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Abstract

The development of a self-tolerant and effective T cell receptor repertoire is dependent on 

interactions coordinated by various antigen presenting cells (APC) within the thymus. T cell 

receptor–self-peptide–MHC interactions are essential for determining T cell fate, however 

different cytokine and co-stimulatory signals provided by the diverse APCs within the thymus are 

also critical. Here, we outline the different localization and functional capabilities of thymic APCs. 

We also discuss how these distinct APCs work collectively to facilitate the establishment of a 

diverse T cell receptor repertoire that is tolerant to an array of different self-antigens.
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1. Introduction

Random rearrangement of the T cell receptor (TCR) α and β genes in the thymus enables 

the T cell repertoire to broadly react to a universe of potential antigens derived from 
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pathogens. However, many TCRs will not be able to bind to those antigens when presented 

by the host’s limited set of major histocompatibility complex (MHC) molecules. Thus, a 

positive selection step that ensures that TCRs recognize antigens in the context of the host’s 

own MHC molecules is needed to guarantee that T cells are well equipped to respond when 

these pathogens are encountered. In addition, the ability to distinguish self-peptides from 

foreign peptides is essential to prevent the pathogenesis of autoimmune disease. Therefore, 

as T cells develop in the thymus, tolerance to self-peptides is acquired, in which autoreactive 

clones are pruned from the repertoire (clonal deletion) or directed to a regulatory lineage 

(Treg differentiation).

Antigen presenting cells (APC) orchestrate these selection events in the thymus. The 

strength of the interaction between the TCR and the self-peptide–MHC complexes presented 

by thymic APCs is crucial in determining the fate of a T cell. Weak interactions facilitated 

by cortical thymic epithelial cells (cTEC) promote positive selection, whereas stronger 

interactions drive both clonal deletion and Treg differentiation. But in addition to the 

strength of the TCR interaction, the specific peptides presented and the cytokine/

costimulatory context of that recognition plays a critical role in the outcome of selection. In 

this review, we discuss the diverse thymic APCs and how they facilitate the generation of a 

safe and effective T cell repertoire.

2. Cortical Thymic Epithelial Cells

Double positive CD4+CD8+ (DP) thymocytes first express a surface αβ TCR in the cortex of 

the thymus. Weak TCR interactions with peptide-MHC complexes in this environment 

mediate positive selection and CD4 and CD8 lineage commitment [1]. Cortical thymic 

epithelial cells (cTEC) play an essential role in this process (Figure 1). In fact, cTECs are 

uniquely primed to drive positive selection, in part due to their ability to process and present 

antigens via machinery distinct from other antigen presenting cells.

2.1. Cortical Thymic Epithelial Cells and Antigen Processing

Proteasomes degrade cytosolic proteins, resulting in peptide fragments that can be loaded 

onto MHC I molecules in the endoplasmic reticulum (ER). The catalytic core of the 

proteasome includes the three β-subunits: β1, β2, and β5 [2]. While other cell types express 

either the β5- or β5i- subunits, cTECs have a specialized proteasome subunit that is critical 

for positive selection: β5t [3, 4]. The ‘thymoproteasome’, unique to cTECs, is specifically 

composed of β1i (Psmb9), β2i (Psmb10), and β5t (Psmb11) subunits. Mice that lack β5t, 

and therefore, the thymoproteasome, have a substantial defect in positive selection of CD8 T 

cells [3]. The number of CD8 T cells in β5t deficient mice is approximately 20% that of 

their wild type counterparts [5, 6]. In addition, the ensuing T cell pool has diminished 

responsiveness to infection, demonstrating that the thymoproteasome is critical for shaping 

the T cell repertoire [5, 6].

Since the proteasome plays a key role in producing peptides that are loaded onto MHC I 

molecules, it is reasonable to hypothesize that the β5t-containing thymoproteasomes may 

have proteolytic capabilities that lead to a unique peptide–MHC repertoire. Indeed, β5t 

promotes decreased chymotrypsin-like activity compared to proteasomes that use either β5 
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or β5i [3]. Therefore, it was hypothesized that β5t-containing thymoproteasomes would 

produce peptides that are enriched for basic residues at the C-terminus. Since a substantial 

portion of the binding energy of MHC to peptides is through the hydrophobic C-terminus of 

the peptide, the thymoproteasome could generate peptides that bind to MHC molecules more 

weakly. However, it has been recently shown that while the thymoproteasome does produce 

unique peptides compared to the β5i-containing immunoproteasome; both generate peptides 

with hydrophobic residues at the C-terminus [7].

