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Running title: Cell Death and Thymic Tolerance 

 

 

The differentiation of haematopoietic precursors into the many functionally distinct T cell 

types produced by the thymus is a complex process. It proceeds through a series of 

stages orchestrated by a variety of thymic microenvironments that shape the T cell 

developmental processes. Numerous cytokine and cell surface receptors direct 

thymocyte differentiation but the primary determinant of cell fate is the engagement of 

the T cell antigen receptor (TCR). The strength of the TCR signal and the maturation 

stage of the thymocyte receiving it can direct the various differentiation programs or, 

alternatively, end the process by inducing cell death. The regulation of thymocte death is 

critical for the efficiency of thymic T cell differentiation and the preservation of immune 

tolerance. A detailed knowledge of mechanisms that eliminate thymocytes from the T 

cell repertoire is essential to understand the “logic” of T cell selection in the thymus. This 

review focuses on the central role of the BCL-2 family of proteins in the apoptotic 

checkpoints that punctuate thymocyte differentiation and the consequences of defects in 

these processes.  

 

Keywords: T Cells, Apoptosis/Autophagy, Cell Differentiation, 

Tolerance/Suppression/Anergy, Thymus  

 

Most thymocytes are destined to die via apoptosis. This feature is a consequence of the 

random nature of TCR gene recombination processes. TCR gene recombination allows 

for the massive breadth of receptors required to perceive the “universe” of pathogens; 

however, it also necessitates strict quality control mechanisms. Many nascent TCRs 

cannot interact with host MHC or MHC-like molecules and therefore cannot take part in 

immune responses and thus, are useless. Thymocytes expressing such TCRs and those 

A
u
th

o
r 

M
a
n
u
s
c
ri
p

t



This article is protected by copyright. All rights reserved 

lacking TCR expression (due to non-productive TCR gene rearrangement) are 

eliminated via a process termed “death-by-neglect”. Other newly formed TCRs interact 

with host MHC:peptide complexes with such a high avidity that autoimmunity could 

ensue if the cells expressing them were to mature into T cells that emigrate into the 

periphery. Thymocytes expressing such TCRs engage a range of programs that 

culminate in their cell death before they can complete T cell differentiation. When, where 

and how thymocyte death occurs is the focus of this review. A detailed knowledge of 

mechanisms that eliminate thymocytes from the T cell repertoire is essential to 

understand the “logic” of T cell selection in the thymus, which is a crucial component of 

both immunological self-tolerance and a functional immune system. 

 

The thymus is divided into two major anatomical zones: the outer cortex and the inner 

medulla. The early stages of thymocyte differentiation and TCR gene rearrangement 

occur in the cortex. This region is formed by a loose network of cortical thymic epithelial 

cells (cTEC) and blood vessels surrounded by dendritic cells, and is densely packed 

with immature thymocytes (1-3). As T cell differentiation proceeds, some thymocytes 

migrate to the medulla, which is composed of numerous medullary TEC (mTEC), 

dendritic cells, macrophages and B cells, all interacting with maturing thymocytes. The 

sequence of thymocyte differentiation can be resolved by expression of the TCR co-

receptors, CD4 and CD8. The earliest thymocytes express neither co-receptor and are 

termed double negative (DN) cells, which compose approximately 2% of cells in the 

thymus. These give rise to double positive (DP) thymocytes that express both CD4 and 

CD8 and compose about 80-85% of thymic cells. DN and DP thymocytes predominantly 

occupy the cortical regions. Some DP thymocytes mature into either CD4 single positive 

(SP) or CD8 SP thymocytes that compose about 10-15% of thymic cellularity, and they 

reside in the medulla for 4-5 days prior to their export into the periphery ( ) (4). 

Overview of thymic T cell differentiation 

 

In the postnatal thymus, thymocyte differentiation commences with the periodic 

settlement of bone marrow-derived haematopoeitic precursor cells (5). These cells enter 

the thymus via large blood vessels at the junction between the cortex and medulla 
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[reviewed in (1)]. The niche these precursors occupy provides delta-like 4 to ligate the 

Notch-1 receptor (6, 7), driving T cell specification and initiating thymocyte differentiation 

[reviewed in (1)]. The normal mouse thymus can accommodate only ~160 T-cell 

progenitors, and only ~10 niches are open to colonisation by circulating progenitors at 

any moment in time (8). Progression of DN thymocytes through differentiation can be 

further delineated by expression of the cell surface proteins, CD44 and CD25: 

CD44+CD25- (DN1) give rise to CD44+CD25+ (DN2) which in turn become CD44-CD25+ 

(DN3) and finally CD44-CD25-

 

 (DN4) cells (9) ( ). These stages involve migration 

through the cortex towards the outer capsule of the thymus [reviewed in (1)] and are 

punctuated by bursts of proliferation, differentiation and TCR gene rearrangement (10). 

The rearrangement of the Tcrb, Tcrg and Tcrd loci (encoding the TCRβ, TCRγ and TCRδ 

chains, respectively) commences at the DN2 stage and is completed at DN3 (10). 

Thymocytes that produce functional TCRγδ receptors diverge at this stage of 

differentiation, maturing into CD4- CD8-

 

 γδ T cells that are exported to the periphery (10, 

11). However, most thymocytes differentiate towards the αβ T cell lineage and, for these 

cells, rearrangement of Tcrb is critical. Due to the random nature of this process, many 

of these rearrangements do not yield genes encoding functional proteins. Thymocytes 

incapable of producing a proper TCRβ chain cannot mature any further and die by 

apoptosis (12). The process initiated by expression of a functional TCRβ chain is 

referred to as beta selection. It involves pairing of the nascent TCRβ chain with an 

invariant pre-Tα (pTα) chain to form the pre-TCR which provides signals necessary for 

survival and progression to the DN4 and DP stages (12).  

