and CD69. They commit during the DP stage to the CD4 or CD8 lineages at a point when TCR and Bcl-2 levels are elevated. TCR signaling may induce ERK and provide instructions for CD4 commitment. Notch signaling might contribute to positive selection and also to the switch to the CD8 lineage. IRF-1 may also contribute to the CD8+ lineage commitment decision. Notch signaling may induce HES-1 which may be targeted to the CD4 silencer in CD8 cells.

Alternative stochastic models  (Figure 8) suggest that a given DP T cell may either switch off CD4 or CD8 prior to commitment to a SP lineage. If a stochastically committed CD4 T cell has a receptor that recognizes self MHC class II-self peptide complexes with low affinity it may be positively selected. If such a cell expresses a TCR that can recognize self MHC class I-self peptide complexes, it will not receive a co-receptor signal (since it expresses only CD4) and will be allowed to “die by neglect”. Purely stochastic models for commitment incorporate the need for the selection of committed cells that express the “right” type of coreceptor by the matched MHC class of ligand.  


What is the best evidence to support an instructional model? One study using a dominant gain of function mutation of the erk2 gene has suggested that activation of ERK in the T lineage favors CD4 T cell generation. Since TCR signaling activates ERK, this suggests that T cells are instructed to become CD4 cells. A similar result has not been observed in somewhat different approaches to examining the Ras/Raf/ERK pathway. In the absence of Csk, CD8+ cells are not generated, suggesting that  enhanced signaling via Src family kinases such as Lyn and Fyn, may drive cells down the CD4+ route. Commitment to the CD8+ lineage may require specific signals that may be randomly delivered by Notch (discussed below), and/or may depend on quantitatively or qualitatively distinct instructive TCR signals in cells triggered by MHC class I ligands. The Interferon Regulatory transcription factor, IRF-1, might also be required in a cell intrinsic manner for CD8+ cell differentiation


In summary, TCR signaling by low to moderate affinity MHC-peptide ligands drives positive selection. DP cells which initially express low levels of the TCR and of Bcl-2 are first induced to express high levels of CD5 and CD69 (these should be considered as markers of T cell activation). Commitment to the CD4 lineage may not require additional signals and may represent the default pathway (the asymmetric commitment model) or it might be instructional and depend on Src family kinase and ERK activation. Differentiation to the Cd8 lineage may depend on CD8 signals or on the triggering of the Notch pathway. During the process of lineage commitment DP T cells need to selectively  shut off either CD4 expression or CD8 expression.
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Figure 8. A stochastic  model for CD4/CD8 lineage commitment. DP cells which initially express low levels of the TCR and Bcl-2, are first induced to express activation markers such as CD5 and CD69. They commit during the DP stage to the CD4 or CD8 lineages at a point when TCR and Bcl-2 levels are elevated. CD4 commitment might represent a default process. Notch signaling might contribute to positive selection and also to the switch to the CD8 lineage. In the “asymmetric commitment” model, CD4+ cell differentiation is considered to be stochastic and signals may be involved in CD8+  cell generation. If  the process of lineage commitment is actually stochastic, cells will still need to be selected on the basis of co-receptors expressed (or on the basis of the strength of TCR signaling) by MHC class I or MHC class II ligands.

Table 3
Signals involved in Positive Selection at the DP T cell stage
Mutations involving TCR/CD3 signaling

TCR-/-



Mombaerts et al., 1992b, Phillips et al., 1992

E-/-




Sleckman et al., 1997

CD3-/-




Dave et al., 1997

CD3/-/-



Love et al., 1993, Malissen et al., 1993,






Ohno et al., 1997, Ardouin et al., 1998,






Shores et al., 1998

Lck-/-




Molina et al., 1992

Vav-/-




Turner et al., 1997

CD45-/-




Byth et al., 1996

ZAP 70-/-



Negishi et al., 1995, Wiest et al., 1997

IRF-1 -/-



Matsuyama et al., 1993, Reis et al., 1994






Penninger et al., 1997

Mutations involving the MHC class I pathway
2-microglobulin


Ziilstra et al., 1990, Koller et al., 1990

MHC class I H-chain


Tanchot et al., 1997

TAP transporters


Van Kaer et al., 1992, De la Salle et al., 1994

LMP2




Van Kaer et al., 1994

IRF-1




Matsuyama et al., 1993, Reis et al., 1994






Penninger et al., 1997

Mutations involving MHC class II pathway
MHC class II



Cosgrove et al., 1991, Grusby et al., 1991

MHC class II transcriptional

regulators



Mach et al., 1996

H2-M 




Fung-leung et al.,1996, Martin et al., 1996,






Miyazaki et al., 1996

Invariant chain


Viville et al., 1993, Bikoff et al., 1993

A brief comment on allelic exclusion at the TCR  locus

While allelic exclusion at the TCR  locus is well documented and clearly occurs at the level of TCR  gene rearrangement, most T cells rearrange both TCR alleles. In studies on mouse T cells which carry two in-frame V-J rearrangements and express two mRNAs, more often than not, only one TCR  chain has been shown to be expressed on the cell surface. In many, but not all, T cells, allelic exclusion probably does occur at the TCR  locus but  the mechanism appears to involve a post-translational event. This is in contrast to the B lineage where allelic exclusion at the Ig locus is regulated at the level of gene expression.  