The question then becomes whether cTECs promote positive selection merely because their 

peptides are different from those presented by other APCs during negative selection, or if the 

cTEC-exclusive peptides themselves are somehow specialized for inducing positive 

selection. Experimental results are mixed. When both the immunoproteasome and 

thymoproteasome subunits were removed, leaving just the constitutive proteasome in all 

thymic APCs, only 10% of mature CD8+ thymocytes developed [8]. This decrease in CD8 T 

cells was rescued in Bim-deficient mice, suggesting that negative selection was responsible 

for the death of most CD8+ thymocytes [8]. The authors concluded that the peptidome 

therefore needs to be distinct between cTEC and other thymic APC in order to generate a 

normal sized repertoire, and the role of β5t is to generate a distinct peptidome in cTEC. 

However, in another study, mice were engineered to express different peptidomes in cTEC 

versus other thymic APC, but without using β5t. In these mice, positive selection of CD8 T 

cells was still diminished [9], suggesting that the β5t generated peptidome is specialized for 

inducing positive selection. It is possible that both concepts are accurate, that 

thymoproteasome-dependent peptides are both distinct from other thymic APC and 

specialized for positive selection. Although the mechanism of this specialization is unclear, 

it may relate to preferentially producing low-affinity TCR ligands [7].

Another interesting possibility that has not yet been explored experimentally is that the 

thymoproteasome may change the extent to which the peptide repertoire consists of “spliced 

peptides.” CD8 T cells have been shown to recognize peptides formed from two 

noncontiguous fragments of a protein that have been spliced together [10]. This splicing is 

proteasome dependent; for example an immunoproteasome is not always capable of 

generating the same spliced peptide as a constitutive proteasome [11]. It was recently 

suggested that in humans, approximately one-third of the peptides presented by HLA I 

molecules may be spliced peptides [12], indicating that this subset is a non-trivial proportion 

of the overall peptide repertoire. As the catalytic mechanism proposed in peptide splicing 

includes the function of the β-subunit of the proteasome [11], this leads to the appealing 

question of whether cTECs present unique spliced peptides that somehow facilitate positive 

selection of an even more diverse T cell repertoire.

In an analogous fashion to the thymoproteasome, genes involved in the proteolysis of 

endosomal proteins are preferentially expressed in cTECs and play a role in the selection of 

the CD4 T cell repertoire. These include the thymus specific serine protease (TSSP) 

(Prss16), and cathepsin L (CatL) [13, 14]. As MHC II molecules bind to peptides from the 

endosomal pathway, the function of these genes appears to be to create unique peptides 

optimized for selecting the CD4 T cell repertoire. Indeed, deficiency in TSSP and CatL 

impact positive selection of CD4 T cells [13–15].
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2.2. Cortical Thymic Epithelial Cells and Antigen Presentation

Particularly for MHC II molecules, cTEC utilize a distinct antigen presentation pathway in 

addition to unique antigen processing machinery. CD83 is a member of the immunoglobulin 

superfamily that is expressed by activated dendritic cells and a wide array of other cell types, 

including B and T cells [16]. In dendritic cells, CD83 stabilizes MHC II by preventing 

ubiquitination and subsequent internalization [17]. Importantly, CD83 is constitutively 

expressed in cTEC and has recently been suggested as a direct target of Foxn1, the lineage 

defining transcription factor required for thymic epithelial cell growth and differentiation 

[18].

Mice deficient in CD83 have a substantial defect in CD4 T cell selection [19–21]. Because 

selection of TCR transgenic CD4 T cells was markedly reduced in CD83-deficient bone 

marrow recipients, this defect in CD4 T cell selection is likely attributed to a failure of 

positive selection, rather than disproportionate clonal deletion [19]. CD83-deficient mice 

have increased turnover of MHC II at cTEC cell surfaces, suggesting that, like in other 

APCs, CD83 regulates the stability of MHC II on the surface of cTECs [19, 20]. CD83 does 

so by antagonizing the ubiquitination-dependent lysosomal degradation of MHC II, which is 

mediated by the ubiquitin ligase, March 8 [19, 22]. This mechanism parallels that of MHC II 

ubiquitination mediated by March 1 in dendritic cells [17]. The requirement for stable MHC 

II surface expression for CD4 T cell selection supports the notion that CD4 T cells may 

require prolonged interactions with selecting peptides for positive selection, based on the 

kinetic signaling model for T cell lineage commitment [23, 24].

It is unclear whether March 8 and March 1 evolved simultaneously in distinct cell types to 

mediate identical functions, or if March 8 plays a more specific role specialized for cTEC-

mediated positive selection. However, March 8 expression does not appear to have a direct 

impact on the CD4 T cell receptor repertoire [22]. One separate function may lie in the 

ability to target distinct additional substrates, including CD86, which is targeted by March 1 

in dendritic cells, but not by March 8 in thymic epithelial cells [17, 22].

Interestingly, Foxn1 controls the expression of both Cd83 and Psmb11, suggesting that 

Foxn1 may direct positive selection of both CD4 single positive (SP) and CD8SP 

thymocytes [18, 25]. For both MHC I and MHC II restricted thymocytes, positive selection 

triggers the upregulation of C-C chemokine receptors CCR4 and CCR7 that guide the cells 

toward the medulla and its dendritic cell (DC)-rich environment [26–31]. The APCs here 

have distinct roles in both clonal deletion and further differentiation of T cells with 

homeostatic functions.

