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Summary

The ability of T cells to respond to a wide array of foreign antigens while avoiding reactivity to 

self is largely determined by cellular selection of developing T cells in the thymus. While a great 

deal is known about the cell types and molecules involved in T cell selection in the thymus, our 

understanding of the spatial and temporal aspects of this process remain relatively poorly 

understood. Thymocytes are highly motile within the thymus and travel between specialized 

microenvironments at different phases of their development while interacting with distinct sets of 

self-peptides and peptide presenting cells. A knowledge of when, where, and how thymocytes 

encounter self-peptide MHC ligands at different stages of thymic development is key to 

understanding T cell selection. In the past several years, our laboratory has investigated this topic 

using two-photon time-lapse microscopy to directly visualize thymocyte migration and signaling 

events, together with a living thymic slice preparation to provide a synchronized experimental 

model of T cell selection in situ. Here, we discuss recent advances in our understanding of the 

temporal and spatial aspects of T cell selection, highlighting our own work, and placing them in 

the context of work from other groups.
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 Introduction

The selection of a functional and self-tolerant T cell repertoire is coordinated by multiple 

selection processes that occur during T cell development in the thymus; including positive 

selection, negative selection, and agonist selection. While positive selection ensures that the 

T cell repertoire is functional and equipped to make robust responses against foreign 

antigens, negative selection and agonist selection make significant contributions to enforcing 

self-tolerance. Distinct thymic microenvironments differ in their ability to support each of 

these selection events. Thus, the ability of thymocytes to access these discrete 
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microenvironments is a key factor in regulating thymocyte maturation, and ultimately in 

determining thymocyte fate.

The thymus is comprised of two distinct anatomical sites: the cortex and the medulla. Each 

of these regions is populated by distinct subsets of thymic resident cells, creating 

microenvironments that are unique to each site and are specialized to coordinate distinct 

selection events. For example, expression of a distinct proteasome subunit and unique 

lysosomal proteases within cortical epithelial cells generate a specialized peptide repertoire 

to support positive selection. In contrast, a program of promiscuous gene expression in a 

subset of medullary thymic epithelial cells and ample expression of costimulatory ligands in 

the medulla make this locale particularly well suited to promoting negative selection (1).

The location of developing T cells within the thymus is tightly linked to their developmental 

stage. T cell progenitors enter the thymus through blood vessels at the corticomedullary 

junction and then subsequently localize to the outer regions of the thymic cortex, where they 

undergo rearrangement of the T cell receptor (TCR) α and β loci. Following successful 

TCRβ gene rearrangement and preTCR signaling, thymocytes progress to the CD4+CD8+ 

double positive (DP) stage, migrate to the thymic cortex, and rearrange their TCRα locus 

(2–4). Cortical DP thymocytes that experience αβTCR signals in response to self-peptides 

presented by Major Histocompatibility Complex proteins (MHC) can undergo positive 

selection, resulting in maturation and commitment to either the CD4 or CD8 lineage, 

depending on whether the selecting MHC was class II or class I, respectively (5). Positive 

selection also leads to the relocalization of thymocytes from the cortex to the medulla, and 

the majority of medullary thymocytes exhibit a CD4+CD8− or CD4−CD8+ “single positive” 

SP phenotype. After several days of further maturation in the medulla, SP thymocyte 

become competent to leave the thymus as fully functional mature T cells (6).

Two-photon time-lapse imaging studies of living thymic tissue have revealed that developing 

T cells are highly motile within the 3D environment of the thymus (7, 8). Thymocyte 

motility is key both to orchestrating migration between different thymic microenvironments 

at the appropriate developmental stage, and also to shaping the TCR signaling pattern 

experienced by thymocytes upon encounter with self-peptide MHC complexes in the 

thymus. In the past several years, our lab has been focused on the inter-relationship between 

thymocyte motility and T cell repertoire selection in the thymus. Most recently, we have 

been making extensive use of a thymic slice preparation that greatly facilitates direct 

visualization of T cell development using 2-photon microscopy, and has also proved to be a 

powerful system for synchronizing and manipulating T cell development. In this review, we 

will discuss some of our key findings using this approach, placing them in the context of 

other advances in the field.

 Thymic tissue slices: a versatile model for the study of T cell selection in 

situ

In an effort to develop a tractable experimental system to study T cell development within 

the 3D tissue environment of the thymus, we and others have turned to a thymic slice model 

(9, 10) (11) (Figure 1). This approach uses vibratome-cut slices of thymic tissue, and was 
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inspired by decades of successful studies using living brain slices by neurobiologists. When 

maintained under appropriate conditions, thymic slices retain good viability for several days 

and faithfully recapitulate many aspects of thymic biology (12). For example, we and others 

have demonstrated that both human and mouse thymocytes actively migrate into tissue slices 

and localize to the appropriate thymic location according to their maturation status, such that 

preselection DP thymocytes accumulate in the cortex and SP thymocytes localize 

preferentially to the medulla (11, 13). These localization events are dependent on thymocyte 

responses to chemokine gradients within the slice, as interfering with the expression of 

chemokine receptors on the overlaid thymocytes, the expression of chemokines within the 

slice, and pharmacological inhibition of chemokine receptors all resulted in some degree of 

mislocalization.

