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Abstract

Major histocompatibility complex (MHC)-associated peptides generated and displayed by antigen-

presenting cells in the thymus are essential for the generation of functional and self-tolerant T cells 

that protect our body from various pathogens. The peptides displayed by cortical thymic epithelial 

cells (cTECs) are generated by unique enzymatic machineries including the thymoproteasomes, 

and are involved in the positive selection of self-protective T cells. On the other hand, the peptides 

displayed by medullary thymic epithelial cells (mTECs) and thymic dendritic cells (DCs) are 

involved in further selection to establish self-tolerance in T cells. Although the biochemical nature 

of the peptide repertoire displayed in the thymus remains unclear, many studies have suggested a 

thymus-specific mechanism for the generation of MHC-associated peptides in the thymus. In this 

review, we summarize basic knowledge and recent advances in MHC-associated thymic peptides, 

focusing on the generation and function of thymoproteasome-dependent peptides specifically 

displayed by cTECs.
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1. Introduction

The thymus is a primary lymphoid organ that generates self-protective yet self-tolerant T 

cells. Peptides generated in the thymus and presented by thymic antigen-presenting cells 

are important for the selection of functionally competent T cells that express the αβ form 

of the T cell receptor (TCR), during T cell development in the thymus. The developmental 

stage of T cells in the thymus is identified by the expression of co-receptors CD4 and 
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CD8. Hematopoietic stem cell-derived T progenitor cells that migrate to the thymus express 

neither CD4 nor CD8, and are thereby termed double negative (DN) thymocytes. The 

DN thymocytes differentiate into CD4+CD8+ (double positive, DP) thymocytes, and then 

to either CD4+CD8− (CD4 single positive, CD4SP) or CD4−CD8+ (CD8 single positive, 

CD8SP) thymocytes. During the development from DN to DP thymocytes, a large variety 

of antigen-recognition specificities of the TCRs are formed by the V(D)J rearrangement of 

TCRα and TCRβ genes. The rearrangement of TCRβ gene and the successful expression 

of in-frame TCRβ protein as a component of the pre-TCR complex in DN thymocytes 

trigger the rearrangement of TCRα gene and the generation of a large pool of DP 

thymocytes expressing individual specificities of αβTCRs on their cell surfaces [1, 2]. 

The antigen-recognition specificities of the αβTCRs expressed by the newly generated DP 

thymocytes are solely generated within the nucleus and thus inevitably include functionally 

useless and pathologically self-reactive specificities, in addition to functionally useful 

and self-protective specificities. In this regard, developing thymocytes need to undergo 

the process of TCR repertoire selection to generate a functionally competent and useful 

repertoire of TCR specificities in mature T cells exported from the thymus to the circulation. 

The thymic cortex is a microenvironment where DP thymocytes are newly generated 

and positively selected for T cells that are capable of recognizing self-peptides bound to 

major histocompatibility complex (MHC) molecules. The newly generated DP thymocytes 

expressing TCRs that interact at a low affinity with self-peptide-MHC complexes presented 

by cortical thymic epithelial cells (cTECs) receive the signals for survival and differentiation 

into SP thymocytes as well as for migration to the thymic medulla in a CCL21-CCR7 

chemokine-dependent manner [3–5]. The thymic medulla is a microenvironment where 

medullary thymic epithelial cells (mTECs) express a diverse set of genes including tissue-

restricted self-antigens, which is responsible for the establishment of self-tolerance in T cells 

[6]. Among positively selected thymocytes, those expressing self-reactive TCRs that interact 

at a high affinity with self-peptide-MHC complexes presented by mTECs and/or dendritic 

cells (DCs) in the thymic medulla undergo negative selection, eliminating self-reactive T 

cells by apoptotic cell death [3, 7, 8]. A fraction of self-reactive thymocytes escape the 

apoptosis and differentiate into regulatory T cells, which are a subpopulation of CD4+ T 

cells that effectively suppress immune response [9, 10]. Through these processes of thymic 

selection, mature T cells form a pool of immunocompetent and self-tolerant TCR repertoire.