3. Medullary Thymic Epithelial Cells

Medullary thymic epithelial cells (mTEC) play a critical role in mediating tolerance to self-

antigens through ectopic expression of tissue restricted antigens (TRAs) (Figure 1). TRA 

expression by mTECs largely depends on AIRE (autoimmune regulator), a transcriptional 

regulator that controls the expression of antigens normally expressed in certain peripheral 

tissues [32]. Additionally, AIRE plays a role in mTEC development, promoting the 

expression of CD80 and MHC II on mature mTECs [33, 34]. Lineage tracing experiments 
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have revealed that mTECs undergo discrete stages of development, eventually 

downregulating AIRE. These “post-AIRE” mTECs lose their mature phenotype and express 

decreased MHC II, CD80/86, and AIRE-dependent TRAs [35, 36]. Furthermore, post-AIRE 

mTECs preferentially migrate toward the center of the medulla, indicating that localization 

may dictate how mTECs facilitate central tolerance [35].

Recently, an additional transcription factor that promotes thymic expression of a subset of 

TRAs via an AIRE-independent mechanism was identified. Fezf2 plays an essential role in 

mediating immune tolerance to tissue restricted antigens [37]. Distinct pathways regulate the 

expression of Fezf2 and AIRE; Fezf2 is regulated by the lymphotoxin beta receptor (LTβR), 

whereas AIRE is regulated by receptor activator of nuclear factor-κB (RANK) and CD40, 

which are members of the tumor necrosis factor receptor superfamily (TNFRSF) [37]. 

Therefore, Fezf2 and AIRE may have emerged at different points in evolution and possibly 

cooperate by regulating distinct gene sets.

In addition to self-antigen presentation mediated by AIRE and Fezf2, mTECs produce 

AIRE-independent chemokine ligands, CCL19 and CCL21, which attract CCR7-expressing 

developing thymocytes to the medulla [29, 31, 38]. These ligands may facilitate interactions 

between these developing thymocytes and mTECs–reviewed in reference 39 – to drive 

thymocyte selection [39].

3.1. Medullary Thymic Epithelial Cells and Clonal Deletion

Classic studies showed that mTECs can facilitate tolerance by inducing clonal deletion of 

TRA-reactive T cells. In a model in which membrane-bound ovalbumin expression was 

driven by the rat insulin promoter (RIP-mOVA), and thus specifically expressed in an AIRE-

dependent manner, AIRE knockout (KO) and mTEC-depleted mice had a small but 

significant increase in the number of OT-II transgenic CD4SP thymocytes, suggesting that 

AIRE plays a role in mediating clonal deletion [40, 41]. More recently Malhotra et al. used 

tetramer enrichment to show that rare polyclonal T cells specific for TRA were also 

modestly increased in AIRE KO mice [42]. Clonal deletion is now assumed to be the 

mechanism for eliminating a large number of TRA-specific clones as mTEC ablation leads 

to an increase in the proportion of polyclonal CD4SP thymocytes [35]. The role of Fezf2 in 

mediating clonal deletion is less clear. Fezf2 deficient animals do not have a difference in the 

CD4SP or CD8SP pool size compared to wild type animals, however differences in TCRVβ 
usage indicate Fezf2 shapes the CD4 and CD8 TCR repertoire [37].

Because direct MHC II-dependent interactions between thymocytes and mTECs are required 

for proper medullary architecture and organization [43], assessing the role of mTEC MHC II 

molecules in tolerance required the development of a method in which the class II 

transactivator (C2TA) was specifically knocked down (kd) in mTECs via AIRE promoter 

driven shRNA [44]. C2TAkd bone marrow recipients showed a moderate increase in the 

frequency of CD4SP thymocytes, indicating that mTECs mediate clonal deletion. 

Interestingly, CD4SP thymocytes further increased when donor bone marrow was also 

deficient in MHC II, suggesting that mTECs and DCs play non-redundant roles in mediating 

deletion of the polyclonal T cell repertoire [44]. A different group performed high 

throughput analysis of the TCR repertoire in animals lacking MHC II on bone marrow APCs 
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or in C2TAkd animals. Repertoire analysis revealed fewer unique TCRs enriched in C2TAkd 

animals compared to animals with MHC II deficient bone marrow, suggesting that while 

mTECs are capable of mediating clonal deletion, their relative contribution is minimal 

compared to bone marrow APCs [45].

3.2. Medullary Thymic Epithelial Cells and Regulatory T cell Differentiation

A study in which mTECs were shown to induce development of Tregs specific for an AIRE-

dependent model antigen gave the first indication that AIRE-expressing mTECs may also 

impact tolerance through shaping the Treg repertoire [46]. Indeed, it was recently shown that 

organ-specific Tregs required AIRE-mediated expression of the self-antigen [47, 48]. 