In addition to appropriate thymocyte localization, thymic slices also support T cell selection 

in a manner that closely recapitulates the timing and phenotypic sequences reported from in 
vivo studies (14–16). By using different starting thymocyte populations expressing defined 

TCR transgenes, and different thymic slice donors to vary the thymic environment, this 

approach can be readily adapted to study different aspects of thymic development, including 

positive selection, negative selection, and agonist selection (Figure 1).

 Temporal pattern of TCR signaling during T cell selection in the thymus

One important question that we have addressed using thymic tissue slices is how the 

temporal pattern of TCR signaling differs during positive and negative selection. Previous 

studies had addressed this question in vitro, using stimulation of thymocytes with MHC-

tetramers loaded with low potency ligands as a mimic of positive selection (17). Intriguingly, 

low potency ligands induced sustained but low-level signaling events downstream of the 

TCR, including a sustained rise in intracellular calcium (Figure 2a). Our lab has examined 

this question in situ by loading preselection thymocytes expressing class I-restricted TCR 

transgenes (e.g. OT1 or F5 TCRs) with a calcium sensitive reporter dye, and tracking their 

calcium levels and motility within thymic slices bearing positive selecting ligands. In sharp 

contrast to the in vitro studies, we observed transient signaling events lasting around 5 

minutes, interspersed with periods of ~ 30 minutes of low calcium levels and relatively rapid 

migration (14) (Figure 2c–d). We also noted that thymocyte encounters with negative 

selecting ligands led to rapid migratory arrest and sustained increases in intracellular 

calcium (10) (14) (Figure 2c,d), displaying similar kinetics to that reported for in vitro 
tetramer stimulation with negative selecting ligands (17) (Figure 2a). It is interesting to note 

that while preselection thymocytes introduced into positive selecting slices undergo robust 

positive selection within 2–3 days (14), in vitro stimulation with low potency peptide-MHC 

tetramers fails to induce positive selection. It is tempting to speculate that the motility of 

thymocytes within thymic slices allows thymocytes to move away from peptide-MHC 

bearing thymic epithelial cells, and thus promotes transient TCR signals that support 

positive selection. Future studies manipulating the temporal pattern of TCR signaling both in 
vitro and in situ are needed to test this hypothesis.
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 Reciprocal changes in sensitivity to cortical versus medullary 

chemokines accompany T cell maturation

The relocalization of thymocytes from the cortex to the medulla during positive selection is 

achieved by developmentally regulated expression changes in the receptors for cortical or 

medullary chemokines (Figure 3). For example, preselection DP thymocytes are negative for 

the C-C chemokine receptor type 7 (CCR7), but upregulate expression upon positive 

selection (16, 18), allowing them to respond to the medullary chemokines CCL19 and 

CCL21 (19, 20). Several studies have demonstrated that CCR7 is essential for appropriate 

localization of SP thymocytes to the medulla. Specifically, CCR7-deficient SP thymocytes 

show impaired medullary localization when overlaid onto thymic slices (11). Similarly, we 

have shown that human SP thymocytes overlaid onto mouse thymic slices deficient in 

CCL19 and CCL21 also show impaired medullary localization (13). These findings are in 

agreement with earlier studies demonstrating that both CCR7-deficient and CCL19/21 

double-deficient mice show accumulation of SP thymocytes in the cortex, and that 

premature expression of CCR7 in DP thymocytes causes an accumulation of DP thymocytes 

in the medulla (19, 21). Together, these studies define the CCR7-CCL19/21 axis as a key 

mediator of thymocyte migration form the cortex to the medulla following positive selection.

Compared to the medulla, there is a relative dearth of chemokine expression within the 

thymic cortex. One exception is CXCL12, the ligand for the C-X-C chemokine receptor type 

4 (CXCR4), which is expressed at higher levels in the cortex relative to the medulla (20). 

Interestingly, CXCR4 is high on pre-selection thymocytes and is downregulated following 

positive selection, a reciprocal pattern to that observed for CCR7 (13, 16, 22). Moreover, 

positively-selected thymocytes exhibit decreased responsiveness to CXCL12 in vitro (13, 

18).Because CXCR4-deficient thymocytes display a block in early T cell development, it has 

been difficult to assess the role of CXCR4 in controlling the localization of pre-selection DP 

thymocytes to the cortex (23–25). However, using the thymic slice system, we have 

demonstrated that treatment of thymic slices with a specific pharmacological inhibitor of 

CXCR4 abrogates the cortical localization of overlaid human DP thymocytes, indicating that 

CXCR4 plays an important role in retaining pre-selection DP thymocytes in the cortex (13). 

Thus, the current data support a model in which the opposing expression of CXCL12 in the 

cortex and CCR7 ligands in the medulla cooperatively controls the localization and 

migration of maturing thymocytes during positive selection (Figure 3).

 Timing of coreceptor downregulation and migration from the cortex to 

the medulla during positive selection

While it is often stated that positive selection and the downregulation of CD4 or CD8 is 

coincident with the migration of thymocytes from the cortex to the medulla, a closer look 

reveals that this is an oversimplification. Indeed, we have previously reported that while 

<10% of CD4+CD8+ thymocytes undergoing positive selection on MHC-2 express the 

medullary chemokine receptor CCR7, 10–30% of CD4+CD8+ thymocytes being selected on 

MHC-1 show substantial upregulation of CCR7 (26). More recently, we have examined the 

timing of changes in chemokine receptor expression and the cortex to medulla migration in a 
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synchronized model of positive selection on MHC-1. We showed that preselection OT1 

thymocytes undergo a switch in chemokine receptor expression between 12–24 hours after 

entering positive selecting slices, and accumulate in the medullary regions of thymic slices 

by 24 hours. However, CD4 downregulation did not occur until 2–3 days after the initiation 

of positive selection. In agreement with this observation, a recent study using an inducible 

version of the TCR tyrosine kinase Zap70 to synchronize positive selection, showed that 