In  some studies the expression of  two different chains on the surface of human T cells has been reported. It may be reasoned that allelic exclusion is not really required at the TCR locus. It could be argued that if there were in fact  two expressed  chains in a single T cell, even if one of these chains formed part of a receptor that could be positively selected by self-MHC, it  would be extremely unlikely  that the other  combination on the same cell would also be self-MHC restricted. By this reasoning allelic exclusion at the  locus alone would suffice to ensure clonal specificity in a functional sense. Notwithstanding these arguments, it does appear that post-translational mechanisms involving competition between expressed TCR chains ensure the cell surface expression of only one  chain on the surface of individual murine T cells.


It has been reported that during mouse T cell development allelic exclusion is not observed in immature thymocytes (which may express two different  chains on the cell surface) but that this process occurs at the time of thymocyte TCR up-regulation during positive selection . In immature thymocytes, the TCR chain is rapidly degraded. If it complexes with the chain it is protected from degradation. These immature cells accordingly have a large excess of TCR chains, and under these circumstances competition between two  chains for association with an excess of  chain is likely to be minimal. TCRlo CD69lo T cells transcriptionally upregulate the expression of their rearranged chain genes during positive selection and mature into TCRhiCD69hi cells. The increase in  chain protein expression at this transition ensures that TCR chains are not in large excess and therefore competition for  chain binding between the chains ensues. As a result the  chain with a higher affinity for the specific chain wins out and the other  chain is rapidly degraded and functionally excluded.

Maturation and export of naive peripheral T cells


Although it has been estimated that approximately 95% of developing T cells die in the thymus and that only a small proportion of  newly generated T cells is exported to the periphery, estimates of cell death are probably fairly inaccurate and reveal little information about when during development death actually occurs. What proportion of dying thymocytes represent cells that fail to go through selection, or cells that “die by neglect”  at the DP stage, or cells that are actually negatively selected at the DP stage, is not known. It has been estimated that only about 1 x 106 newly formed  T cells are actually released from the thymus each day in young mice. In the case of  T cells it is estimated that  about 2 x 104 newly formed T cells are exported from the thymus each day. A significant  proportion of the daily  T cell output is probably derived, as we will discuss below, from extra-thymic sources such as intestinal cryptopatches. 


Once SP cells enter the medulla they mature into peripheral SP T cells and are exported into the periphery. As SP T cells mature they express lower levels of HSA/CD24, and express higher levels of L-selectin, Qa-2, and high molecular restricted (R) isoforms of  the CD45 tyrosine phosphatase (CD45 RA, B, and C). The higher levels of L-selectin probably contribute to the ability of newly formed T cells to home to lymph nodes. There appears to be a highly regulated, but poorly understood, export process required for  peripheral T cell homeostasis. This ensures that peripheral cell numbers are maintained in part by the process of regulated export of newly formed SP T cells from the medulla to the periphery. 

Maintenance of naive peripheral T cells


Apart from positive selection in the thymic cortex, the maintenance and survival of mature peripheral T cells depends upon frequent, if not continuous, stimulation of the TCR on “resting” peripheral T lymphocytes by MHC molecules. The maintenance of resting peripheral CD8 T cells specific for the H-Y male antigen was shown to require the presence of the appropriate self-MHC class I molecule (but not the specific male antigen). Activation of these cells requires both the MHC class I molecule and the H-Y antigen. (In contrast, in similar experiments, memory T cells could be maintained even by a non-specific MHC class I molecule, and while the activation of memory T cells required specific MHC class I molecules, it did not require the specific antigen.


Resting peripheral T cells therefore require to be “tickled” by specific MHC molecules in the periphery in order for them to survive. The non-mitotic signals delivered via the TCR probably induce survival pathways. It has been suggested that transcriptional regulation might contribute to the maintenance of the “resting” state. LKLF (Lung Kruppel Like Factor) is a transcription factor that is induced during the maturation of quiescent SP T cells and its expression is extinguished when these cells are activated. In LKLF null mice, SP peripheral T cells apoptose at a high rate and  appear to take on an activated phenotype and express FasL before they die. Another transcription factor that is required for the maintenance of peripheral T cells is Ets-1. 


It is possible that low-level triggering of the TCR in the periphery contributes to the induction of Ets-1 and possibly LKLF which may be required for  the survival of  SP peripheral T cells. The maintenance of the quiescent state may require quantitatively or qualitatively distinguishable TCR signals upstream of LKLF induction. LKLF might  prevent resting T cells from being activated by non-antigenic trophic factors which are undoubtedly freely available in the circulation.