Although polyclonal Treg numbers are not dramatically altered in the absence of AIRE, at 

least in adult mice [40, 49], AIRE may play a major role in directing specific T cell clones 

into the Treg lineage. Therefore, strategies to analyze the impact of AIRE and mTECs at the 

TCR-level have been employed. One approach took advantage of using a fixed TCR-β chain 

to enable analysis of TCR specificities via sequence analysis of the TCRα chain [45, 50, 

51]. Perry et al. performed high throughput analysis of the TCR Vα2 repertoire in animals 

lacking MHC II on bone marrow APCs or in C2TAkd animals. Like with clonal deletion, 

mTECs contributed less to Treg generation compared to bone marrow APCs. However, 

mTECs contributed substantially more to Treg induction than to clonal deletion at the 

repertoire level [45]. Further TCR analysis in AIRE deficient mice revealed that AIRE plays 

a major role in selecting the thymic Treg TCR repertoire, particularly on lower frequency 

TCRs [45].

Similarly, Malchow et al. performed deep sequencing of the complete TCRα repertoire in 

isolated peripheral Treg and conventional T cells in AIRE-sufficient or -deficient animals. 

This study found a large number of underrepresented Treg TCRs in AIRE-deficient animals. 

Interestingly, in the absence of AIRE, these clones were identified in the conventional T cell 

repertoire. A major proportion of the clonotypes mediating autoimmune pathology in AIRE 

deficient animals are preferentially expressed by Tregs in AIRE-sufficient animals, 

suggesting that a major mechanism by which AIRE enforces central tolerance is directing 

autoreactive conventional TCR clones into the regulatory T cell lineage [51].

Recent data also suggest that the AIRE-dependent Treg repertoire is distinct during different 

points in ontogeny and that these repertoires may be responsible for protecting separate 

tissues. Despite similar fractions of MHC IIhi mTEC and AIRE expression in perinatal and 

adult mice, the differences mediating this age-dependent selection of the Treg repertoire 

seem to lie in distinct antigen processing and presentation machinery capabilities. Perinatal 

mTECs had a decreased DO to DM ratio compared to adult mTECs. DM aids in the removal 

of the invariant chain derivative, CLIP, and other peptides from MHC II, while DO is known 

to inhibit this action. Therefore, perinatal mTECs had a corresponding decrease in the 

amount of CLIP, suggesting that perinatal mTECs are more efficient at replacing CLIP with 

other peptides and that the peptide repertoire presented by MHC II may therefore be more 

broad in perinatal mTECs [49]. These data support the notion that AIRE is essential to 

central tolerance during the neonatal period, but dispensable in adults [52].
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Although AIRE’s role in mediating Treg differentiation has been more thoroughly 

investigated, Fezf2 may also play an essential role in Treg lineage commitment. Fezf2 

deficient animals have decreased frequencies of thymic Tregs, indicating that Fezf2 may 

play an even more substantial role in mediating thymic Treg development [37]. Further 

analysis comparing the TCR repertoires of Tregs and conventional T cells in Fezf2 deficient 

animals will be necessary to determine if Fezf2 similarly directs TCRs from the 

conventional T cell pool into the Treg lineage.

While the relative importance of the contribution of AIRE-dependent clonal deletion and 

Treg induction to tolerance in not known, the studies discussed above suggest that AIRE-

mediated Treg induction may be the crucial mechanism by which AIRE enforces tolerance. 

Several studies have recently suggested that clonal deletion of T cells specific for self-

antigens and TRAs is incomplete [42, 53–56]. T cells specific to an epitope of the AIRE-

dependent retina-specific protein interphotoreceptor retinoid binding protein (IRBP) were 

incompletely deleted via an AIRE-dependent mechanism [55]. Furthermore, through the use 

of a model utilizing Cre recombinase as a neo-self antigen, Legoux et al. were able to track 

Cre tetramer-specific CD4 T cells in various mouse strains where Cre expression was 

restricted to specific peripheral tissues. Although efficient deletional tolerance was found in 

animals which ubiquitously expressed Cre, when the epitope was restricted to peripheral 

tissues, Cre:I-Ab specific T cell numbers were not decreased in either the thymus or the 

periphery, suggesting a lack of deletional tolerance [54]. Furthermore, tolerance to some 

tissue specific antigens, such as lung and intestine self antigens, required antigen-specific 

Tregs [54]. Another study that used a similar model to investigate antigen-specific tolerance 

to fluorescent proteins expressed by various tissue specific promoters came to similar 

conclusions. Malhotra et al. defined three clusters of self-specific cells. The first cluster is 

characterized by wild type numbers of cells with relatively few regulatory T cells, 

suggesting that these cells did not encounter their epitope. Thus, the mechanism mediating 

tolerance for cluster 1 was likely ignorance. The second cluster resembled that of the lung 

and intestine-specific cells reported by Legoux et al., in which there were relatively large 

numbers of Treg cells and few effector cells. Finally, the mechanism mediating tolerance to 

the third cluster was deletion, which also included T cells specific for ubiquitously expressed 

proteins [42]. These data suggest that the mechanism of tolerance for a specific epitope may 

not be solely mediated by the APC type, but may also depend on its relative expression 

within the thymus.