The TCR engagement with self-peptides associated with either MHC class I (MHC-I) 

or MHC class II (MHC-II) molecules induces the differentiation of DP thymocytes into 

CD8SP or CD4SP thymocytes, respectively. The binding of peptides to either MHC-I or 

MHC-II molecules is largely dependent on the intracellular location of the peptides. Peptides 

generated in the cytoplasm and the nuclei are produced by the proteasomal digestion 

of ubiquitinated proteins, transported to the endoplasmic reticulum (ER) through TAP 

transporter, and loaded onto MHC-I molecules, whereas proteins in endosomal vesicles 

are degraded by lysosomal endopeptidases and loaded onto MHC-II molecules [11, 12]. The 

proteolytic enzymes that contribute to the generation of these MHC-associated peptides are 

different between the thymic cortex and the thymic medulla. In this review, we summarize 

basic knowledge and recent advances in the generation and function of MHC-associated 
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thymic peptides, focusing on the thymoproteasome-dependent self-peptides specifically 

displayed by cTECs that induce positive selection of CD8+ T cells.

2. Interaction of peptides with MHC molecules

The interaction of peptides with MHC molecules stabilizes peptide-MHC complexes that are 

transported to the cell surface to present the peptide antigens to TCRs expressed by T cells 

[13, 14]. The peptides are an essential part of the cell-surface MHC molecules to fulfill the 

function of peptide-MHC complexes in the antigen presentation to T cells.

The MHC-I molecule is a heterodimer composed of MHC-I-encoded heavy chain and 

β2-microgrobulin. The heavy chain consists of three extracellular domains (α1, α2, and 

α3), a transmembrane domain, and an intracellular domain. The α1 and α2 domains of the 

heavy chain form a highly polymorphic peptide-binding groove with six pockets (pockets 

A to F) that accommodate binding to the peptides [15, 16]. The peptides that bind to 

MHC-I molecule are typically restricted to eight to ten amino acids in length due to the 

closed structure of the peptide-binding groove at both ends. The peptides have anchor 

residues that directly interact with the pockets in the peptide-binding groove of MHC-I 

molecule. Generally, the anchoring at the second and/or the fifth amino acid residues from 

the N-terminus in addition to the C-terminal amino acid residue of the peptides is important 

for the binding of the peptides to the peptide-binding groove of MHC-I heavy chain [17–

19]. Other amino acid residues of the peptides primarily contribute to the interaction with 

complementarity-determining regions 3 (CDR3s) of TCRα and TCRβ chains, which are the 

most variable regions in the TCR molecules [20].

Similar to MHC-I molecule, MHC-II molecule is a heterodimer composed of α and β 
chains. Each chain has two extracellular domains (α1 and α2 domains in the α chain, and 

β1 and β2 domains in the β chain) followed by a transmembrane domain and an intracellular 

domain. The α1 and β1 domains form a highly polymorphic peptide-binding groove. In 

contrast to the peptide-binding groove in MHC-I molecule, the peptide-binding groove in 

MHC-II molecule has an open structure at either end so that MHC-II-associated peptides can 

protrude from the groove, allowing MHC-II molecule to bind to peptides typically ranging 

from 13 to 25 amino acid residues in length, much longer than the MHC-I-binding peptides 

whose length is typically restricted to eight to ten residues [21]. The peptides interact with 

the peptide-binding groove of MHC-II molecule by anchoring at the first, fourth, sixth, and 

ninth amino acid residues from the N-terminus of the peptides [22, 23]. Other amino acid 

residues, typically the second, fifth, and eighth residues from the N-terminus, project out 

from the peptide-binding groove and participate in the interaction with the CDR3s of TCRs 

[24, 25].