Beta selection involves ~5 rounds of proliferation, during which thymocytes 

downregulate CD25 to become DN4 cells and then swiftly upregulate CD4 and CD8 (13). 

Proliferation during beta selection accounts for 98% of all thymocyte proliferation (13), 

occurs in the outer cortex (14) and is required for the normal production of TCRαβ 

lineage immature thymocytes and subsequently mature TCRαβ T cells (15). Tcra gene 

rearrangement commences in proliferating DP thymocytes (16, 17), which then cease 

dividing to become transcriptionally quiescent DP cells. DP thymocytes expressing 
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nascent TCRαβ heterodimers that are unable to bind MHC:peptide complexes die via 

apoptosis within about 3 days. Conversely, engagement of MHC:peptide complexes 

presented by cTEC provokes a transcriptional re-awakening (18), referred to as positive 

selection, that rescues the DP thymocyte from “death-by-neglect” and can induce further 

differentiation into the SP stage ( ). The DP to SP transition also involves 

lineage determination, whereby cells expressing a TCRαβ responsive to MHC I become 

CD8SP cells and those expressing a TCRαβ responsive to MHC II become CD4SP (19). 

However, TCR ligation in DP thymocytes can also induce another fate in thymocytes: 

deletion by apoptotic cell death ( ). 

 

Soon after Miller’s discovery that the thymus is required for a functional immune system 

(20), Burnet proposed that self-reactive lymphocytes are eliminated or inhibited in the 

thymus (21, 22) in mechanisms that came to be known as “negative selection” (23). The 

current nomenclature is more specific, with elimination of self-reactive thymocytes being 

described as “deletion”, while differentiation of self-reactive thymocytes into a range of 

alternative T cell types, including lineages with known or putative regulatory functions, is 

described as “agonist selection” (24). The idea that thymic deletion of highly self-reactive 

cells is an essential immune tolerance mechanism has held sway for decades. However, 

while millions of cells are deleted in the thymus every day during the generation of 

multiple T cell lineages that are necessary for safe, effective immunity (reviewed below), 

the importance of thymic deletion for preventing autoimmune disease is still not 

completely clear. 

 

 

Numerous cell death mechanisms shape immune cell differentiation and function, 

including caspase-dependent apoptosis via the intrinsic (also called mitochondrial or 

BCL-2 regulated) pathway, the death receptor (also called extrinsic) pathway (25-27), 

and caspase-independent necroptosis via activation of RIPK1, RIPK3 and MLKL (28). 

Thymocyte differentiation appears overtly normal in mice rendered deficient in both the 

death receptor and necroptotic cell death pathways (29, 30), indicating that these 

Genetic control of thymocyte death 
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pathways are not essential for thymocyte death under steady-state conditions. However, 

mice with partial or complete defects in the intrinsic pathway of apoptosis display gross 

abnormalities in thymocyte differentiation, including impaired death-by-neglect and 

TCRαβ-induced deletion (31-35). 

 

The intrinsic pathway of apoptosis is regulated by members of the BCL-2 family of 

proteins. Members of this family share homology with the founding member, BCL-2, and 

can be divided into three main factions: 1) the apoptosis-initiating BH3-only proteins, 2) 

the pro-survival proteins and, 3) the pro-apoptotic effector proteins, BAX and BAK (and 

perhaps the little studied BOK) (36, 37). The BH3-only proteins are the critical initiators 

of the apoptotic cascade and this group includes BIM, PUMA, NOXA, BAD, BIK, HRK, 

BMF and BID (35, 36, 38). In healthy cells, the pro-survival proteins BCL-2, BCL-XL, 

MCL-1, BCL-W and BFL-1/A1 antagonize the BH3-only proteins to inhibit BAX and BAK 

activation (36). Thus, a simple model holds that the balance between the pro-death 

BH3-only proteins and the pro-survival proteins determines whether BAX and BAK 

become activated at the mitochondria. Furthermore, certain BH3-only proteins have 

been shown to be able to also activate BAX/BAK directly (39). Yet, a recent study has 

shown that apoptosis can occur without the need for direct activation of BAX/BAK by any 

BH3-only protein (40), emphasizing the importance of restraint of BAX/BAK activation by 

the pro-survival BCL-2 family members. Regardless of the precise modes of activation, 

different cytotoxic stimuli engage various transcriptional and post-transcriptional 

mechanisms that cause the BH3-only proteins to overwhelm the pro-survival BCL-2-like 

proteins and induce the activation of the BAX/BAK effector proteins. The activation of 

BAX and BAK involves conformational changes that lead to disruption of the 

mitochondrial outer membrane (MOMP), allowing the release of apoptogenic factors 

such as cytochrome c or SMAC/DIABLO (36). Cytochrome C interacts with cytosolic 

APAF-1 to form the “apoptosome”, a large complex with seven-fold symmetry that 

activates pro-caspase-9 (41-43). SMAC (second mitochondrial-derived activator of 

caspases, also known as DIABLO) promotes apoptosis by blocking the X-linked inhibitor 

of apoptosis protein (XIAP) that normally inhibits the activation of certain caspases (44-

46). These interactions lead to activation of the so-called effector caspases-3, -6 and -7 
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that proteolytically cleave hundreds of vital cellular proteins (43) and prevent the release 

of “danger signals” (47, 48) to mediate apoptosis. 

 

BAX and BAK have largely overlapping functions and only the loss of both completely 

blocks the intrinsic pathway of apoptosis. The blockade of this pathway causes 

developmental defects that lead to early post-natal lethality in almost all mice (49). In 

haematopoietic chimeras created using Bax-/-Bak-/-

 

 stem/progenitor cells, thymocyte 

death in response to a range of stimuli (including TCRαβ ligation) was completely 

inhibited and there were marked increases in DN, CD4SP and CD8SP thymocytes and 

concomitant reduction in DP cells (34). Similar findings were observed earlier in mice 

over-expressing the pro-survival protein, BCL-2, that inhibits the intrinsic pathway of 

apoptosis (31) and in mice lacking the BH3-only protein BIM (33). The reduction of DP 

cells was a progressive phenotype (34) that might be attributed to: 1) negative feedback 

from the mature thymocytes that accumulated, 2) alteration of the thymic 

microenvironment, and/or 3) reduced proliferation in the DN precursor compartment. 