4. Thymic Dendritic Cells

Three universally defined dendritic cell (DC) subsets have been described within the thymus 

[57]. These subsets include plasmacytoid DC (pDC) and two conventional DC (cDC) 

populations, which are delineated based on their expression of lineage-defining cell surface 

markers and transcription factors [57, 58] (Figure 1). cDC1 are defined based on their 

expression of the chemokine receptor, XCR1 (XC-chemokine receptor 1), and require the 

transcription factor IRF8. Alternatively, cDC2 express SIRPα (signal regulatory protein 

alpha, CD172a) and require the transcription factor IRF4 [58]. These DC subsets are 

uniquely primed to process and present distinct antigens based on their functional 

specialization and their ability to respond to different migratory cues.
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cDC1 are specialized to cross-present mTEC-derived self-antigens and accumulate in the 

medulla in an XCR1-dependent manner. XCL1 (XC-chemokine ligand 1 or lymphotactin), 

the ligand for XCR1, is produced by mTEChi cells in an AIRE-dependent manner, indicating 

that XCR1 expression facilitates the transfer of mTEC derived TRAs for cross-presentation 

[59, 60]. Recent evidence suggests that these cDC1 undergo constant homeostatic 

maturation within the thymus; mature cDC1 express CCR7 and upregulate MHC II, CD40, 

CD83, and CD86. In contrast to immature (CCR7 negative) cDC1, only mature cDC1 are 

able to cross-present mTEC-derived antigens [61]. Therefore, this maturation process is 

likely essential for efficient self-antigen presentation in the thymus; immature cDC1 may not 

contribute to or may play a distinct role in driving central tolerance compared to their mature 

counterparts. The factors that control thymic DC maturation have not yet been defined.

In contrast to cDC1, cDC2 originate in the periphery and are capable of acquiring serum-

antigens and/or transporting self-antigens into the thymus [57, 62, 63]. C-C chemokine 

receptor 2 (CCR2) dictates cDC2 migration into the thymus [63]. Although both cDC1 and 

cDC2 localize within the medulla, cDC2 may also accumulate within the perivascular region 

of the cortex [27, 63]. However, the specific site in which this subset accumulates within the 

thymus remains controversial and the specific chemotactic signals that are required for 

localization are unknown [1, 63]. pDCs also migrate to the thymus from peripheral sites, 

however the thymic homing of this subset is CCR9-dependent [64, 65]. Like cDC2, pDC are 

capable of acquiring self-antigens in the periphery and homing to the thymus to present 

antigens to developing thymocytes [65].

The distinct chemotactic requirements and antigen presenting capabilities of the DC subsets 

suggests that they may play unique functional roles in facilitating selection of the T cell 

repertoire.

4.1. Thymic Dendritic Cells and Clonal Deletion

Although the relative contribution of bone marrow APCs and mTECs to clonal deletion is 

unknown, recent studies examining negative selection at the individual TCR level suggest 

that bone marrow-derived APCs contribute more to clonal deletion than mTECs [45, 66]. 

This makes sense, given that the majority of clonal deletion occurs in the cortex compared to 

the medulla and that migratory cDC2 can localize in the cortex [63, 66–69].

Because cDC2 are capable of acquiring self-antigens in the periphery and transporting them 

to the thymus, it has been suggested that they mediate tolerance to extrathymic antigens [57, 

62, 63]. Indeed, OVA-specific thymocytes underwent clonal deletion mediated by circulating 

DCs in a model in which OVA was expressed exclusively by cardiomyocytes [62]. 

Interestingly, cDC2 express the highest levels of the CCR4 ligands, CCL17 and CCL22 [70]. 