CD8 SP thymocytes appear 2–3 days following the initiation of positive selection. In 

contrast, CD4 SP thymocytes first appeared just one day following the initiation of positive 

selection (27), in agreement with earlier BrdU labeling studies (28). The downregulation of 

CXCR4 and upregulation of CCR7 appear to coincide with CD8 downregulation in class II 

MHC selected thymocytes, since other studies have demonstrated that a small population of 

CD4 SP thymocytes retain CXCR4 and lack CCR7 (22, 29). Thus, although the switch in 

chemokine receptor expression occurs around one day after the initiation of positive 

selection for both class I and class II-restricted thymocytes, co-receptor downregulation is 

delayed by at least one more day for class I-restricted thymocytes (Figure 3A).

The delay in coreceptor downregulation during positive selection on class I MHC does not 

simply reflect a delay in removing co-receptor from the cell surface after positive selection. 

Rather, it appears to reflect a more fundamental difference in how CD4 and CD8 T cells 

develop. While one day of Zap70-dependent TCR signaling was sufficient to induce the 

CD4-defining transcription factor ThPOK, a further two days of signaling were required to 

fully induce the CD8 defining transcription factor Runx3 (30) and Figure 3B). This timing is 

consistent with our studies using an analog-sensitive version of Zap70 in thymic slice 

cultures, in which we found that blocking Zap70-dependent TCR signals at any point before 

the appearance of CD8SP thymocytes was sufficient to block their development (31). 

Interestingly, both class I and class II selected thymocytes require TCR signals to promote 

their continued survival well after the initiation of positive selection(30). This late 

requirement for TCR-MHC signals may help to eliminate those few “mismatched” 

thymocytes that adopt a lineage that is incompatible with their TCR specificity (i.e. CD4 

cells with TCRs specific for MHC-1 or CD8 cells with TCRs specific for MHC-2).

Altogether, the current data suggest that class I-restricted thymocytes acquire the ability to 

migrate to the medulla before completing positive selection, whereas for class II-restricted 

thymocytes, migration to the medulla and the completion of positive selection occur 

coordinately. This asymmetry between CD4 and CD8 T cell development could give rise to 

interesting differences regarding the relationship between positive versus negative selection 

in these two lineages.

 Distinct APC populations and peptide display in cortex vs. medulla

As implied from the previous section, the general view that positive selection occurs in the 

cortex at the DP stage, whereas negative selection occurs in the medulla at the SP stage is an 

oversimplification. Nevertheless, it is clear that the cortex and medulla exhibit specialized 

features that promote either positive or negative selection, respectively (Figure 4A). For 

example, cortical thymic epithelial cells (cTECs) express a unique version of the 

proteasome, termed the thymoproteosome, which generates cTEC specific peptides for 
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optimal positive selection of CD8 T cells (32). Likewise cTECs express a class II associated 

protease, L-cathepsin, that generates peptides for positive selection of CD4 T cells (1). 

Conversely, the peptide display in the medulla may be more akin to that in the periphery, 

owing to several specialized features that allow for the presentation of peripheral self-

antigens. First, the expression of the Autoimmune Regulator (AIRE) within medullary 

thymic epithelial cells leads to the “ectopic” expression of a broad array of tissue-restricted 

proteins (1). These tissue-restricted antigens can be presented to thymocytes by the mTECs 

directly, or transferred to thymic dendritic cells (DCs), which are found at a high density 

within the thymic medulla. Furthermore, specialized subsets of DCs that import antigens 

from peripheral sites and/or take up bloodborne antigens localize preferentially within the 

thymic medulla. As a result of this specialization, thymocytes encounter distinct peptide 

displays and distinct sets of peptide presenting cells in the cortex versus the medulla (Figure 

4A).

The distinct APC types in the cortex versus the medulla also differ in their inherent ability to 

induce negative selection. In line with the idea that cTECs play a primary role in positive 

selection, cTECs express relatively low levels of the costimulatory molecules B7.1 and B7.2, 

which are thought to be important for inducing negative selection (33). Accordingly, antigen 

presentation by cTECs results in relatively inefficient negative selection. In contrast, 

medullary APCs, namely mTECs and DCs, express relatively high levels of costimulatory 

molecules and have been shown to effectively mediate negative selection. Thus, encounter of 

different types of APCs and distinct peptide displays within the cortex versus the medulla 

can have profound impacts on the timing and location of thymocyte selection processes.

 Timing of negative selection

The fact that several features of the medulla are specialized to promote negative selection 

has shaped the long-standing view that the medulla is an important site for negative 

selection. In line with this idea, in vitro stimulation of SP thymocytes with strong TCR 

signal and co-stimulatory ligands triggers apoptosis. In contrast, this same stimulus results in 

activation and proliferation of mature T cells. For class II-restricted thymocytes, this switch 

in responsiveness can be traced to a particular developmental transition during the CD4 SP 

stage delineated by changes in expression of cell surface markers. Using several of these 

markers to distinguish “semimature” (SM) from “mature” (M1 and M2) CD4 SP 

thymocytes, Kishimoto and Sprent demonstrated that SM CD4 SP as well as DP thymocytes 

are susceptible to death when stimulated in vitro through the TCR, whereas more mature 

CD4 SP thymocytes resemble mature lymph node CD4 T cells in that TCR triggering fails 

to induce thymocyte death, and instead results in proliferation (6, 34). Thus, at least some SP 

thymocytes remain competent to undergo negative selection at the stage in which they would 

be expected to encounter medullary peptides and antigen presenting cells.