In both MHC-I and MHC-II molecules, the highly polymorphic structure of the 

peptide-binding groove affects the spectrum of MHC-associated peptides among different 

individuals with different polymorphisms within the same species.
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3. Self-peptides bind to MHC class I in the thymus

Self-peptides that are generated through the processing of cytoplasmic and nucleic proteins 

by the proteasomes are delivered by TAP transporter to the ER lumen. ER aminopeptidases 

trim the N-terminal amino acid residues of the peptides. The successful formation of 

peptide-MHC-I complexes through the binding of the peptides to the peptide-binding groove 

of MHC-I molecules results in the transport of the peptide-MHC-I complexes to the cell 

surface through the Golgi apparatus. In the thymus, self-peptides bound to MHC-I molecules 

displayed by cTECs are primarily generated by thymoproteasomes, whereas those displayed 

by other cells, including mTECs and DCs, are chiefly generated by immunoproteasomes and 

constitutive proteasomes.

3.1. Thymoproteasome-dependent generation of MHC class I-associated peptides

The thymoproteasome is a form of proteasome whose expression is detected only in cTECs 

but not in any other cells in the body [26, 27]. The 20S core particle of proteasome 

responsible for the proteolytic activity is composed of 28 subunits, which are two sets of 

seven different α subunits (α1– α7) and seven different β subunits (β1– β7). Among these 

subunits, β1, β2, and β5 subunits are responsible for catalytic activities carrying caspase-

like, trypsin-like, and chymotrypsin-like specificities, respectively [28, 29]. In contrast 

to constitutively expressed proteasomes containing β1, β2, and β5 catalytic subunits, 

thymoproteasomes expressed by cTECs contain β1i, β2i, and β5t catalytic subunits (Table 

1). The β1i and β2i subunits are also assembled with the β5i subunit to shape another 

form of proteasome, the immunoproteasome, which is expressed in other antigen-presenting 

cells, including mTECs and DCs in the thymus and antigen-presenting cells exposed to 

inflammatory cytokines during immune response. On the other hand, β5t is a cTEC-specific 

subunit and is responsible for cTEC-specific expression of the thymoproteasome [26, 27]. 

Like many other tissue-specific genes, β5t expression is also detectable in a small (1–5%) 

population of mTECs [30, 31]. This expression of β5t in mTECs is enriched in MHC-IIhigh 

mTEC subpopulation and is dependent on Aire [30–32], suggesting that mTEC expression 

of β5t reflects the promiscuous gene expression of self-genomic components in mTECs, a 

key process to establish self-tolerance in newly generated T cells in the thymus.

The amino acids that compose the S1 pocket, which mainly determine the substrate 

specificity of proteasome catalytic subunits, are enriched with hydrophilic residues in the 

β5t subunit, in contrast to the amino acids in the S1 pocket of the β5 and β5i subunits, 

which are enriched with hydrophobic residues [26, 33]. Indeed, proteasomal chymotrypsin-

like activity, which coincides with the hydrophobicity of the S1 pocket amino acids, and 

which contributes to the generation of hydrophobic C-terminal residues in the produced 

peptides, is reduced in β5t-containing thymoproteasomes in comparison with the other 

forms of proteasomes containing β5 or β5i [26]. Consequently, peptides generated by the 

thymoproteasome are distinct from those generated by the immunoproteasome [34]. A 

recent study further showed that human thymoproteasomes and immunoproteasomes differ 

in their catalytic activity with regard to not only substrate specificity but also peptide 

transport kinetics [35].
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Peptides generated by proteasomes bind to MHC-I molecules via anchor residues including 

the C-terminal anchor enriched with hydrophobic residues [36]. A mass spectrometry 

analysis of the amino acid sequences of MHC-I-associated peptides in mouse embryonic 

fibroblasts (MEFs) that predominantly express thymoproteasomes showed that the C-

terminal residues are still enriched with hydrophobic amino acids in the peptides eluted 

from H-2Db- and H-2Kb-peptide complexes, similar to the MHC-I-bound peptides in 

immunoproteasome-expressing MEFs [34]. In addition, the central anchor residues are 

enriched with asparagine in H-2Db-associated peptides and with phenylalanine and tyrosine 

in H-2Kb-associated peptides in either thymoproteasome-expressing or immunoproteasome-

expressing MEFs [34]. On the contrary, amino acid residues at the 6th position from 

the N-terminus of the H-2Db- and H-2Kb-associated peptides are enriched with proline 

in thymoproteasome-expressing MEFs rather than immunoproteasome-expressing MEFs 

[34]. Furthermore, amino acid residues at the 7th position from the N-terminus of the 

H-2Db- and H-2Kb-associated peptides appear to be enriched with acidic residues in 

immunoproteasome-expressing MEFs [34]. These 6th and 7th amino acid residues of MHC-

I-associated peptides often contribute to the interaction with TCRs, so that the distinct 

preference in amino acid usage at these positions may be related to the biological function of 

thymoproteasome-expressing cTECs in T cell development and selection.