These and other findings demonstrated that thymocyte death associated with the death-

by-neglect and deletion checkpoints depend on the BH3-only protein BIM for initiation 

and BAX/BAK for execution of the intrinsic pathway of apoptosis. 

How this cell death pathway is activated throughout thymocyte differentiation varies. The 

expression profiles of the various BCL-2 family members differ among cell types and 

different cytotoxic stimuli exert distinct changes in the profiles of BH3-only and pro-

survival proteins. The upstream mechanisms that trigger the intrinsic pathway of 

apoptosis in thymocytes depend upon the stage of development, location of the cells 

and nature of the stimulus. 

 

The first major wave of apoptosis during thymocyte differentiation accompanies the 

completion of Tcrb rearrangement at DN3 (50). Thymocytes that do not recombine a 

functional Tcrb gene (or Tcrg and Tcrd) are unable to express the pre-TCR, formed by 

the new TCRβ chain and pTα. Pre-TCR signaling is required to induce transcriptional 
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changes required for proliferation, cessation of Tcrb rearrangement and further 

differentiation and survival. These signals rely, at least in part, upon elements of the 

TCR signaling machinery and culminate in calcium flux, NFκB activation and cessation 

of FoxO3 activity (12, 51-53). The precise mechanism that induces the apoptosis of 

thymocytes failing beta selection remains unclear. Data implicate both the intrinsic and 

death receptor pathways of apoptosis in this process. 

 

One study reported that a level of the DNA damage associated with Tcrb recombination 

was attended by increased levels of the tumor suppressor protein, p53 which, in turn, 

upregulated BID (51). However, most evidence indicates that p53 activity induces PUMA 

and NOXA, but not BID. Also, BID-deficient mice engage normal DNA-damage induced 

apoptosis and have normal thymocyte differentiation (54). Another pathway reported to 

enforce the beta selection pathway involved the activity of the transcription factor, 

FoxO3, inducing the expression of BIM to cause apoptosis of thymocytes lacking pre-

TCR signaling (51). Yet, mice in which Foxo-mediated regulation of Bim transcription 

was abolished had no evidence of a beta selection defect (55), indicating that this 

mechanism is not a primary mediator of this apoptotic checkpoint in the thymus.  

 

Nevertheless, there is evidence that upregulation of pro-survival BCL-2 proteins is an 

important element of beta selection. Engagement of pre-TCR signaling induces NFκB 

activation and upregulation of the pro-survival BCL-2 family member, A1 (or BFL-1 in 

humans) (50, 56), presumably to antagonize pro-apoptotic BH3-only proteins, such as 

BIM, and the effectors BAX/BAK. This survival mechanism ensures that only progenitors 

that productively rearrange the TCRβ chain progress to the DP stage of differentiation 

( ). Evidence from haematopoietic chimeras with BAX- and BAK-deficient 

thymocytes suggests that blocking the intrinsic pathway of apoptosis causes defective 

beta selection and impedes the efficiency of early thymocyte differentiation (34). 

However, BCL-2 overexpression did not rescue cells failing the beta selection 

checkpoint in SCID mice (57), which are unable to rearrange TCR genes due to a 

mutation in Prkdc (58, 59). Therefore, the precise role of the intrinsic pathway of 

apoptosis in beta selection remains an open question that warrants further investigation. 
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Relevant to this question, Newton et al., found that a dominant negative FADD 

transgene, which inhibits the death receptor pathway of apoptosis, could bypass the 

beta selection blockade induced by RAG-deficiency (60). This study raises the intriguing 

possibility that coordination of death receptor and TCR signals are the critical 

determinants of thymocyte beta selection. 

 

The DP stage of thymocyte differentiation is unusual. The transition from the DN to the 

DP stage is accompanied by the largest change in transcriptome throughout T cell 

differentiation, characterised by the downregulation of almost 1,500 genes and relative 

metabolic quiescence (18). Most DP thymocytes survive for about 3 days (61) during 

which time they “audition” for the process of positive selection. DP thymocytes have the 

capacity to undergo multiple rearrangements of the Tcra genes during their lifespan to 

maximize their chances of producing a TCRαβ that can be positively selected (62). 

These cells must produce a TCRαβ capable of interacting with MHC:self-peptide 

complexes by rearranging their Tcra locus; otherwise they undergo death-by-neglect. 

BCL-2 overexpression can promote the survival of thymocytes bearing TCRαβ that 

cannot interact with the host MHC (57, 63), indicating that death-by-neglect is mediated 

by the intrinsic apoptotic pathway.  

Death-by-neglect 

 

Although it remains unclear which BH3-only protein(s) are responsible for inducing 

death-by-neglect, BCL-XL appears to be the key pro-survival protein ( ). BCL-XL 

is markedly upregulated during the DN to DP transition and BCL-XL-deficiency causes 

excessive apoptosis of DP, but not SP thymocytes (64). The nuclear orphan receptor, 

RORγ and its thymus-specific relative, RORγt, may contribute to the control of BCL-XL 

levels in DP thymocytes, because mice lacking these transcription factors exhibit loss of 

BCL-XL expression and a reduction in DP lifespan (65, 66). Over-expression of BCL-XL 

(or BCL-2) can extend the lifespan of wildtype DP thymocytes and rescues their loss in 

RORγ-/- mice (65, 67). One consequence of an extended DP thymocyte lifespan is the 

increased usage of TCRα chains that incorporate more 3’ J alpha gene segments (i.e. 
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more distal) (67), indicating that death-by-neglect influences the TCR repertoire that can 

be positively selected.  