Interestingly, much of the specialized machinery for negative selection within the medulla is 

most concentrated near the corticomedullary junction. For example, the corticomedullary 

junction contains a dense network of DCs and mature AIRE-expressing mTECs, both of 

which express ample costimulatory ligands (1). Thus, thymocytes would likely encounter 

these Aire-dependent antigens soon after they switch their chemokine receptor expression 
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and begin their migration towards the medulla. The positioning of Aire-expressing mTECs 

at the corticomedullary junction could therefore play a particularly important role in 

enforcing tolerance to rare self-antigens, as this positioning ensures that thymocytes are 

exposed to these antigens at a stage in which they are still relatively susceptible to deletion.

On the other hand, DP thymocytes are even more susceptible to death upon TCR stimulation 

in vitro compared to CD4 SP thymocytes (6, 34). Moreover, preselection DP thymocytes 

readily undergo negative selection when exposed to cognate antigen both in vitro and in situ 
suggesting that thymocytes are susceptible to negative selection as soon as they express a 

functional αβTCR (17) (14). Thus, positive selection is not a prerequisite for negative 

selection, and these selection events do not seem to be as compartmentalized as originally 

thought.

Indeed, it is now clear that negative selection can occur efficiently within the cortex. For 

example, McCaughtry et al demonstrated that negative selection of a class I-restricted TCR 

transgenic occurs at a DP stage in which the thymocytes lack expression of CCR7. 

Moreover, thymocytes expressing active caspase 3, which marks apoptotic cells, were 

detected in the cortex (35).

As mentioned earlier, our in situ time-lapse studies have shown that negative selection 

correlates with migratory arrest and sustained TCR signaling. Thymocytes in the cortex 

experienced these signaling interactions predominantly while in contact with DCs, even 

when the negatively selecting antigen was also presented by cTECs (14). In line with this 

observation, DCs have been shown to play a critical role in mediating negative selection in 

the cortex, while cTECs are unable to support efficient negative selection. Several factors 

could contribute to the enhanced efficacy of DCs in supporting negative selection. DCs 

express high levels of a variety of costimulatory molecules at the cell surface, including 

many molecules involved in cellular adhesion. The expression of these molecules could be 

involved in promoting the longer periods of thymocyte arrest that support negative selection. 

In line with this idea, we observed that DCs deficient in intercellular adhesion molecule 1 

(ICAM-1) were less efficient at inducing the long periods of thymocyte arrest and sustained 

signaling events characteristic of negative selection (14). Moreover, DCs express higher 

levels of the costimulatory ligands B7.1 and B7.2, which have been shown to promote 

negative selection.

The efficiency of negative selection in the cortex is particularly striking given the relative 

paucity of DCs within the cortex. However, by directly visualizing interactions between DP 

thymocytes and cortical DCs using 2-photon time-lapse microscopy, we have demonstrated 

that DP interactions with DCs in the cortex are quite extensive; we estimate that a DP 

thymocyte can contact 100–400 DCs during its time in the cortex (36). We also observed 

that DCs within the cortex were intimately associated with the capillary network, and that 

the “medullary” chemokine CCL21 could be detected within these perivascular regions. 

Thus, in addition to inducing the migration of positively selected thymocytes towards the 

medulla, the expression of CCR7 following positive selection could also promote cortical 

negative selection by attracting thymocytes towards “medullary-like” microenvironments 

within the cortex, i.e. perivascular regions containing DCs and CCL21 (Figure 4A).
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Consistent with findings that negative selection can occur efficiently within the cortex, 

expression of CCR7 is dispensable for efficient negative selection to ubiquitous self-antigens 

(19, 35). In contrast, expression of Aire-dependent tissue-restricted antigens is restricted to 

the thymic medulla (1). Accordingly, mice deficient in CCR7 or CCR7 ligands exhibit 

tissue-specific autoimmunity (37). Indeed, in the absence of CCR7 or CCR7 ligands, Aire-

dependent negative selection of both class I and class II-restricted thymocytes is impaired, 

highlighting the importance of the CCR7/CCR7L axis in maintaining tolerance to tissue-

specific self-antigens (38).

Taken together, the current data suggest that there is an extended “window of opportunity” 

for thymocyte negative selection, which opens upon the initial expression of the αβTCR, and 

closes once thymocytes have matured past the semimature SP stage. The first wave of 

negative selection occurs in the cortex, when thymocytes first encounter ubiquitous self-

antigen displayed on cortical DCs. Thymocytes that survive this first wave and successfully 

undergo positive selection switch their chemokine receptor expression and are subject to a 

second wave of negative selection as they encounter a new set of self-antigens upon arriving 

at the medulla or corticomedullary junction. Although their intrinsic susceptibility to 

negative selection is lower at this stage, encounter with a diverse set of high affinity 

medullary-specific peptides in the face of increased costimulation can trigger a substantial 

amount of negative selection.