3.2. Thymoproteasomes optimize positive selection of CD8+ T cells in the thymus

Thymoproteasomes are essential for the optimal generation of CD8+ T cells. The generation 

of CD8SP thymocytes and peripheral CD8+ T cells is impaired in mice deficient in β5t, 

encoded by Psmb11 [26, 37]. The antigen responsiveness of CD8+ T cells generated in β5t-

deficient mice is also impaired [38]. The impairment in CD8+ T cell development caused by 

the loss of β5t in the thymus varies among different TCR transgenic mice [37–39], whereas 

β5t deficiency in the mouse has a highly specific impact on proteasomal components, rather 

than a pervasive alteration in transcriptome or proteome, in cTECs [40, 41], suggesting 

the possibility that the thymoproteasome optimizes CD8+ T cell development through 

the control of TCR repertoire selection via thymoproteasome-dependent MHC-I-associated 

peptides. Indeed, our recent deep-sequencing analysis detected a difference in TCRα and 

TCRβ variable region sequences, and thereby an alteration in the TCR repertoire, in CD8+ T 

cells between control and β5t-deficient mice [42].

In β5t-deficient mice, β5 and β5i are compensatively expressed in cTECs so that cTECs 

maintain proteasome-dependent proteolysis and an undiminished cell number [37, 40]. 

Interestingly, we recently found that the impaired generation of CD8+ T cells caused by 

β5t deficiency is equivalently detected in the presence and the absence of the thymic 

medulla [42]. It was also found that β5t deficiency affects CD8+ T cell development 

in the thymus where MHC-I molecules are expressed only in cTECs but not in other 

antigen-presenting cells, including mTECs and DCs [42]. These results indicate that 

the thymoproteasome optimizes the generation of CD8+ T cells in the thymic cortex, 

independent of the thymic medulla or any additional antigen-presenting cells other than 

cTECs (Figure 1). Furthermore, we found that β5t deficiency impairs the development 

of CD69+CCR7− cortical DP thymocytes in the absence of MHC-II molecules, even 

in the presence of the transgenic overexpression of anti-apoptotic molecule Bcl2 [42], 
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indicating that the thymoproteasome optimizes the positive selection of CD8+ T cells in 

the thymic cortex independent of thymocyte negative selection (Figure 1). Whether and 

how thymoproteasome-dependent MHC-I-associated peptides expressed by cTECs actually 

contribute to the positive selection of CD8+ T cells have yet to be determined. A recent 

study of RNA sequencing analysis reported that functions of β5t extended beyond its role in 

self-peptide production [43], although their results have been under controversy [40, 41, 44].

3.3. Peptide switch hypothesis and proteasome switch

It was hypothesized in the 1980s that MHC-associated peptides presented by cTECs are 

different from those presented by other antigen-presenting cells so that positively selected 

thymocytes in the thymic cortex can escape from cell death induced by negative selection 

[45, 46]. This hypothesis was re-advocated recently as the “peptide switch” hypothesis, 

in which the difference in MHC-associated peptides for positive selection and negative 

selection is important to form the TCR repertoire.

This hypothesis was indirectly examined for CD8+ T cells by the analyses of 

β1i/β2i/β5i/β5t-deficient (4KO) mice and β5i-deficient β5t-transgenic (β5i-KO β5t-Tg) 

mice. All cells in the thymus of the 4KO mice are expected to be solely the constitutive 

form of the proteasomes due to the lack of both immunoproteasomes and thymoproteasomes 

[47], whereas all cells in the thymus of the β5i-KO β5t-Tg mice are expected to express 

thymoproteasome-specific subunit β5t while lacking immunoproteasome-specific subunit 

β5i [48]. In both of these mutant mice, the number of CD8SP thymocytes was markedly 

reduced, although the number of cortical thymocytes positively selected to the CD8+ lineage 

was not reduced, and negative selection of their CD8+ lineage thymocytes was enhanced 

[47, 48], suggesting the contribution of the “proteasome switch” to the successful generation 

of CD8+ T cells in the thymus.