Thymic versus extra-thymic development and the generation of  T cells


In an earlier section we have discussed how the thymus may be required for a compartmentalization function that facilitates the generation of T cells by inhibiting a negative feedback loop. Most conventional  T cells develop in the thymus, probably because SP  T cells that are generated at any other extra-thymic location significantly inhibit T cell maturation. T cells can develop at extra-thymic sites, albeit less efficiently than in the thymus, and these sites include the bone-marrow, the gut, and the liver. While all T lineages can develop in the thymus, a large number of  T cells actually develop in other sites particularly in the intestine. Natural T (NT)/ NK1.1 T cells develop mainly in the thymus. Unconventional and rare DN  T cells which do not resemble NT cells, may develop in the bone-marrow itself.  


T cells constitute a small proportion of the T lineage. These cells have a less restricted repertoire than  T cells but serve an important function in host defense, particularly at mucosal sites. A large number of  T cells are located in the gut epithelium itself as intra-epithelial T cells and may be held there by interactions between E integrins and E-cadherin. Intraepithelial lymphocytes (IELs) may be either  or cells and often express the CD8 co-receptor. Many T cells express no coreceptors and some express CD8 homodimers. We have already discussed commitment to the  lineage. In the absence of c, T cell development is completely blocked in adult mice and is very severely compromised in the fetus as well. IL-7/c signaling is probably required for the survival of early precursors prior to TCR  gene rearrangement, although it has also been argued that this cytokine might be required for the induction of the rearrangement process itself. Given that the c knockout compromises  development more severely than  or NT development, it is possible that c is required in a particularly critical fashion by precursors that have committed to the lineage. Further development of these cells does not depend on the generation of DP intermediates. Signaling from  TCRs probably contributes to the development of cells of this lineage and may represent a form of positive selection. Issues of positive and negative selection for this lineage will be considered below. A large proportion of  T cells may develop extrathymically and most intestinal IELs appear to develop in the gut. The IL-15 R provides either developmental or survival signals to gd IELs. In the absence of IL-15R or of IRF-1 (which is required for the transcription of IL-15 by stromal cells), IEL development is markedly compromised.


 T cell precursors that mature into both and  T cells appear to accumulate in the gut in regions known as intestinal cryptopatches. Bone marrow precursors migrate to the gut and Lin - cells expressing c-Kit, the IL-7R, and Thy-1 accumulate under the epithelial cells in the crypt regions of intestinal villi. Each of these patches of developing T lymphocytes consists of about a thousand cells. These precursors are capable of giving rise to both  and  T cells when transferred into immunodeficient recipients. These gut derived precursors give rise to  T cells in mesenteric lymph nodes as well as to  and expressing IELs.  