In line with this model, in vivo studies indicate that negative selection is prevalent within 

both the DP and the SP populations (29, 39). For example, using a reporter of TCR 

signaling, Stritesky et al demonstrated an accumulation of polyclonal thymocytes that had 

experienced high levels of TCR signal in mice deficient in negative selection. This 

accumulation was apparent within both the DP and SP populations (39). These findings are 

in agreement with those of another group, who tracked the kinetics of a synchronized wave 

of thymocyte development in vivo and used mathematical modeling to estimate the extent of 

thymocyte death versus maturation at each stage of development (40). Interestingly, the 

greatest amount of negative selection among class I-restricted thymocytes was shown to 

occur within a subset of DP thymocytes in the first 12–48 hours of positive selection, a 

timeframe that corresponds with the kinetics that we have observed for chemokine receptor 

switching and medullary relocalization of positively selected class I-restricted thymocytes in 
situ (16). As previously mentioned, many of the specialized features that promote negative 

selection within the medulla are particularly salient at the corticomedullary junction. Thus, it 

makes sense that the highest levels of deletion are detected within the population of 

thymocytes expected to be migrating through this region.

 Spatial and temporal aspects of agonist selection in the thymus

While strong signals through the TCR can lead to negative selection, under certain 

conditions these signals can also lead to the development of non-conventional T cell lineages 

with regulatory functions, a process termed agonist selection (41). There is evidence of 

overlap among the TCR repertoire of several agonist-selected lineages and thymocytes that 

undergo negative selection, indicating that the strength of the TCR signal is not the sole 

factor that dictates thymocyte fate (39, 42, 43). Rather factors such as the timing of 
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phagocytosis (10), access to cytokines, and patterns of thymocyte motility, likely also help to 

determine whether thymocytes die or undergo agonist selection following strong antigen 

encounter.

As discussed previously, positive and negative selection are correlated with distinct patterns 

of thymocyte motility and TCR signaling. The motility and signaling patterns of thymocytes 

undergoing agonist selection have not yet been characterized, but it is tempting to speculate 

that these patterns might be distinct from those of thymocytes undergoing negative selection, 

and could play a role in promoting agonist selection over negative selection. A previous 

study, in which we characterized the behavior of TCR transgenic thymocytes in the presence 

of an Aire-dependent cognate antigen in the medulla at steady state, could provide some 

intriguing hints. In the presence of cognate antigen, thymocytes exhibited slightly lower 

motility compared to medullary thymocytes expressing positive selecting TCR, and 

exhibited a highly confined pattern of migration (44). These patterns are in contrast to the 

thymocyte arrest that we have observed in synchronized models of negative selection. It is 

tempting to speculate that the patterns of confined migration that we observed might be 

characteristic of thymocytes undergoing agonist selection. Here, we will discuss recent 

findings regarding the spatial and temporal aspects of agonist selection in two agonist 

selected lineages that can arise from thymocytes with conventional MHC specificities: 

Tregs, and CD8αα IELs.

 Thymus-derived regulatory T cells (Tregs)

A well-studied example of agonist selection is the thymic development of regulatory T cells 

(called Tregs), a population of CD4 T cells that express the transcription factor FoxP3, and 

play a key role in suppressing inappropriate immune responses. Several studies have 

outlined a two-step process for Treg development. First, strong TCR signaling induces the 

upregulation of the high-affinity α-chain of the interleukin 2 (IL-2) receptor (CD25), 

generating a population of CD25hi FoxP3- thymocytes. Although this population is enriched 

for thymocytes with the potential to develop into CD25+FoxP3+ Tregs, further commitment 

to the Treg lineage requires IL-2 induced signaling though the signal transducer STAT5, 

which results in the expression of FoxP3 (45, 46). Although these two events can occur 

sequentially, we have recently demonstrated that the spatiotemporal linkage of these two 

signals results in greatly enhanced Treg development in situ (15). We also provided evidence 

that DCs within the thymus are a potent source of IL-2 for Treg development (15). Thus, 

although many types of APCs have been shown to effectively support Treg development, our 

study suggests that DCs may be particularly efficient at doing so in that they can deliver 

TCR signals while simultaneously providing a local source of IL-2. Interestingly, existing 

thymic Tregs limited new Treg development by competing for limiting supplies of IL2. The 

fate of the Treg progenitors that fail to compete effectively for IL2 is unclear, but these may 

go on to become conventional auto-reactive T cells, which are held in check by Tregs with 

related specificities, a strategy that has been termed the “buddy system” (43).

Our data is in line with the view that the majority of thymic Treg develop from CD4SP 

thymocytes in the medulla (46–48). DC are found at a high density in the medulla, and also 

express the CD28 ligands B7.1 and B7.2, which should also contribute to their ability to 
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induce Treg development. Furthermore, mTECs can serve as APCs for Aire-dependent 

antigens, and also express high levels of B7, as well as IL-15 (49), a cytokine that plays a 

redundant role with IL2 to promote Treg development. Thus, the medullary 

microenvironment is enriched in cytokines and co-stimulatory molecules that support Treg 

development.

On the other hand, interfering with cortex to medulla migration by pharmacologic inhibition 

or genetic deficiency of CCR7 does not significantly reduce the population of CD4 SP 

FoxP3+ thymocytes, which accumulate in the cortex under these conditions (22, 50). 