However, as described in section 3.2, our analysis of β5t-deficient mice showed that 

thymoproteasomes optimize the cortical positive selection of CD8+ T cells independent 

of thymocyte negative selection [42]. An independent study analyzed mice in which the 

β5i-encoding sequence was knocked into β5t locus and endogenous β5i was deficient 

(β5tβ5i β5i-KO) [39]. In these mice, cTECs are expected to express immunoproteasomes, 

and other antigen-presenting cells in the thymus are expected to express constitutive 

proteasomes. It was shown that in these mice, the loss of β5t still impaired positive selection 

of CD8+ lineage thymocytes without the enhancement of thymocyte negative selection, 

even in the presence of the “proteasome switch” [39]. Thus, the contribution of β5t and 

thymoproteasomes to CD8+ T cell development is independent of the “proteasome switch” 

[49].

Nevertheless, it should be emphasized that it remains unclear whether or not the switch 

in MHC-associated peptides actually contributes to T cell development. To our knowledge, 

no studies have directly clarified the structure and function of thymoproteasome-dependent 

MHC-I-associated peptides in CD8+ T cell development. It is also unclear whether the 

“proteasome switch” reflects a “peptide switch”, and whether the loss of the “proteasome 

switch” results in the loss of the “peptide switch”. Transcriptomes and proteomes in cTECs 

and mTECs are highly different [40], so that MHC-associated peptides involved in positive 
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and negative selection in the cortex and the medulla may be substantially distinct even in the 

absence of any “proteasome switch”.

3.4. Role of immunoproteasomes in the generation of CD8+ T cells

In contrast to positive selection-inducing cTECs that express thymoproteasomes, many other 

thymic antigen-presenting cells, including mTECs and DCs, express immunoproteasomes 

and constitutive proteasomes [40, 50] (Table 1). Although the generation of CD8+ T cells 

is not reduced in mice deficient in immunoproteasome-specific component β5i [51], the 

development of CD8+ T cells that express either transgenic TCR specific for f-actin capping 

protein CPα192–99 or TCR specific for viral glycoprotein GP118–125 is impaired in β5i-

deficient mice, probably due to the alteration in the thymic repertoire selection [52, 53]. In 

addition, mice that lack all of immunoproteasome catalytic subunits β1i, β2i, and β5i exhibit 

the reductions in the surface expression of MHC-I complexes and in the number of CD8+ T 

cells [54]. It is also shown that in mice deficient in β1i, β2i, and β5i, processing-dependent 

antigen presentation by DCs is impaired in inducing in vitro T cell response [54]. Thus, the 

immunoproteasome and its components contribute to the generation of MHC-I-associated 

peptides and the development and selection of CD8+ T cells. It is important to note that β1i 

and β2i are catalytic components of the thymoproteasome, so that the defective CD8+ T cell 

development in mice deficient in β1i, and/or β2i may be due in part to the defects in the 

thymoproteasome.

4. Self-peptides bind to MHC class II in the thymus

Self-peptides that are associated with MHC-II molecules are generated in the endosomal 

and lysosomal vesicles. The peptide-binding groove of MHC-II molecules newly generated 

in the ER is associated with invariant chain (Ii) [55]. The Ii-associated MHC-II molecules 

are transported from the ER through the Golgi apparatus to the endosomes. In the late 

endosomes, Ii undergoes proteolytic degradation to leave a short fragment termed CLIP 

(class II associated Ii chain peptide) in the peptide-binding groove of MHC-II molecules. 