ow exactly self-non self discrimination is achieved during the development of cells is unclear. These cells have very restricted repertoires. It is possible that they do not need to be negatively selected since they are less likely to be triggered by self-antigens under normal circumstances. In man there are two main populations of  T cells. V2/V2 T cells are largely circulating cells and they recognize soluble bacterial antigens. V1  T cells make up about 70 to 90% of  IELs , and they recognize the MHC class I-like MICA and MICB molecules, particularly  when their expression is induced by epithelial cells that are “under stress” (usually because they are infected). These MHC class I -like proteins lack 2-microglobulin and are not known to be loaded with peptides by the MHC class I pathway. Activation of  these  IELs may contribute to the elimination of infected epithelial cells. It is possible that a weak interaction with MICA or MICB in non-infected or non-stressed epithelial cells may provide trophic/ positive selection signals tocognate T cells. Some aspects of  T cell development are summarized in Figure 9
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280.5439 234 267 246.8667 267 262.5 curveto
267 278.1333 280.5439 291 297 291 curveto
313.4561 291 327 278.1333 327 262.5 curveto
closepath
F dofillsave
F dostroke
% ---- Object #4:92 Obj Type: 6
0 setlinecap
0 setlinejoin
1 fg
243 265 moveto
243 250.738 231.9392 239 218.5 239 curveto
205.0608 239 194 250.738 194 265 curveto
194 279.262 205.0608 291 218.5 291 curveto
231.9392 291 243 279.262 243 265 curveto
closepath
F dofillsave
F dostroke
% ---- Object #5:93 Obj Type: 6
0 setlinecap
0 setlinejoin
0 fg
172 264.5 moveto
172 248.8667 158.6819 236 142.5 236 curveto
126.3181 236 113 248.8667 113 264.5 curveto
113 280.1333 126.3181 293 142.5 293 curveto
158.6819 293 172 280.1333 172 264.5 curveto
closepath
F dofillsave
F dostroke
% ---- Object #6:95 Obj Type: 3
2 setlinecap
0 setlinejoin
gsave
newpath
182.7237 263.8958 moveto
181.7231 266.6449 181.7231 269.3553 182.7237 272.1044 curveto
188.3619 270.0522 188.3619 270.0522 194 268 curveto
194 268 182.7237 263.8958 182.7237 263.8958 curveto
closepath
F doline
grestore
gsave
newpath
176 268 moveto
182.25 268 lineto
F dostroke
grestore
% ---- Object #7:101 Obj Type: 2
0 0 setpen
save
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1 setgray
save /MySave edf
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% ---- Object #8:103 Obj Type: 2
save
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% ---- Object #9:113 Obj Type: 2
save
0 setgray
mark /|___Helvetica-Bold /Helvetica-Bold T cvRecFont
10 fts /|___Helvetica-Bold findfont exch scalefont setfont
0 setgray
49.375 316 moveto
(CD44)
F F 25.5566 0 4 0 0 fittext
0 setgray
0 setgray
74.875 320 moveto
(+)
show
0 setgray
0 setgray
80.625 316 moveto
(CD25)
F F 25.5566 0 4 0 0 fittext
0 setgray
0 setgray
106.125 320 moveto
(-)
show
restore
% ---- Object #10:114 Obj Type: 2
save
0 setgray
mark /|___Helvetica-Bold /Helvetica-Bold T cvRecFont
10 fts /|___Helvetica-Bold findfont exch scalefont setfont
0 setgray
126.375 316 moveto
(CD44)
F F 25.5566 0 4 0 0 fittext
0 setgray
0 setgray
151.875 320 moveto
(+)
show
0 setgray
0 setgray
157.625 316 moveto
(CD25)
F F 25.5566 0 4 0 0 fittext
0 setgray
0 setgray
183.125 320 moveto
(+)
show
restore
% ---- Object #11:115 Obj Type: 2
save
0 setgray
mark /|___Helvetica-Bold /Helvetica-Bold T cvRecFont
10 fts /|___Helvetica-Bold findfont exch scalefont setfont
0 setgray
203.375 316 moveto
(CD44)
F F 25.5566 0 4 0 0 fittext
0 setgray
0 setgray
228.875 320 moveto
(-)
show
0 setgray
0 setgray
232.125 316 moveto
(CD25)
F F 25.5566 0 4 0 0 fittext
0 setgray
0 setgray
257.625 320 moveto
(+)
show
restore
% ---- Object #12:117 Obj Type: 2
save
0 setgray
mark /|___Helvetica-BoldOblique /Helvetica-BoldOblique T cvRecFont
12 fts /|___Helvetica-BoldOblique findfont exch scalefont setfont
0 setgray
130.375 217 moveto
(cycling)
F F 41.3408 0 7 0 0 fittext
restore
% ---- Object #13:119 Obj Type: 2
save