CCR4 is required for thymocyte migration from the cortex to the medulla [26]. Although 

thymic cellularity in CCR4 deficient animals is mostly unaffected compared to wild type 

animals, mixed CCR4 deficient and wild type bone marrow chimeras revealed a relative 

increase in CCR4 deficient CD69+ thymocyte populations compared to wild type 

thymocytes, implying that CCR4-mediated thymocyte–cDC2 interactions are required for 

efficient clonal deletion [27].
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Recent evidence also suggests that there may be variability in the relative contribution of 

these dendritic cell subsets to clonal deletion over time. The frequency of both cDC2 and 

pDC populations was increased in 4-week-old non-obese diabetic (NOD) mice compared to 

their newborn counterparts [71]. Additionally, antigen processing and presentation was 

enhanced in cDC2 from four-week-old mice compared to cDC2 from newborns [71]. The 

frequency of cDC1 in the thymus may also be age-dependent. Perinatal NOD mice had 

nearly 1/3rd of the frequency of cDC1 compared to adults [49]. This is in direct contrast to 

findings reported by Kroger et al., who suggest that newborn NOD mice have a larger 

proportion of cDC1 compared to 4 week old NOD mice [71]. Although the explanation for 

this discrepancy is unclear, these contradictory findings might be justified by differences in 

gating strategies, housing conditions, or NOD strains. Additionally, neither group reported 

cDC1 cell numbers when comparing perinatal to adult mice, which may be more indicative 

of the temporal changes in this cell population. Overall, the idea of age dependent 

differences in DC composition is interesting and may consequently result in changes in 

clonal deletion and Treg cell development, however further studies are needed to more 

directly define these changes.

As mentioned above, thymic dendritic cells seem to contribute to a large proportion of the 

deletional tolerance to AIRE-dependent TRAs [42, 55]. Thymic DCs mediate AIRE-

dependent deletion of T cells specific for IRBP epitope [55]. Additionally, in the cluster 

system described by Malhotra et al. (see Section 3.2), a major proportion of DCs expressed 

cluster 3 antigens, in which deletion was the major tolerance mechanism, compared to 

clusters 1 and 2, in which ignorance or Treg induction were the major mechanisms of 

tolerance [42].

Because of their capability to produce type I interferons during viral infections [72] and their 

poor antigen presenting capacity compared to cDC, it was largely believed that pDC 

assumed an immunomodulatory function within the thymus [73, 74]. However, evidence 

now suggests that pDC may play a role in mediating central tolerance as well. Wild type 

pDC loaded with OVA peptide and adoptively transferred, migrated to the thymus and 

promoted deletion of OVA-specific OT-II thymocytes, whereas CCR9-deficient pDC did not 

[65]. Furthermore, because CCR9 is also essential for pDC homing to the small intestine 

during both homeostatic and inflammatory conditions [75], pDC may mediate tolerance to 

commensal or food antigens within the thymus, however this hypothesis has not been tested 

to date.

4.2. Thymic Dendritic Cells and Regulatory T Cell Differentiation

Both cDC1 and cDC2 are capable of promoting Treg induction in vivo [74, 76, 77], and it 

has been suggested that cDC2 are more efficient at driving Treg differentiation in vitro [77]. 

Interestingly, several recent studies suggest that bone marrow APC play a critical role in 

promoting selection of AIRE-dependent Treg clones [45, 48, 78]. However, there are 

conflicting reports about whether cDC1 and cDC2 are redundant in their roles for AIRE-

dependent Treg selection. Perry et al. demonstrated a non-redundant role with data showing 

that cDC1 were required for the selection of four AIRE-dependent Treg clones. However, 

utilizing high throughput TCR analysis comparing cDC1-sufficient and -deficient animals, 
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Leventhal et al. concluded that cDC1 did not have an impact on the Treg TCR repertoire. 

One explanation may be related to the analysis method. Perry et al. showed that removal of 

the three most frequent TCR specificities from analysis was required to determine a 

difference in Treg TCR repertoires in C2TAkd and WT animals [45]. However, Leventhal et 
al. did not utilize this strategy to assess similarity between cDC1-dependent Treg TCRs.

pDC can also promote the development of Treg in vitro [79], however their role in mediating 

Treg differentiation in vivo is unclear. pDC did not have an effect on Treg selection of four 

bone marrow APC-dependent TCRs [45], however the precise role of pDC in mediating 

Treg selection of the polyclonal repertoire is unknown.

In addition to their role in mediating the TCR-dependent first step of Treg differentiation, 

DCs may also instruct the second step of Treg development, which requires interleukin 

(IL)-2 and IL-15 cytokine signals [80]. It was previously believed that thymocytes were the 

major producers of IL-2 in the thymus, however a recent study using thymic tissue slices 

found that thymic DCs provide a local source of IL-2 to developing Tregs [81]. Therefore, 

distinct APC subsets within the thymus may cooperate to drive thymic Treg differentiation.

The distinct contributions of cDC1 and cDC2 to central tolerance remain to be tested. 

Unfortunately, no current method exists to specifically deplete cDC2 [82]. Therefore, new 

tools are needed to assess the relative contribution of cDC1 and cDC2 to both clonal deletion 

and Treg differentiation. Additionally, the relative importance of antigens acquired in the 

periphery compared to those acquired in the thymus is unknown. Does the functional 

specialization of cDC2 change depending on the location of where antigen is acquired? Do 

intrathymic and extrathymic self-antigens favor different tolerance mechanisms? Is tolerance 

to commensal and food antigens mediated in the thymus as well as in the periphery?