However, the repertoire of the Tregs that develop under these conditions is likely altered and 

not sufficiently protective, owing to the lack of Tregs specific for Aire-dependent tissue-

restricted antigens. Indeed, a paucity of tissue-specific Tregs likely contributes to the organ-

specific autoimmunity observed in CCR7-deficient mice (37). Thus, although not directly 

shown, CCR7 is likely critical for the development of Tregs specific to tissue-specific, but 

not ubiquitous, self-antigens, in parallel to the previously described requirement for CCR7 in 

the negative selection of thymocytes to tissue-restricted, but not ubiquitous, self-antigens 

(37, 38).

As discussed in the previous section, class II-restricted thymocytes are competent to undergo 

negative selection within a given “window” of development, which closes at the mature CD4 

SP stage. Some evidence suggests that a similar window exists during which thymocytes are 

competent to develop into Tregs. Upon sorting populations of differing maturity within the 

CD4 SP thymocyte population, Wirnsberger et al demonstrated that immature CD4 SP 

thymocytes exhibit an enhanced propensity to upregulate FoxP3 in response to TCR 

stimulation in vitro and in vivo as compared to mature CD4 SP thymocytes (47). Thus, like 

the ability to undergo negative selection, the ability of CD4 SP thymocytes to develop into 

Tregs seems to decrease as thymocytes mature. However, in contrast to the ability to undergo 

negative selection, mature CD4 SP thymocytes do not entirely lose the ability to develop into 

Tregs. The fact that the window for Treg development appears to extend further than that for 

negative selection could create a “backup mechanism” to ensure that highly autoreactive 

thymocytes are excluded from the conventional T cell repertoire despite resistance to 

negative selection at the later stages of thymic development. Interestingly, the correlation 

between thymocyte maturation and propensity to develop into Tregs continues during the 

extrathymic stages of maturation, as recent thymic emigrants show an enhanced ability to 

develop into Tregs in vivo as compared to fully mature CD4 T cells (51).

 TCRab CD8aa intraepithelial lymphocytes

The precursors of αβTCR CD8αα IELs develop in the thymus in response to strong TCR 

signals, and are therefore also considered an agonist selected lineage (41, 42, 52). Following 

development in the thymus, these T cells home to the intestinal epithelium, where their exact 

role(s) remain enigmatic (53). However, CD8αα IELs have been shown to play a protective 

role in several models of colitis, suggesting that these cells act to promote immune 

homeostasis and tolerance in the gut (54). In contrast to Tregs, which develop almost 

exclusively from class II-restricted thymocytes, thymocytes with a wide variety of MHC 

specificities can give rise to CD8αα IELs. Several groups have recently cloned TCRs from 
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endogenous CD8αα IELs, and identified clones restricted to non-classical MHC molecules, 

as well as classical MHC I and MHC II molecules (42, 52). Furthermore, it has been 

demonstrated that both class I and class II-restricted TCR transgenic thymocytes can give 

rise to CD8αα IELs in the presence of cognate antigen in vivo (55).

The stage(s) during which thymocytes are competent to undergo agonist selection into the 

CD8αα IEL lineage has been difficult to assess, due to a lack of unambiguous markers for 

the CD8αα IEL precursors. CD8αα IEL precursors are found within a NK1.1- CD5+ 

population with low expression of CD4 and CD8 (42, 52). However this population also 

likely includes conventional αβTCR thymocytes undergoing negative selection Furthermore, 

given that cells within this population have downregulated both CD4 and CD8, it is 

impossible to determine what the cell surface phenotype of the thymocyte was prior to its 

falling within this population. Given the broad range of specificities of CD8αα IELs, it is 

likely that multiple pathways for CD8αα IEL development exist (Figure 4B).

Nonetheless, several studies have demonstrated that exposure of DP thymocytes to strong 

agonists in vitro causes these thymocytes to adopt characteristics of CD8αα IELs, indicating 

that thymocytes might be competent to develop into CD8αα IELs as early as the DP stage 

(54, 56). Furthermore, one study demonstrated that endogenous superantigen-reactive TCRs 

were absent from the conventional CD4 and CD8 SP populations, but were present within 

the DP population, suggesting that the majority of commitment to the CD8αα IEL lineage in 
vivo occurs at the DP stage (33). Another study suggests that specification of the CD8αα 

IEL lineage might occur even earlier, among CD4 CD8 double negative thymocytes 

receiving pre-TCR signals, although continued development required agonist TCR signals 

(57). On the other hand, class I-restricted thymocytes can give rise to CD8αα IELs even 

when expression of the cognate antigen is Aire-dependent and therefore restricted to the 

medulla (55). Thus, class I-restricted thymocytes likely remain competent to undergo agonist 

selection into the CD8αα IEL lineage at least until a late DP stage at which they would be 

exposed to medullary antigens (Figure 4B).

Currently, little is understood regarding the cellular and molecular factors that promote 

CD8αα IEL development. Thus, whether particular thymic microenvironment(s) are 

particularly effective for driving CD8αα IEL development remains unknown. As a lack of 

costimulation has been shown to promote CD8αα IEL development, CD8αα IEL 

development could be most efficient in regions with low expression of costimulatory 

ligands, namely, the cortex (33). On the other hand, several studies suggest that IL-15 

enhances CD8αα IEL development, and IL-15 is detected primarily within the medulla (49). 