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10 fts /|___Helvetica findfont exch scalefont setfont
0 setgray
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(Pre-TCR SIGNALING \(only in )
F F 134.4385 4 27 0 0 fittext
0 setgray
mark /|___Symbol /Symbol F cvRecFont
10 fts /|___Symbol findfont exch scalefont setfont
save /MySave edf
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10 fts /|___Helvetica findfont exch scalefont setfont
0 setgray
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( committed cells\))
F F 74.9902 2 17 0 0 fittext
restore
% ---- Object #14:123 Obj Type: 2
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% ---- Object #15:130 Obj Type: 3
1 1 setpen
2 setlinecap
0 setlinejoin
gsave
newpath
101 172 moveto
190 172 lineto
F dostroke
grestore
% ---- Object #16:131 Obj Type: 3
2 setlinecap
0 setlinejoin
gsave
newpath
99.0823 189.0296 moveto
101.0399 191.2037 103.4331 192.4761 106.3301 192.8832 curveto
107.165 186.9416 107.165 186.9416 108 181 curveto
108 181 99.0823 189.0296 99.0823 189.0296 curveto
closepath
F doline
grestore
gsave
newpath
79 235 moveto
102.4408 191.3517 lineto
F dostroke
grestore
% ---- Object #17:132 Obj Type: 3
2 setlinecap
0 setlinejoin
gsave
newpath
144.8958 188.2763 moveto
147.6449 189.2769 150.3553 189.2769 153.1044 188.2763 curveto
151.0522 182.6381 151.0522 182.6381 149 177 curveto
149 177 144.8958 188.2763 144.8958 188.2763 curveto
closepath
F doline
grestore
gsave
newpath
149 214 moveto
149 188.75 lineto
F dostroke
grestore
% ---- Object #18:133 Obj Type: 3
2 setlinecap
0 setlinejoin
gsave
newpath
179.8809 190.9625 moveto
182.5535 189.7726 184.5032 187.8898 185.7856 185.2604 curveto
180.3928 182.6302 180.3928 182.6302 175 180 curveto
175 180 179.8809 190.9625 179.8809 190.9625 curveto
closepath
F doline
grestore
gsave
newpath
227 233 moveto
183.229 188.3873 lineto
F dostroke
grestore
% ---- Object #19:143 Obj Type: 2
save
1 setgray
mark /|___Geneva /Geneva F cvRecFont
12 fts /|___Geneva findfont exch scalefont setfont
1 setgray
save /MySave edf
276 360.375 261 399.125 rectpath
doeoclip newpath
160 60 38.75 15 360.375 261 false imk
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF
FF07FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF
FF07FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF
FF07FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF
FF07FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF
FF07FFFFFFFFFFFFFC1FFFFFFFFFFFFFFFFFFFFF
FF07FFFFFFFFFFFFFC1FFFFFFFFFFFFFFFFFFFFF
FF07FFFFFFFFFFFFFC1FFFFFFFFFFFFFFFFFFFFF
FF07FFFFFFFFFFFFFC1FFFFFFFFFFFFFFFFFFFFF
FF07FFFFFFFFFFFFFC1FFFFFFFFFFFFFFFFFFFFF
FF07FFFFFFFFFFFFFC1FFFFFFFFFFFFFFFFFFFFF
FF07FFFFFFF807FFC0001FFFC03FFFFFFFFFFFFF
FF07FFFFFFC000FFC0001FFE000FFFFFFFFFFFFF
FF07FFFFFF80007FC0001FFC0003FFFFFFFFFFFF
FF07FFFFFF00003FC0001FF80003FFFFFFFFFFFF
FF07FFFFFE03E03FFC1FFFF01F01FFFFFFFFFFFF
FF07FFFFFE0FF81FFC1FFFE07FC0FFFFFFFFFFFF
FF07FFFFFC1FFC1FFC1FFFE0FFE0FFFFFFFFFFFF
FF07FFFFFC1FFC1FFC1FFFC1FFE0FFFFFFFFFFFF
FF07FFFFFFFFFC1FFC1FFFC1FFF07FFFFFFFFFFF
FF07FFFFFFFFFC1FFC1FFF83FFF07FFFFFFFFFFF
FF07FFFFFFFFFC1FFC1FFF8000007FFFFFFFFFFF
FF07FFFFFFFFE01FFC1FFF8000007FFFFFFFFFFF
FF07FFFFFFFE001FFC1FFF8000007FFFFFFFFFFF
FF07FFFFFFF0001FFC1FFF8000007FFFFFFFFFFF
FF07FFFFFFC0001FFC1FFF83FFFFFFFFFFFFFFFF
FF07FFFFFF000C1FFC1FFF83FFFFFFFFFFFFFFFF
FF07FFFFFE00FC1FFC1FFF83FFFFFFFFFFFFFFFF
FF07FFFFFE07FC1FFC1FFF81FFFFFFFFFFFFFFFF
FF07FFFFFC0FFC1FFC1FFFC1FFFFFFFFFFFFFFFF
FF07FFFFFC1FF81FFC1FFFC0FFFFFFFFFFFFFFFF
FF07FFFFFC1FF81FFC0FFFC0FFF07FFFFFFFFFFF
FF07FFFFFC0FE01FFC0FFFE03FE07FFFFFFFFFFF
FF07FFFFFC07801FFE03CFF00FC0FFFFFFFFFFFF
FF0000007E00001FFE000FF80000FFFFFFFFFFFF
FF0000007F00001FFF000FFC0001FFFFFFFFFFFF
FF0000007F80040FFF800FFE0007FFFFFFFFFFFF
FF0000007FC01E0FFFE01FFFC01FFFFFFFFFFFFF
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF
�� �ª� �­�¡�À�ŸFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF
MySave restore
save /MySave edf
260 360.375 245 410.375 rectpath
doeoclip newpath
205 60 50 15 360.375 245 false imk
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF
FFFFFFFFFFFFFFFFFFFFFFFFFFF80000003FFFFFFFFFFFFFFFFF
FFFFFFFFFFFFFFFFFFFFFFFFFFF80000003FFFFFFFFFFFFFFFFF
FFFFFFFFFFFFFFFFFFFFFFFFFFF80000003FFFFFFFFFFFFFFFFF
FFFFFFFFFFFFFFFFFFFFFFFFFFF80000003FFFFFFFFFFFFFFFFF
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFF83FFFFFFFFFFFFFFFFFFFF
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFF83FFFFFFFFFFFFFFFFFFFF
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFF83FFFFFFFFFFFFFFFFFFFF
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFF83FFFFFFFFFFFFFFFFFFFF
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFF83FFFFFFFFFFFFFFFFFFFF
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFF83FFFFFFFFFFFFFFFFFFFF
FF83E03FFF07C0FFF807FFFFFFFFFF83FFFFFFFFFFFFFFFFFFFF
FF83000FFF0700FFC001FFFFFFFFFF83FFFFFFFFFFFFFFFFFFFF
FF820003FF0400FF80007FFFFFFFFF83FFFFFFFFFFFFFFFFFFFF
FF800001FF0000FF00007FFFFFFFFF83FFFFFFFFFFFFFFFFFFFF
FF801F00FF003CFE03E03FFFFFFFFF83FFFFFFFFFFFFFFFFFFFF
FF807FC0FF00FFFC0FF81FFFFFFFFF83FFFFFFFFFFFFFFFFFFFF
FF80FFE07F01FFFC1FFC1FFFFFFFFF83FFFFFFFFFFFFFFFFFFFF
FF80FFF07F03FFF83FFC1FFFFFFFFF83FFFFFFFFFFFFFFFFFFFF
FF81FFF07F03FFF83FFE0FFFFFFFFF83FFFFFFFFFFFFFFFFFFFF
FF81FFF83F03FFF07FFE0FFFFFFFFF83FFFFFFFFFFFFFFFFFFFF
FF83FFF83F07FFF000000FC0003FFF83FFFFFFFFFFFFFFFFFFFF
FF83FFF83F07FFF000000FC0003FFF83FFFFFFFFFFFFFFFFFFFF
FF83FFF83F07FFF000000FC0003FFF83FFFFFFFFFFFFFFFFFFFF
FF83FFF83F07FFF000000FC0003FFF83FFFFFFFFFFFFFFFFFFFF
FF83FFF83F07FFF07FFFFFFFFFFFFF83FFFFFFFFFFFFFFFFFFFF
FF83FFF83F07FFF07FFFFFFFFFFFFF83FFFFFFFFFFFFFFFFFFFF
FF83FFF83F07FFF07FFFFFFFFFFFFF83FFFFFFFFFFFFFFFFFFFF
FF81FFF03F07FFF03FFFFFFFFFFFFF83FFFFFFFFFFFFFFFFFFFF
FF81FFF07F07FFF83FFFFFFFFFFFFF83FFFFFFFFFFFFFFFFFFFF
FF80FFF07F07FFF81FFFFFFFFFFFFF83FFFFFFFFFFFFFFFFFFFF
FF80FFE07F07FFF81FFE0FFFFFFFFF83FFFFFFFFFFFFFFFFFFFF
FF807FC0FF07FFFC07FC0FFFFFFFFF83FFFFFFFFFFFFFFFFFFFF
FF801F01FF07FFFE01F81FFFFFFFFF83FFFFFFFFFFFFFFFFFFFF
FF800001FF07FFFF00001FFFFFFFFF83FFFFFFFFFFFFFFFFFFFF
FF820003FF07FFFF80003FFFFFFFFF83FFFFFFFFFFFFFFFFFFFF
FF83000FFF07FFFFC000FFFFFFFFFF83FFFFFFFFFFFFFFFFFFFF
FF83C03FFF07FFFFF803FFFFFFFFFF83FFFFFFFFFFFFFFFFFFFF
FF83FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF
FF83FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF
FF83FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF
FF83FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF
FF83FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF
FF83FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF
FF83FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF
FF83FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF
FF83FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF
FF83FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF
MySave restore
restore
% ---- Object #20:152 Obj Type: 3
2 setlinecap
0 setlinejoin
gsave
newpath
266.8958 338.2763 moveto
269.6449 339.2769 272.3553 339.2769 275.1044 338.2763 curveto
273.0522 332.6381 273.0522 332.6381 271 327 curveto
271 327 266.8958 338.2763 266.8958 338.2763 curveto
closepath
F doline
grestore
gsave
newpath
271 367 moveto
271 338.75 lineto
F dostroke
grestore
% ---- Object #21:155 Obj Type: 2
0 0 setpen
save
0 setgray
mark /|___Helvetica-Bold /Helvetica-Bold T cvRecFont
10 fts /|___Helvetica-Bold findfont exch scalefont setfont
0 setgray
58.375 300.75 moveto
(c-Kit)
F F 22.2119 0 5 0 0 fittext
0 setgray
0 setgray
80.625 304 moveto
(+)
show
restore
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F F 14.9927 0 4 0 0 fittext
restore
% ---- Object #24:6 Obj Type: 6
1 1 setpen
0 setlinecap
0 setlinejoin
1 fg
92 267 moveto
92 252.738 80.4877 241 66.5 241 curveto
52.5123 241 41 252.738 41 267 curveto
41 281.262 52.5123 293 66.5 293 curveto
80.4877 293 92 281.262 92 267 curveto
closepath
F dofillsave
F dostroke
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Figure 9.The development of  T cells. The development of this lineage requires IL-7/c signaling. Trophic signals are also provided by the  T cell receptor. MHC class I like proteins such as MICA and MICB might be required for to trigger the TCR on these cells.