 

An interesting feature of this primary role for BCL-XL in DP thymocyte survival is a 

parallel with the molecular control of platelet survival. A “molecular timer” function for 

BCL-XL has been proposed in platelets, whereby the degradation of BCL-XL

 

, (with a ~20 

h half-life, shorter than that of BAX/BAK but much longer than the 20 min half-life of 

MCL-1, on which many metabolically active cell types rely (36)) eventually allows BAK 

(and to a lesser extent BAX) activation and apoptosis, thereby limiting the lifespan of this 

metabolically inactive blood cell type (68). 

TCRαβ signals received during positive selection switch the pro-survival profile of 

thymocytes from a reliance on BCL-XL

 

 to BCL-2 and MCL-1 (69-71). This switch offsets 

the increased BIM levels that are also a consequence of TCRαβ ligation, supporting the 

differentiation of SP thymocytes ( ). However, positive selection involves more 

than basic survival signals, because BCL-2 overexpression or BIM-deficiency are not 

sufficient to promote the further differentiation of DP thymocytes that do not receive a 

TCRαβ signal (32, 33, 57, 63, 72). 

Should the TCRαβ signal received by thymocytes exceed a certain threshold, the 

balance tips towards a pro-apoptotic signal. This TCRαβ driven form of apoptosis is 

referred to as deletion and is one of the major mechanisms of negative selection. The 

remainder of this review will focus on the current understanding of the mechanisms of 

deletion and how they influence immune tolerance. 

 

The “when” and “where” of thymocyte deletion  

Identification of the sites and stages of thymocyte deletion has been a major focus in the 

field, because an understanding of these parameters reveals the “logic” of how deletion 

sculpts the T cell repertoire. Resolution of these issues has been surprisingly 

controversial, in part due to the variety of experimental approaches employed. We 

summarise the main approaches and current hypotheses in this section. 
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Early evidence consistent with deletion was based on the absence of expected immune 

responses. Medawar’s transplantation of allogeneic tissues and cells into fetuses (73) 

and subsequent transplantation studies [reviewed in (74)] showed that tolerance to allo-

antigens could be acquired, but whether the allo-reactive lymphocytes were deleted or 

inhibited was unclear. Direct evidence of deletion came with the advent of flow cytometry 

and monoclonal antibodies, when mouse strains that expressed the MHC Class II 

molecule, I-E, were shown to have a profound reduction in mature thymocytes bearing 

TCRs that are activated by complexes of I-E with certain so-called superantigens (75, 

76). Studies of TCRαβ transgenic mice confirmed that thymocyte deletion could be 

mediated by TCRαβ ligation by MHC/peptide complexes (77) and that deletion could 

occur either at the DP stage or during the DP to SP transition (78). Using a TCRβ 

transgene to reduce TCRαβ diversity to the endogenous TCRα chains, and a 

peptide/MHCII tetramer to detect an enlarged population of moth cytochrome c (MCC)-

reactive T cells, deletion mediated by MCC expression was found to be already 60% 

complete in large thymocytes, presumably proliferating during beta selection, and 

became progressively more complete as thymocyte development advanced (79). In a 

recent study using tetramers to quantify peptide/MHCII-reactive TCRαβ T cells in the 

entire mouse, the extent of deletion was found to correlate with the number of thymic 

antigen presenting cells expressing the peptide-containing self-antigen (80).  The wide 

variation in the extent and maturation stage at which deletion can occur underlines the 

need to define the sites and stages at which deletion occurs in the natural TCRαβ 

repertoire. 

Evidence for deletion based on the absence of antigen-reactive thymocytes or T cells 

 

Apoptotic cells may be detected in situ via terminal deoxynucleotidyl transferase dUTP 

nick end labeling (TUNEL). In TCR Vβ5-transgenic mice (in which the TCR Vβ5 on 

thymocytes is stimulated by an endogenously expressed superantigen), large numbers 

of apoptotic TUNEL

Evidence for deletion based on the distribution of apoptotic cells 

+ cells were observed within the thymic medulla (81). TUNEL+ cells 

could also be observed within the cortex of wild-type mice, but this was not obviously 
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different in mice with or without MHC Class I and II expression (81). The authors 

concluded that deletion occurs within the thymic medulla and death-by-neglect occurs in 

the thymic cortex. However, as there was no quantitative analysis of TUNEL+ cells, the 

data do not exclude the possibility that deletion can also occur in the thymic cortex. 

Indeed, in other TCRαβ transgenic models of thymocyte deletion, cortical TUNEL 

staining correlated with deletion at the DP stage and medullary TUNEL staining 

correlated with deletion at the SP stage (82). Thymocytes committed to apoptosis can 

also be detected by their expression of active caspase-3, a late event in the apoptotic 

cascade. In the H-YCD4 TCRαβ transgenic model of deletion, active caspase-3+

 

 

thymocytes were observed adjacent to dendritic cells within the thymic cortex (83). In 

mice with a natural TCRαβ repertoire, ~25% of active caspase 3+ thymocytes have a 

CD5+ CD69+ phenotype (84). The CD5+ CD69+ subset of active caspase 3+ 

thymocytes is absent in mice lacking MHC Class I and II or TCRαβ expression, 

indicating that the formation of this population requires MHC-dependent TCRαβ 

signalling (85). These findings suggest that deletion can occur in either the thymic cortex 

or medulla, and may account for ~25% of all thymocyte apoptosis in the adult mouse 

thymus. 