5. Thymic B Cells

Although thymic B cells comprise a similar proportion of total thymic cells compared to 

DCs and mTECs, relatively little is known about their function in the thymus [83]. However, 

their localization in the medulla and cortico-medullary junction suggests that thymic B cells 

may play an integral role in mediating Treg development and deletion of autoreactive T cell 

clones (Figure 1) [84, 85]. In support of this notion, thymic B cells seem exceptionally 

primed to present antigens; compared to splenic B cells, thymic B cells have markedly 

increased expression of MHC II and co-stimulatory molecules, including CD80 and CD86 

[83–85].

Whether thymic B cells arise and develop in the thymus or circulate from the periphery and 

adopt a new phenotype remains unclear, however it is likely that both occur [83, 85, 86]. It is 

evident that the thymic microenvironment is important for driving B cell functions that are 

distinct from those of the periphery. Notably, licensed thymic B cells express AIRE, whereas 

peripheral B cells do not [83]. Thymocyte interactions with B cells promote B cell licensing 

much in the way that they orchestrate mTEC maturation, in that in both cases, thymocytes 

provide TNFRSF stimulation to induce AIRE upregulation. CD40 is critical for the 

maintenance of thymic B cells and MHC II-restricted cognate interactions drive thymic B 
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cell class switching and AIRE expression, indicating that cognate interactions between B 

cells and T cells may be essential for driving central tolerance [83, 87].

Recently, Nuñez et al. demonstrated that memory B cells accumulate within the perivascular 

space of the human thymus in an age-dependent manner [88]. However, the expression of 

molecules associated with antigen presentation decreased in B cells from older thymi, 

suggesting that B cells may become less integral to T cell selection over time, at least in 

humans [88]. Whether this represents a distinct niche from other thymic B cells is not clear, 

since a similar phenomenon is not seen in mice [87].

5.1. Thymic B Cells and Clonal Deletion

It is evident that thymic B cells can mediate clonal deletion, as B cells have been shown to 

delete T cells in the context of superantigen and in systems with model antigens [87, 89, 90]. 

More recently, it has been suggested that self-specific B cells present cognate antigen to 

autoreactive T cells [85]. KRN T cells, specific for a peptide from the self-protein glucose-6-

phosphate isomerase (GPI), were deleted by B cells with a transgenic B cell receptor (BCR) 

specific for GPI and by wild-type I-Ag7 thymic B cells [85]. This would suggest that 

autoreactive B cells within the thymus acquire self-antigen via BCR-mediated endocytosis 

and mediate tolerance through cognate interactions [85]. However, BCR-independent 

presentation of endogenous self-antigens may also be an important mechanism by which B 

cells mediate central tolerance. Licensed B cells directly presented an endogenously 

expressed antigen and mediated clonal deletion of T cells specific for that antigen [83]. 

Interestingly, BCR cross-linking in the presence of CD40 signaling suppressed AIRE 

induction in thymic B cells, but not MHC II upregulation [83]. These findings suggest that 

both AIRE-expressing and non-expressing B cells in the thymus are capable of mediating 

clonal deletion. Although more studies are required to delineate a specific mechanism, this 

evidence indicates that AIRE-expressing B cells may drive tolerance to endogenous 

antigens, whereas B cells that do not express AIRE may direct tolerance to BCR-acquired 

antigens.

B cells may also play a critical role in driving tolerance to B cell-specific antigens; B cells 

present B cell-specific peptides on MHC II, including variable region peptides [91, 92]. 

Interestingly, recent evidence suggests that thymic B cells undergo class switching, but not 

somatic hypermutation within the thymus. Class switching is dependent on cognate 

interactions between B and T cells in the thymus. In the absence of activation induced 

cytidine deaminase (AID), which is required for class switching, the T cell repertoire is more 

autoreactive [86]. This implies that class switched B cells assist in mediating tolerance of the 

T cell repertoire. Although the mechanism by which class switching promotes deletion of 

autoreactive T cells is unclear, class switching may be important for B cells to function as 

antigen presenting cells, and the class switched B cell may display a distinct MHC II-bound 

self-peptidome that necessitates T cell tolerance. There is much to be learned in the future 

about how B cells shape the polyclonal T cell repertoire.
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5.2. Thymic B Cells and Regulatory T Cell Differentiation

B cells also play a striking role in the development of thymic Tregs. The number and 

frequency of thymic Tregs is decreased by approximately one third in the absence of B cells 

[84, 93]. Additionally, in BAFF transgenic mice, which have an expansion of extrasplenic B 

cells, the number and frequency of thymic Treg is increased nearly two-fold [93]. This B 

cell-mediated induction of thymic Tregs is dependent on direct interactions with MHC II and 

co-stimulatory molecules [84, 93]. Additionally, in vitro experiments suggest that thymic B 

cells are capable of directing development of CD4+CD25+ Treg precursors, but are not 

required for the second stage of development into mature Tregs, which requires the 

cytokines IL-2 or IL-15 [84, 94]. Whether AIRE-dependent Tregs arise out of cognate 

interactions with B cells is unclear [78]. However, given the strong expression of TRA 

transcripts by AIRE-expressing thymic B cells, it will be interesting to see if AIRE 

expression in B cells contributes distinctly to the Treg TCR repertoire compared to mTECs 

[45, 83].