Some  T cells, particularly those that home to the epidermal or vaginal epithelium, have invariant T cell receptors. These T cells could conceivably have been selected and expanded by antigen. Alternatively they could have been generated by the regulationof VDJ rearrangement at the level of accessibility in fetal precursors of these  T cells. The use of a rearrangement competent  transgene with a frameshift mutation in the V region resulted in canonical V3-J1 junctions in epidermal  cells indicating that selection is not required to generate T cells. By some poorly understood means, specific V and J genes appear to be  targeted for rearrangement during fetal development. The absence of TdT in fetal liver liver stem cells is permissive for the formation of short homology repeats during the rearrangement process (as discussed in an earlier lecture). However the absolute requirement for a fetal thymic environment, as discussed earlier in this chapter, for the development of invariant  T cells suggests that some external ligand found only in the fetal thymus generates the specfic accessibility of target gene segments during  T cell development.

Development of cells of the Natural T (NT) lineage


NT cells are also known as NK1.1 T cells. These DN or CD4 expressing T cells secrete high levels of IL-4 and IFN-, express an invariant TCR  chain, V14-Ja281,  preferentially utilize TCR V8, V7, and V2 chains, express high levels of CD44 and Ly6C, and in some mouse strains express a protein known as NK1.1, found generally on NK cells, but which has been widely used to help identify the NT population. NT cells also express intermediate levels of the  TCR (as compared with high levels on conventional  T cells) and like NK and  T cells, express high levels of the IL-2R chain (conventional  T cells express low levels of this chain shared by the IL-2 and IL-15 receptors). The development or survival of NT cells is dependent in part on signals via the IL-15R. NT cell generation is impaired in mice which lack IL-15R, as well as in mice deficient in IRF-1, which is required for the synthesis of IL-15. The requirement for IL-15 signaling during NT cell generation is not as critical as it is in NK cells.


 NT cells express both Ly49 and NKR-P1 family proteins. The NK 1.1 marker is a protein of the NKR-P1 family (which, like the Ly49 family, includes activating and inhibitory NK cell receptors). These receptors are all type II membrane proteins which contain C-type lectin domains and form disulfide linked dimers. With the existing serological reagents NK1.1 has been conclusively demonstrated to be present only on the surface of NT and NK cells from C57/B6, NZB, and SJL mice. While NT cells probably serve as a first line of defense against infection and possibly modulate T cell responses to exogenous antigens by virtue of their ability to secrete cytokines, the actual function of these cells remains to be determined. 


NT cells recognize and are activated by CD1 molecules. These MHC class I like molecules contain a 2-microglobulin moiety but present antigens, including both peptide and lipid antigens depending on the type of CD1 molecule, in a TAP-independent fashion. In man there are five different CD1 isotypes, CD1a, b, c, d, and e. Human CD1b molecules present lipid antigens which complex with the CD1 molecule in a late endosome like compartment. Mice inherit two CD1 genes,  which encode the CD1.1 and CD 1.2 proteins which are very similar in structure. Mouse CD1 molecules are structurally similar to human CD1d proteins. NT cell development has mainly been studied in the B6 mouse which expresses  only the CD1.1 protein. CD 1.1 is expressed on the surface of cortical thymocytes (but not of epithelial cells) and is also expressed in the liver, and to a lesser extent in the spleen and lung. 


NT cells are extremely infrequent at birth but gradually accumulate, with levels peaking at about 6 to 8 weeks after birth. Their major site of synthesis is the thymus and most available evidence suggests that they are generated by a process of selection rather than by the directed rearrangement of a pre-committed precursor. NT cells can be generated from both fetal and adult type HSCs. A T cell which has committed to the  lineage and which has randomly made the appropriate V14-J281 rearrangement is presumably triggered by CD1 expressed on the surface of other cortical thymocytes. These NT cells are probably  positively selected at the DP stage, and cells that express CD8 might be negatively selected. How exactly DN NTcells are generated is unclear. Although there is no direct evidence that these cells pass through the DP stage this is considered likely since this is the stage at which TCR rearrangement occurs. Moreover, evidence from transgenic mice suggests that CD8 expressing NT cells are negatively selected. Following maturation, these cells receive signals for further expansion and constitute multiple oligoclonal pools sharing the same TCRchain and a limited variety of  chains. The development of NT cells is severely compromised in mice in which the CD1 gene has been knocked out. A somewhat incomplete model for NT cell generation is provided in Figure 10
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Figure 10. The development of NT cells in the thymus from  precursors expressing invariant TCRs. CD1.1 is expressed on cortical thymocytes and influences the selection and development of NT cells. It is presumed that DP T cells expressing V14-J281 TCRs are triggered by CD1 and may receive signals to induce the expression of NK complex genes (Ly49 and NKPR1). How exactly DN NT cells are generated is not known. CD8+ cells are negatively selected. The development or survival of NT cells is compromised in mice  which lack IRF-1 and the IL-15R chain. When exactly IL-15 signaling influences NT cell development is unclear.

The NK1.1 marker is first expressed on oligopotential TNK precursors (CD44+CD25-). It is however not expressed during the subsequent stages of T cell development. When exactly the NK 1.1 molecule is induced again in NT cells is unclear, although it has been speculated that this molecule may be turned on in response to TCR signaling and that it serves as an attenuator or modulator of signal transduction based on the presence of ITIM motifs in its cytoplasmic tail. NK cell markers are however not expressed on NT cells that develop in c deficient mice. Interestingly mice that lack c absolutely fail to generate NK cells,  T cells, and intraepithelial T cells, but conventional  T cell or NT cell development is not significantly compromised. The development of NT cells in the thymus does not require the expression of NK cell markers. Some cells with all the characteristics of NT cells but which do not express NK 1.1 have been described (even in mice strains that do express NK 1.1 on most NT and NK cells). These cells probably develop in a similar fashion to other NT cells.