Two-photon microscopy has been used to image thymocytes in positive and negative 

selecting conditions in thymic slices. DP thymocytes are able to burrow into thymic slices, 

whereupon they reside and migrate exclusively in the cortex (86). CXCR4 is required to 

retain thymocytes in the thymic cortex, whereas interactions between CCR7 and 

CCL19/21 are required for the normal retention of human and mouse thymocytes in the 

thymic medulla (86, 87). DC were observed within the cortex adjacent to blood vessels, 

and in the vicinity of the CCR7 ligand, CCL21 (3). The authors proposed that thymocytes 

that receive a TCRαβ signal from cTECs upregulate CCR7 and migrate towards 

CCL19/21-associated cortical DC, which control “TCR repertoire selection” in that 

location. Consistent with this notion, when thymic slices were perfused with ovalbumin 

(OVA) peptide, OVA-specific OT-I TCRαβ transgenic thymocytes in the thymic cortex 

preferentially interacted with DC, accumulated high levels of intracellular calcium and 

Evidence for deletion based on real-time imaging 
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nuclear translocated NFAT (88). In the thymic cortex, the average interaction time 

between OT-I thymocytes and OVA+ DC was ~1 hour, whereas signalling events in 

positive selecting conditions (characterised by lower-amplitude increases in intracellular 

calcium) averaged 4 minutes (88). The F5 TCRαβ binds to a peptide derived from 

influenza virus (NP) presented by MHC class I Db

 

. In the thymic cortex, F5 DP 

thymocytes arrested their migration within minutes of NP peptide addition, and migratory 

arrest persisted for several hours (89). These results indicate that thymocytes can 

perceive a strong TCRαβ signal within the thymic cortex. 

Real-time imaging of medullary thymocytes in negative selecting conditions has 

produced interesting, albeit variable results. As observed in the cortex, medullary F5 

TCRαβ thymocytes arrested their migration and increased their intracellular calcium 

concentration within minutes of NP peptide addition to thymic slices (89). In contrast, 

OT-I TCRαβ thymocytes encountering endogenous OVA under the control of rat insulin 

promoter (RIP-mOVA) migrated 33% slower than under positive selecting conditions and 

exhibited a “confined” migration pattern, interacting repetitively with DC within 30 μm of 

their original position (90). In another study, OVA-specific OT-II TCRαβ transgenic 

CD4SP cells clustered around Aire+ ICAM-1hi

 

 foci in the thymic medulla at 1 and 5 h 

after being added to RIP-mOVA thymic slices, whereas OT-II TCRαβ CD4SP cells 

observed at 24 h were not clustered and were highly motile (91). The study that found 

confined migration analysed thymocytes that had developed within the thymic tissue 

being analysed (90), whereas the studies that found migratory arrest and clustering in 

the thymic medulla analysed thymocytes that had been added to the thymic slices by the 

investigators (89, 91). To reconcile these observations, it is possible that self-reactive 

thymocytes in the medulla may regain motility if they survive an initial period of migratory 

arrest due to strong TCRαβ signalling.  

Two studies used apoptosis-defective mice to “capture” and quantify TCRαβ-signaled 

thymocytes that would normally be deleted. Using Nur77-GFP mice, in which 

thymocytes upregulate GFP in proportion to TCR signal strength (92), it was estimated 
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that 57% of TCR-signalled DP thymocytes are deleted (84). Using CD69 expression to 

identify TCRαβ-stimulated cells within nascent thymocyte cohorts labelled with the 

thymidine analogue, BrdU, we estimated that 55% of TCRαβ-stimulated thymocytes are 

deleted at the CCR7– stage, which is analogous to the DP stage (93). Another study, 

which focused on the dynamics of thymocyte progression or death throughout 

development, concluded that 67% of TCRαβ-stimulated DP thymocytes are deleted (94). 

Estimates of the extent of deletion later in thymocyte development were more variable, 

ranging from 20-63% within the CD4SP stage, and 42-55% within the CD8SP stage (84, 

93, 94). The consensus from this trio of studies is that more than half of all TCRαβ-

stimulated thymocytes are deleted at the DP stage of development, before the 

thymocytes upregulate CCR7, and that fewer thymocytes are deleted at the subsequent 

SP stages.  

 

A recent study enumerated human T cells capable of binding MHC I tetramers loaded 

with a self-peptide derived from the SMCY/H-Y antigen, which is encoded on the Y 

chromosome (95). Compared to women, in whom the SMCY/H-Y antigen would be 

foreign, men were found to have approximately one-third of the number of T cells 

capable of binding this male-specific self-antigen. The authors concluded that deletion 

prunes (by ~66%) but does not eliminate self-reactive CD8 T cells. A comparison of men 

and women is appropriate if one wishes to measure deletion mediated specifically by Y 

chromosome-encoded self-antigens, but this comparison neglects deletion mediated by 

self-antigens encoded on other chromosomes, which are present in both men and 

women. Mice lacking B cells had only a 7-fold increase in T cells capable of binding 

MHCII tetramers loaded with a self-peptide expressed only by B cells (96). However, 

mice in which deletion is truly defective, because MHCII expression was confined to 

cortical thymic epithelial cells, had 450-fold more T cells capable of binding the same 

tetramer (96). Out of a panel of 19 TCRαβ receptors ascertained to drive deletion in 

C57BL/6 mice, approximately one-third were responsive to both MHCI and MHCII (97). 

Notably, of the 12 deletion-inducing TCRαβ receptors that were tested in vivo, cells 

expressing 11 of them were found to be deleted at the CCR7– stage and one drove 

deletion at the CCR7+ stage (97). The deletion of most T cells capable of binding to an 
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individual self-antigen need not be mediated by that self-antigen. Rather, many self-

reactive TCRαβ receptors bind to more than one self-antigen, any of which may mediate 

deletion, which predominately occurs before the thymocytes upregulate CCR7.   

 

 “How” does thymocyte deletion occur?  