Although costimulatory ligands are more prevalent in the medulla, the higher levels of IL-15 

could provide pro-survival signals that serve to limit the extent of negative selection, 

allowing for CD8αα IEL development in response to medullary antigens. Further studies are 

needed to delineate the developmental stage(s) at which CD8ααIEL development occurs, 

and to pinpoint the cell types and microenvironments that support this type of agonist 

selection.
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 Functional tuning of TCR responsiveness during thymic selection

How do signals though a single receptor, the αβTCR, lead to so many distinct developmental 

outcomes? In answering this question, the popular affinity model for thymocyte selection, 

which dictates that thymocyte fate is determined by the affinity of the TCR for the self 

peptide-MHC complexes encountered in the thymus, is often invoked. While this model 

provides a useful starting framework, it does not encompass the dynamic changes in how 

thymocytes respond to TCR stimulation as they mature. For example, preselection DP are 

highly sensitive to in vitro stimulation with low potency ligands, and this is thought to allow 

for positive selection of thymocytes whose TCRs have very low affinity for self-peptide 

MHC complexes (58–60). As thymocytes mature, they lose the ability to respond to low 

potency ligands, which may prevent thymocytes from being activated by self-ligands when 

they encounter them in the periphery. A number of reports have identified the molecular 

players that contribute to unique ability of preselection thymocytes to detect low potency 

ligands, and to down-modulate their sensitivity in response to positive selection. These 

include a voltage gated calcium channel that increases the sensitivity of DP thymocytes to 

low potency ligands (61), CD5: a surface molecule that is induced by positive selection and 

negatively regulates TCR signaling (62, 63), miR-181a: microRNA that regulates a family of 

phosphatases (64), and Themis: an adaptor protein that helps to recruit the tyrosine 

phosphatase SHP-1 to the TCR complex and prevent thymocytes from over-reacting to low 

potency ligands (65). Together, these molecules serve to render preselection DP thymocytes 

highly responsive to low potency (positive selecting) ligands, and also allow thymocytes to 

dynamically adjust their sensitivity as they mature.

While thymic maturation is associated with the loss of sensitivity to low potency ligands, 

paradoxically, positive selection and thymocyte maturation are also associated with 

increased TCR responses. It has been known for some time that surface TCR levels 

gradually increase during positive selection. Moreover, markers of TCR signaling increase 

during the late stages of CD8 positive selection, and this is dependent on a TCR-dependent 

increase in intracellular Zap70 levels throughout positive selection (30). Likewise, a 

decrease in the expression of the negative regulator CD5 during CD8 positive selection is 

expected to enhance TCR responsiveness over time.

Dynamic changes in thymocyte motility patterns may also impact their TCR responsiveness. 

As mentioned earlier, continuous thymocyte migration might be expected to oppose 

persistent TCR signals, since migration away from sessile peptide-MHC bearing cells would 

disrupt ongoing TCR signals. In this regard, it is interesting to note that preselection 

thymocytes migrate in the cortex relatively slowly (around 5 micron/minute), whereas post-

selection medullary thymocytes migrate at about twice the speed (10–12 microns/minute) 

(44). We recently performed a detailed time course analysis of the dynamic behavior and 

signaling of class I specific (OT1) thymocytes throughout the process of positive selection, 

revealing a gradual increase in thymocyte speed over the first 24 hours of positive selection 

(16). These changes were accompanied by a gradual increase in resting intracellular calcium 

and progressively briefer (2–3 minute) transient signaling events (Figure 2D). It is tempting 

to speculate that these changes in migratory behavior may contribute to the dynamic changes 

in TCR responsiveness that accompany positive selection.
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Clearly, the change in TCR responsiveness during thymic development cannot be understood 

solely in terms of increased or decreased TCR sensitivity. Rather, the differences must be 

understood in relation to the nature of the ligand (e.g. low versus high potency) and the 

nature of the response (e.g. functional tuning and survival versus negative selection). For 

example, preselection DP thymocytes may be better equipped to detect low potency ligands 

than more mature thymocytes, but they respond in a blunted manner that promotes 

functional tuning rather than negative selection. Moreover, preselection DP thymocytes are 

highly susceptible to negative selection upon encountering high potency ligands, whereas 

more mature stages of thymic development are relatively resistant to cell death, and may 

undergo tuning or agonist selection instead of negative selection. Future studies are needed 

to further dissect the responses of thymocytes at different stages of development to high and 

low potency ligands. Ideally, these studies will examine thymocytes within the thymic 

environment, in order to encompass the impact of cell motility, as well as the specialized 

APC populations that thymocytes encounter at different stages of their development.

 Concluding Remarks

Throughout this review, we have highlighted some of the many open questions and areas 

where future investigation is needed. What is the temporal pattern of positive selection of 

CD4 T cells, and how does that differ between positive selection of CD8 T cells? Do 

differences in the temporal pattern of signaling upon class I versus class II MHC recognition 

contribute to CD4 versus CD8 lineage commitment? How precisely does the TCR sensitivity 

and functional response of the thymocyte change during over the course of T cell maturation 

within 3D thymic environments? Does the frequency/duration of signaling events determine 

whether TCR signals lead result in positive versus negative selection, or negative versus 

agonist selection? With recent advances in our ability to synchronize, observe and 

manipulate T cell selection, the answers to some of these questions may not be far off.
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Figure 1. Thymic tissue slices provide a robust and versatile system for the study of T cell 
selection
A) Thymocytes of defined TCR specificity from TCR transgenic mice are overlaid onto 

vibratome-cut slices of thymic tissue and cultured for up to three days. Thymocytes migrate 

to their normal location within the tissue according to chemokine gradients and undergo 

synchronized development, and can be examined using flow cytometry or 2-photon time-

lapse imaging. B–F) Examples of variations of the thymic slice model (in green) and the 