 A separate population of lineage DN cells has been described in the bone marrow. These cells do not express the canonical V14-J 281 rerrangement. They have been considered to represent a “natural suppressor” population that can inhibit graft-versus-host disease. Similar DN T cell populations have been described in normal lymph nodes and liver, and have also been described to accumulate in lpr -/- mice and in human patients with the Autoimmune Lymphoproliferative Syndrome. In the absence of Fas mediated Activation Induced Cell Death, activated single positive T cells that should normally be eliminated may downregulate co-receptor expression, possibly by recapitulating events that occur during the lineage commitment decision. The development and functions of all these minor T cell populations however remains poorly understood.

Summary and Perspective


Hematopoietic stem cells generate partially committed progenitors which migrate to the thymus and progressively become more committed to the T lineage.While intermediate stages of commitment may be defined by surface markers, little is understood of the actual commitment process itself. GATA-3 represents a transcription factor is required for entry into the T lineage. Most T cells belong to the  lineage and develop in the thymus. Commitment to the  or  lineages may involve a “leaky” instructive mechanism, but it remains possible that stochastic events drive this developmental decision. A critical function of the thymus is to compartmentalize and separate precursor cells from more mature cells which can inhibit the maturation process. Precursors develop in the thymic cortex. Cortical epithelial cells provide poorly understood cell surface and extracellular matrix ligands for receptors on T cell progenitors. They  also secrete IL-7 and SCF which are required for  the survival and proliferation of T lineage precursors and either directly or indirectly influence the commitment process. TCR gene rearrangement is induced in cortical thymocytes and while E (the enhancer in the TCR locus) is required, the actual cell surface signals that trigger accessibility factors, and the specific cis-acting sequences that bind to these unknown accessibility factors remain to be identified. The coming years will probably see the identification of the extracellular ligands and receptors that might drive commitment, and gene targeting experiments will undoubtedly be conducted to establish which specific cis-acting motifs in the TCR locus are required for the initiation of V(D)J rearrangement at this locus. TCR chains contribute to the formation of the pre-TCR which probably signals constitutively in a ligand independent fashion to select cells which have made in-frame rearrangements at the TCR locus. The pre-TCR is required for survival and subsequent proliferation of selected pre-T cells and for the initiation of allelic exclusion probably both at the level of the transient induction of Rag-2 degradation and the subsequent loss of recombinational accessibility. Pre-TCR signals also probably contribute to the induction of TCR  accessibility in an E dependent manner, although the specific cis-cting motifs and accessibility factors remain to be identified.  


Following selection, DP T cells may be successively positvely and negatively selected. Positive selection depends on the induction of TCR signaling by low/moderate affinity MHC-peptide ligands. High affinity MHC-peptide ligands induce deletion of T cells and T cells that do not recognize MHC like shapes probably “die by neglect”. Positive selection is initiated  by  MHC-peptide ligands on cortical epithelial cells and negative selection is completed in the medulla by MHC-peptide complexes which bind with high affinity  to cognate TCRs. Differences in costimulators, processing enzymes, and the levels of glucocorticoids in the cortex and medulla could conceivably contribute to the  temporal and physical separation of positive and negative selection in the cortex and medulla respectively (this separation is not absolute). Positive selection is accompanied by a lineage commitment decision whereby DP cells shut-of expression either of CD4 or CD8. Lineage commitment  may involve instructive processes or may be achieved by an asymmetric commitment mechanism which is stochastic in part. Even if the lineage commitment process is completely stochastic (and this is unlikely), selection processes must subsequently dictate the survival of cells with TCRs being matched, based on the class of MHC recognized, with either the CD4 or CD8 coreceptors. 


A significant  proportion of and some  T cells may develop extra-thymically, an important site for IEL generation being intestinal cryptopatches. Invariant T cells that develop in a fetal thymic environment from fetal HSCs, are not selected byantigen, but are actually programmed to initiate very specific patterns of TCR  and  gene rearrangement. NT cells express canonical V14-J281 rearrangements but appear to emerge primarily in the thymus by the selection of specific  T cells  driven by CD1 ligands expressed on cortical thymocytes.
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The notes provided above are excerpted with permission from "Pillai, S. Lymphocyte Development: Cell Selection Events and Signals during Immune Ontogeny; Birkhäuser, Boston 2000; 0-8176-3853-9" They are intended for the student with an interest in this particular topic who wants to go beyond the recommended readings The information in Abbas and Janeway is however more than adequate. 

Objectives / Study Questions

1. Describe the embryological origins of the thymus
2. Discuss the function of the pre-T receptor.

3. How does a cell commit to the  or the T cell lineage?

4. What is the most widely accepted model for negative selection?

5. Positive selection at the Double Positive T cell stage is accompanied by a lineage commitment event. What are the lineages being discussed here?

6. Describe the origins of  T cells and Natural T (NT or NKT) cells.