The cell death pathway that provokes thymocyte deletion is the intrinsic pathway of 

apoptosis with no contribution from the death receptor pathway (98). BCL-2 

overexpression, as well as elimination of BAX and BAK, inhibits thymocyte deletion 

mediated via TCR stimulation by superantigens (31, 34) and conventional antigens (63). 

BIM is required for normal formation of active caspase-3+ thymocytes in deleting 

conditions (99) and for anti-CD3 antibody-mediated thymocyte apoptosis (32, 33, 100). 

In non-transgenic mice with a normal TCRαβ repertoire and in TCRαβ transgenic 

models of thymocyte deletion, mice lacking both BIM and PUMA have more mature-

phenotype CD24low CD4SP TCRαβ cells than mice lacking BIM alone, which indicates 

that PUMA cooperates with BIM in T cell deletion (72). BIM acts in a dose-dependent 

fashion: thymocytes from Bim+/-

 

 heterozygous mice have an intermediate defect in 

deletion of autoreactive thymocytes (32), suggesting that BIM induction represents a key 

point in the pathway where TCRαβ signal strength is translated into opposite outcomes 

of survival or apoptosis.  

An important feature of these studies is that the self-reactive thymocytes “rescued” from 

deletion by BIM-deficiency may be found in different peripheral T cell lineages and 

organs depending on the maturation stage at which they received a strong TCRαβ 

signal. BIM-deficient thymocytes rescued from deletion initiated at the DP stage attain a 

CD4– CD8α– phenotype in the thymus and spleen (99) and/or differentiate into CD4– 

CD8β– CD8αα+ small intestinal intraepithelial lymphocytes (CD8αα+ SI-IEL) (101). BIM-

deficient thymocytes rescued from deletion at the CD8SP stage can become CD8+ T 

cells in the spleen, but upon stimulation these cells have impaired proliferation and 

cytokine production compared to naïve CD8+ T cells (102). Peripheral self-reactive 

SMCY/H-Y-specific TCRαβ CD8+ T cells in humans also show these functional 

impairments (95). Mice lacking BIM have expanded populations of CD73high FR4high 
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CD44high

 

 “anergic” CD4+ TCRαβ T cells (84) and Foxp3+ T-reg cells (especially the 

CD25– subset) (103, 104). These expanded populations might contain the progeny of 

BIM-deficient thymocytes rescued from deletion at the CD4SP stage.  

Thymocyte deletion involves the induction of the orphan steroid receptor, Nur77 (92, 105, 

106). Transgenic expression of wild-type Nur77 induces thymocyte apoptosis whereas a 

dominant-negative Nur77 protein inhibited peptide-mediated deletion of TCRαβ 

transgenic thymocytes, but not superantigen-mediated deletion (107). Nur77-deficiency 

had no effect in other TCRαβ transgenic models, such as HYCD4

 

 thymocytes in either 

positive or negative selecting conditions (108) but it did increase the numbers of OT-II 

CD4SP TCRαβ thymocytes in both positive and negative selecting conditions (109). 

Nur77’s function in thymocyte selection remains unclear but may extend beyond the pro-

apoptotic role initially hypothesised (110), as Nur77-deficient thymocytes were found to 

have reduced mRNAs encoding enzymes required for energy utilization (109).  

Relationship of thymocyte deletion to agonist selection  

Like deletion, agonist selection is initiated by strong TCRαβ signaling and occurs at 

multiple stages of thymocyte development. Defects in apoptosis increase the number of 

T cells that complete agonist selection, suggesting that apoptotic deletion eliminates 

many thymocytes unfit to enter the T cell lineages induced by agonist selection. 

However, little is known about the factors that determine whether a strongly TCRαβ 

signalled thymocyte undergoes deletion or agonist selection. As the thymocyte response 

to strong TCRαβ signaling varies with maturation stage, factors that determine the fate 

of self-reactive thymocytes may be stage-specific.  

 

In some TCRαβ transgenic mouse strains, in addition to inducing deletion, high-affinity 

self-antigen expression in the thymus drives differentiation of CD8αα+ SI-IEL (111). 

While most thymocytes forced to express TCRαβ receptors derived from CD8αα

Early agonist selection: intestinal intraepithelial CD8αα+ T cell differentiation  

+ SI-IEL 

are deleted, some differentiate into CD8αα+ SI-IEL after passing through a CD4– CD8– 
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stage in the thymus (101, 112). Downregulation of CD4 and CD8 expression in 

thymocytes, so that the cells attain a DN (also called “DPdull”) phenotype, is a hallmark of 

the response to strong TCRαβ signaling in DP thymocytes (83, 93, 113). Within the DN 

population, markers that distinguish post-selection strongly TCRαβ-signalled thymocytes 

from pre-selection thymocytes include TCRβ, PD-1 and the IL-2 receptor β chain, 

CD122 (83, 114, 115). Mice with defective TCRαβ stimulation-induced apoptosis, such 

as BIM-deficient animals, have a marked increase in TCRβ+ DN thymocytes (32, 33, 

116) and CD8αα+

 

 SI-IEL (101), indicating that apoptotic deletion normally limits the 

number of thymocytes that complete this pathway of early agonist selection.  