6. Thymocytes

In addition to the classical antigen presenting cells discussed here, thymocytes themselves 

play a unique role in mediating selection of distinct innate-like T cell populations, including 

natural killer T (NKT) and mucosa associated invariant T (MAIT) cells. The antigen-

presenting molecule CD1d displays lipid based antigens to NKT cells [95]. Although CD1d 

is broadly expressed by many APCs, DP thymocytes in the thymus cortex play a critical role 

in positively selecting NKT cells [96–98]. How additional APC populations facilitate the 

positive selection and development of NKT cells remains an active area of investigation. 

MAIT cells are specialized to recognize vitamin B2 derivatives presented by the non-

classical MHC Ib protein, MR1, and much like NKT cells, undergo positive selection and 

lineage commitment following interactions with MR1-expressing DP thymocytes [98–101].

Thymocytes may also play a role in selecting MHC II restricted CD4 T cells. Although 

mouse thymocytes do not express MHC II, human thymocytes do. In a mouse model in 

which MHC II was expressed solely on T cells, functionally competent CD4+ T cells 

developed [102, 103]. Further investigation of both mouse and human fetal thymocytes 

revealed that these cells express promyelocytic leukemia zinc finger protein (PLZF) and 

subsequently acquire an innate phenotype similar to NKT cells, suggesting a common 

developmental process driven by PLZF expression [104, 105].

7. Conclusions and Future Directions

Recent studies evaluating the non-redundant roles by which distinct APC subsets mediate 

thymocyte selection are providing new insights into how the TCR repertoire is shaped. 

Although the affinity between TCR and self-peptide–MHC may remain the driving factor in 

thymocyte selection, the context in which self-peptide is presented is becoming an 

increasingly important factor in determining thymocyte fate. APC subsets within the thymus 

are localized based on discrete stromal cues and shape the architecture in which thymocytes 

are selected. Furthermore, each subset provides a distinct framework in which thymocytes 

are selected, including chemokines, cytokines, and unique self-peptides (Figure 1).
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Defining the non-redundant functional capabilities of distinct APC subsets remain major 

ambitions of future investigations (Box 1). Until we have a more complete understanding of 

the various roles of thymic APCs, we will not fully understand if and how the breakdown of 

central tolerance contributes to human autoimmune diseases. A comprehensive 

understanding of the thymic APCs required for appropriate selection of the T cell repertoire 

is also needed as the field seeks to develop methods of stem cell based T cell production for 

purposes of therapeutic T cell reconstitution.
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Box 1

Future Questions

1. Do specific APCs preferentially promote clonal deletion over Treg 

differentiation or vice-versa?

2. How do peripheral antigens differentially impact the TCR repertoire 

compared to intrathymically-derived self-antigens?

3. Do specific peptides or TCRs determine the fate of a T cell, or is the 

cytokine/co-stimulatory context the driving factor?

4. How does APC localization within the thymus drive thymocyte selection?

5. Does thymic APC composition/function change over time and does this 

change promote different tolerance mechanisms?
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Figure 1. Antigen presenting cells encountered in the thymus
The thymus plays an essential role in mediating self-tolerance by selecting a T cell receptor 

repertoire based on self-antigens presented by thymic antigen presenting cells (APCs). 

Thymic APCs include cortical and medullary thymic epithelial cells (cTEC and mTEC), 

thymic dendritic cells (DC), and B cells. Self-antigens are presented in the thymus via 

multiple mechanisms. cTEC present antigens specialized for positive selection through their 

use of the unique proteolytic subunit, β5t. The autoimmune regulator, AIRE, promotes 

presentation of tissue-restricted self-antigens (TRA) on both mTECs and B cells. 

Additionally, thymic APCs rely on distinct chemotactic cues for localization within the 

thymus. These cues, at least in part, govern the unique self-peptides presented by distinct 

thymic APCs. cDC1 express XCR1, which allows them to localize next to mTEC and 

acquire mTEC-derived TRAs. cDC2 and plasmacytoid DC (pDC) can acquire antigen in the 

periphery and present that antigen in the thymus. The chemokine receptors expressed by 

cDC2 and pDC (CCR2 and CCR9 respectively) may determine the unique self-antigens 

presented by these two DC subsets. Although a mechanism is yet to be defined, current data 

suggest that specific medullary APCs favor distinct methods of T cell tolerance–clonal 

deletion vs. regulatory T cell differentiation.
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