relevant research advance (in purple). See text and references for details.
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Figure 2. Temporal patterns of TCR signaling in vitro and in thymic slices
A) Temporal responses to stimulation of pre-selection thymocytes with MHC-tetramers 

loaded with low or high potency ligands. Adapted from (17). Stimulation with low potency 

peptide ligands in vitro leads to sustained low-level signaling. B, C) Schematic of 

representative trajectories of preselection thymocytes within thymic slices during encounters 

with negative (B) or positive (C) selecting ligands. Green indicates periods of low 

intracellular calcium and relatively rapid migration, where as orange indicates migratory 

pauses and elevated intracellular calcium levels. These schematics are based on data from 2-

photon microscopy analysis of class I specific (OT1 or F5 TCR transgenic) thymocytes in 

thymic tissue slices. Using this system we have shown that negative selection correlates with 

a persistent increase in intracellular calcium, migratory arrest, and thymocyte death within 

4–12 hours after the initiation of TCR signaling (10). In contrast, positive selection 

correlates with serial transient increases in intracellular calcium accompanied by migratory 

pauses interspersed with periods of rapid migration and low intracellular calcium (14). (D) 

The pattern of TCR signaling during the first 24 hours of positive selection (cyan) and 

negative selection (red) inferred from calcium signaling and motility changes in thymic 

slices. Thymocytes undergo a gradual increase in migratory speed and basal calcium levels 

throughout the first 24 hours of positive selection, while exhibiting progressively briefer 

transient signals. At around 24 hours thymocytes change their chemokine receptor 

expression and migrate from the cortex to the medulla (16). While it has been shown that 

TCR signaling is required late during positive selection (30, 31), the late signaling pattern 

has not yet been directly examined (indicated by faint portion of the curve). In addition, 

while it has also been reported that thymocytes bearing class II specific TCRs also undergo 

transient signals during positive selection (9), the signaling pattern associated with thymic 

positive selection on class II MHC has not yet been extensively examined.
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Figure 3. Kinetics of chemokine receptor changes, intrathymic migration, co-receptor down-
regulation during positive selection of class II versus class I restricted thymocytes
A) Preselection CD4+CD8+ DP thymocyte reside in the cortex and express CXCR4, the 

receptor for the cortical chemokine, CXCL12. More mature CD4+CD8− and CD4-CD8+ 

single positive (SP) thymocytes localize to the medulla and express CCR7, the receptor for 

the medullary chemokines CCL21/CCL19. Thymocytes undergoing selection via class II 

MHC first down-regulate CD8 and then change their chemokine receptor pattern around 24 

hours after the initiation of positive selection. In contrast, although thymocytes undergoing 

selection via class I MHC also change their chemokine receptor expression around 24 hours, 

they do not down regulate CD4 until >1 day later. In the medulla, CD4SP thymocytes 

undergo a TCR independent maturation process (passing through stages termed semimature 

SM, M1, and M2) that correlate with down regulation of CD24 (HSA), upregulation of Qa2 
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and MHC class I, and the ability of thymocytes to die or proliferate upon TCR signaling (6, 

34). CD8 SP thymocytes appear to progress through similar stages, although this has been 

less well studied. B) Thymocytes undergoing positive selection via class II MHC upregulate 

the CD4 defining transcription factor ThPOK and down-regulate CD8 after 24 hours of 

Zap70 dependent TCR signaling. In contrast, thymocytes undergoing positive selection via 

class I MHC require Zap70-dependent TCR signaling for an additional day or more in order 

to upregulate the CD8-defining transcription factor Runx3 and downregulate CD4. Both 

lineages continue to require TCR signaling to promote cell survival after lineage 

commitment and co-receptor downregulation (30, 66).
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Figure 4. Distinct peptide and peptide presenting cells in the cortex versus medulla, and the 
timing of negative and agonist selection
Distinct peptide display and peptide presenting cells in the thymic cortex versus medulla. 

Cortical thymic epithelial cells (cTECs) express a unique proteasome subunit (the 

thymoproteasome) and lysosomal protease (L-cathepsin) that allows the generation of a 

unique peptide repertoire (orange) thought to promote positive selection (reviewed in (67)). 

In contrast, expression of the transcription factor Aire allows for the expression of tissue 

restricted antigens (blue) by medullary epithelial cells (mTECs). These tissue-restricted 

antigens can also be transferred to DCs, which are more prevalent within the medulla. Thus, 

Kurd and Robey Page 21

Immunol Rev. Author manuscript; available in PMC 2017 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



thymocytes do not have access to tissue-restricted antigens until the positive-selection 

induced migration to the medulla. Thymocytes are exposed to ubiquitous self-peptides 

(gray) at all stages of development. Perivascular regions surrounding cortical capillaries have 

some medullary character, including the presence of the “medullary chemokine CCL21 and 

dendritic cells (36). B) Timing of negative and agonist selection. Thymocytes gradually lose 

their susceptibility to negative selection as they progress through progress from DP through 

CD4 SP stages “semi-mature” SM stage. While SM thymocytes undergo apoptosis upon 

strong TCR stimulation, M1 and M2 thymocytes become activated and proliferated (6, 34). 

The susceptibility of class I restricted thymocytes has been less well studied, but appears to 

follow a similar pattern. Thymocytes that encounter high affinity self-peptide ligands may 

undergo agonist selection rather than negative selection, giving rise to Tregs or CD8αα IEL.
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