CD8αα+ SI-IEL are absent in β2-microglobulin-deficient mice (117). Among DP 

thymocytes, 6-9% of cells bind to tetramers of thymic leukaemia (TL) antigen (114), a 

β2-microglobulin-dependent MHC class I-like molecule that binds to CD8αα 

homodimers (118) and is highly expressed by intestinal epithelial cells (119). DP 

thymocytes that bind to TL (called CD8αα+ DP hereafter) exhibit a greater capacity for 

CD8αα+ SI-IEL differentiation than other DP thymocytes (114). β2-microglobulin-

deficient mice have some CD8αα+ DP cells but lack the TCRβ+ subset (114), indicating 

that CD8αα expression precedes, and TCRβ expression is induced by, a TCRαβ signal 

in DP thymocytes. Unlike CD8αα+ DP thymocytes, which require intra-thymic injection, 

agonist-selected TCRβ+ DN thymocytes are able to become CD8αα+ SI-IEL after 

injection into the blood stream (114). The absolute number of TCRβ+ DN thymocytes 

increases in the absence of CD28 or its ligands, CD80 and CD86 (116). This finding 

indicates that co-stimulation promotes deletion in DP thymocytes that receive a strong 

TCRαβ signal. Thus, two factors that affect the probability of undergoing deletion or 

early agonist selection into the CD8αα+

 

 SI-IEL lineage are, first, whether pre-selection 

DP thymocytes express CD8αα homodimers and second, variation in CD28 co-

stimulation. 

Late agonist selection: T-reg differentiation  
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FOXP3 is a transcription factor required for the suppressive function of T-reg cells (120, 

121), which are continuously required to prevent inappropriate T-cell activation (122). In 

humans, IPEX (immunodysregulation, polyendocrinopathy and enteropathy, X-linked 

syndrome) is caused by mutations in FOXP3 (123, 124). FOXP3+ cells are markedly 

increased in the thymus and periphery of mice with defective TCRαβ stimulation-induced 

apoptosis (103, 104), such as BIM-deficient animals, indicating that apoptotic deletion 

normally limits T-reg differentiation. As FOXP3+ T-reg cell differentiation has been 

reviewed recently (125), here we concentrate on how apoptotic deletion impinges on T-

reg differentiation in the thymus. 

 

Although T-reg differentiation has FOXP3-independent components (120, 126), FOXP3 

upregulation is a key event in the experimental analysis of thymic T-reg differentiation. 

Foxp3 upregulation occurs mainly in mature CD4SP cells that already express CCR7 

(85, 127). Since the majority of thymocyte deletion occurs before CCR7 upregulation, a 

primary outcome of deletion is to eliminate self-reactive thymocytes before they mature 

sufficiently to upregulate FOXP3. 

 

The thymic medulla contains a “mosaic” of tissue-restricted self-antigens with focal 

expression patterns (128), providing thymocytes that received a weak TCRαβ signal at 

the cortical CCR7– stage an opportunity to receive a strong TCRαβ signal at the 

subsequent medullary CCR7+ stage. Unlike CCR7– DP or CD4SP thymocytes, the 

response of CD4SP CCR7+ thymocytes to strong TCRαβ signalling overlaps 

substantially with the response of activated mature T cells, including induction of genes 

that require CARD11 signalling to activate NF-κB (93). At the CD4SP CCR7+ stage the 

outcome of the first strong TCR signaling event is determined by competition between a 

BIM-dependent pro-deletion program and a CARD11/NFκB-dependent pro-survival 

program. Normally, the latter program is successful in only a minority of cells (93). This 

pro-survival function of CARD11 at the CD4SP CCR7+ stage contrasts with its function 

in DP thymocytes, in which CARD11 is required for deletion (93). The mechanisms 

underlying CARD11’s stage-specific functions in thymocyte deletion are enigmatic, but 
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parallel the functions of CD28, which is also required for deletion at the DP stage (116) 

and T-reg differentiation at the CD4SP stage (129-131).  

 

Thymic T-reg differentiation has been characterised as a two-step process consisting of 

strong TCRαβ signalling followed by cytokine-induced FOXP3 upregulation (132). 

Thymic FOXP3+ cells are almost completely absent in mice lacking any of the three 

subunits of the IL-2 receptor (133). Cytokine signaling has been postulated to prevent 

deletion induced by strong TCRαβ signalling (134). An alternative hypothesis is that 

cytokine receptor signalling counteracts a pro-apoptotic protein signature, which is 

induced in developing T-reg cells by FOXP3 itself (104). Distinguishing between these 

possibilities is important to advance our understanding of both deletion and T-reg 

differentiation in self-reactive CD4SP CCR7+ thymocytes. 

 

There are two schools of thought regarding the cell fate “decision” in self-reactive 

CD4SP CCR7+ thymocytes poised to undergo deletion or T-reg differentiation. The 

“avidity hypothesis” holds that strong and intermediate TCRαβ signaling induce deletion 

and T-reg differentiation, respectively (128, 135). Consistent with this view, among 

CD4SP thymocytes from Nur77-GFP reporter mice, the FOXP3+ population has 

intermediate GFP expression above the FOXP3– CD25– subset and below the FOXP3– 

CD25+ subset (92, 136). However, CD4SP cells rescued from deletion in BIM-deficient 

Nur77-GFP mice have similar GFP expression to the FOXP3+ population (84).  A 

second finding in support of the “avidity hypothesis” is that decreasing the level of MHCII 

expression in mature mTECs simultaneously impaired deletion and increased T-reg 

differentiation mediated by mTEC-presented self-antigens (135). In this study, the 

proportion of T-reg cells in the self-reactive CD4SP population was similar in the 

presence of normal or reduced MHCII expression (135), which contrasts with marked 

increases in the proportion of T-reg cells observed when the frequency of CD4SP cells 

expressing the same self-reactive TCRαβ was reduced to low (more physiological) 

levels, reducing intraclonal competition (137, 138). A stern test of the “avidity hypothesis” 

would be to investigate whether reducing MHCII expression in mature mTECs still 

enhances T-reg differentiation under conditions of low intraclonal competition. One 
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weakness of the “avidity hypothesis” is that it conflicts with evidence that T-reg 

differentiation can require stronger TCRαβ activation than deletion (139). 

 

Drawing on findings from a range of approaches described above, we wish to propose 

an alternative view, which we term the “collaboration hypothesis”. After surviving the first 

strong TCRαβ signalling event in the thymic medulla in a CARD11/NFκB-dependent 

manner, self-reactive thymocytes begin to migrate within a confinement zone, which is 

circumscribed by DCs and contains a high-affinity self-antigen, forming just one piece of 

a broad “mosaic” of self-antigens (90, 91, 128). Thymic DC represent a source of IL-2 

that is important for normal T-reg differentiation (140). During a period of “collaboration” 

that lasts 1-2 days (85), self-reactive TCRαβ CD4SP CCR7+ thymocytes might induce 

local DC to produce IL-2. Self-reactive TCRαβ CD4SP CCR7+ thymocytes that fail to 

“collaborate” efficiently with DC may be starved of IL-2 and undergo growth factor 

withdrawal induced apoptosis. If IL-2 production scales with the avidity of 

“collaborations”, it would explain why TCRαβ receptors with higher avidity for self-

antigen facilitate the development of larger thymic T-reg cell populations (141, 142). IL-2 

protein was found to have a focal distribution in the thymic medulla (143). Opposite to 

the “avidity hypothesis”, the “collaboration hypothesis” posits that deletion prevents 

TCRαβ CD4SP CCR7+ thymocytes with too low avidity for self-antigen from becoming 

T-reg cells. This would explain the finding that T-reg associated TCRαβ receptors have 

an extremely high avidity for self-antigen (142), exceeding the threshold required for 

apoptotic deletion (139, 144). 

 

Perspectives  

Thymocytes unfit for selection into any T cell lineage are eliminated at four checkpoints 

in the thymus. Two of these checkpoints, beta selection and death by neglect, eliminate 

thymocytes that fail to express a TCRαβ capable of engaging any self-MHC ligand, 

precluding their participation in immune responses. The other two checkpoints delete 

thymocytes bearing an TCRαβ that binds strongly to a self-MHC ligand either early or 

late in thymic development.  
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In the literature the latter two checkpoints are commonly conflated into one entity termed 

deletion, or negative selection. This fusion is understandable because it remains unclear 

whether the delineation between the two checkpoints is sharp or blurred. In other words, 

it is unclear whether the self-antigens, TCRαβ repertoires and molecular mediators 

involved at the two checkpoints are discrete or overlapping. These are directions for 

future research. However, the two deletion checkpoints, which we term “wave 1 deletion” 

and “wave 2 deletion” (Figure 1 ), are distinguished by (i) the divergent phenotypes that 

the self-reactive thymocytes attain, (ii) the different times required to reach them after 

thymocytes proliferate during beta selection and (iii) the different T cell lineages that 

arise from the rare cells which survive strong TCRαβ activation and undergo agonist 

selection.  

 

Wave 1 is the larger deletion checkpoint and likely occurs in the thymic cortex. It is 

unclear whether the probability of deletion versus CD8αα+ SI-IEL differentiation at this 

early checkpoint is influenced by TCRαβ specificity. If so, is the outcome influenced by 

whether the TCRαβ is activated by MHCII, MHCI and/or MHCI-like ligands? Are there 

situations where this early checkpoint is breached, so that large numbers of self-reactive 

thymocytes are misdirected into the peripheral lymphoid organs? Would such 

misdirection compromise T cell tolerance and immunity? 

 

Wave 2 is intertwined with the selection of thymic T-reg cells and likely occurs in the 

thymic medulla. Insights into factors controlling this cell fate decision should come from 

testing whether the “avidity hypothesis” or the “collaboration hypothesis” holds more 

explanatory power. The “collaboration hypothesis” predicts that T-reg cells are more 

self-reactive than previously thought. Invernizzi and Gershwin wrote, “Since the first 

association study was published during the 1960s, MHC alleles have been found to be 

associated with almost every known human autoimmune disease.”(145) The robustness 

of T cell tolerance may be proportional to the difference in self-reactivity between T-reg 

cells and conventional T cells, which is set up in the thymus by the unique array of self-

antigen/MHC ligands in each individual, in a process that requires elimination of 

superfluous thymocytes. 
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Figure 1. Overview of apoptotic checkpoints during T cell development in the 

thymus .  The development of early thymic precursors (ETPs) into functional T cells can 

be defined by several stages based on the expression of CD4 and CD8 co-receptors – 

CD4–CD8– double negative (DN), CD4+CD8+ double positive (DP) and CD4+CD8– or 

CD4–CD8+ single positive (SP) stages. A pre-requisite of T cell development is the 

recombination of a functional T cell antigen receptor (TCR) that determines the ability of 

the T cells to recognise MHC ligands. Some TCRαβ receptors that are non-functional or 

bind to a self-MHC ligand strongly are removed from the repertoire by apoptosis. The 

fate of the developing T cells hinges on the avidity (= strength) of the TCRαβ/self-MHC 

ligand interaction, which may vary due to different arrays of self-MHC ligand expression 

in the cortex versus medulla. Cortical thymocytes that receive a strong TCRαβ signal fail 

to activate nuclear factor kappa B (NFκB) and undergo deletion (Wave 1), although 

some cells survive and ultimately differentiate into small intestinal intra-epithelial 

lymphocytes (IEL). Weak TCRαβ signalling in the cortex and medulla gives rise to Tconv 

cells; however, strong TCRαβ binding to a self-MHC ligand that is sequestered in the 

medulla upregulates expression of pro-apoptotic proteins BIM/PUMA, predisposing the 

cell to udnergo apoptosis. A minority of BIM/PUMA-high cells survive due to 
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CARD11/NFκB signalling, to become pre-Treg cells. We speculate that pre-Treg cells 

“collaborate” with a small number of local dendritic cells (DC) and medullary thymic 

epithelial cells for a period of 1-2 days. Some pre-Treg cells are successful at inducing 

the DC to synthesise IL-2, which the pre-Treg cell requires surviva and differentiate into a 

mature FOXP3+ Treg

 

 cell.  
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