However, MHC-II-like molecule H-2M in mouse (or HLA-DM in human) facilitates 

the replacement of CLIP with peptides available in the endosomes, and the resultant 

peptide-MHC-II complexes are transported to the cell surface for antigen presentation to 

T cells [55]. Autophagy and endosomal lysosomal endopeptidases, including cathepsins and 

thymus-specific serine protease (TSSP), participate in the generation of MHC-II-associated 

self-peptides in the thymus.

4.1. Autophagy

In DCs, peptides bound to MHC-II molecules are often derived from exogenous proteins 

captured by endocytosis. Compared with DCs, TECs are less active in endocytosis to present 

exogenous peptides [56]. However, TECs are highly active in autophagy, which delivers 

cytosolic molecules into the endosomal and lysosomal vesicles and provides cytoplasm-

derived peptides to the MHC-II antigen presentation system [57–59]. Unlike other cells, 

the high activity in autophagy in TECs is constitutive, independent of starvation, and 

detected in both cTECs and mTECs [58, 59]. The development of CD4+ T cells that 

express MHC-II-restricted transgenic TCRs is impaired in the thymus deficient in Atg5, 

Ohigashi et al. Page 7

Peptides. Author manuscript; available in PMC 2022 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



an essential component of the autophagosome, suggesting the role of autophagy in T cell 

positive selection by cTECs [59]. Additionally, the transplantation of Atg5-deficient thymus 

into athymic mice resulted in T cell-mediated autoimmune inflammation in the host mice, 

suggesting that autophagy is also involved in the mTEC-mediated self-tolerance in T cells 

[59]. A reduction in autophagy in TECs was also detected by knocking down autoimmunity-

associated gene CLEC16A [60]. Thus, autophagy contributes to T cell selection in the 

thymus, possibly via the provision of MHC-II-associated self-peptides in TECs.

4.2. Cathepsins

Cathepsin L (Ctsl) is a lysosomal endopeptidase abundantly detected in cTECs, whereas 

cathepsin S (Ctss) is preferably expressed in other antigen-presenting cells including mTECs 

(Table 1). Ctsl degrades Ii chain that is associated with the peptide-binding groove of MHC-

II molecules, and Ctsl-deficient mice are defective in the generation of CD4SP thymocytes 

and CD4+ T cells, which is partly due to the inefficient Ii chain degradation [61]. It has 

been additionally shown that Ctsl regulates CD4+ T cell selection independently of its effect 

on Ii chain, suggesting the possibility that Ctsl plays a role in the generation of positively 

selecting MHC-II-associated peptide ligands [62].

Like Ctsl, Ctss is involved in Ii chain degradation [63]. Unlike Ctsl, Ctss is more abundant 

in mTECs than cTECs (Table 1). However, the role of Ctss in the thymus is unclear because 

normal T cell development is reported in Ctss-deficient mice [63, 64].

In addition to Ctsl and Ctss, we have detected the abundant expression of other cathepsin 

family members in TECs in the proteomic profiling of cTECs and mTECs in mouse 

[40]. Namely, cathepsins B (Ctsb) and D (Ctsd), which are involved in exogenous antigen 

processing [65], are abundant in cTECs compared with mTECs [40] (Table 1). Interestingly, 

Ctsb and Ctsd are detected in abundance in human thymic epithelial tumors [66]. On the 

other hand, cathepsins A, C, H, and Z are more abundant in mTECs than cTECs [40] (Table 

1). It is interesting to find out whether and how these cathepsins play a role in the thymus, 

including the generation of self-peptides that induce T cell repertoire selection.

4.3. Thymus-specific serine protease

TSSP, encoded by Prss16, is an endosomal peptidase that is more abundant in cTECs than 

mTECs (Table 1). Prss16 transcript is detectable in other cells including thymic DCs [67]. 

In contrast to Ctsl deficiency, the generation of CD4+ T cells is not globally affected in 

TSSP-deficient mice [68]. However, studies using MHC-II-restricted TCR transgenic T cells 

have shown that the generation of CD4+ T cells specific for certain antigens, including 

Dby male antigen, OVA323–339, and islet amyloid polypeptide, is impaired in the thymus of 

TSSP-deficient mice, suggesting that TSSP in cTECs affects the generation of self-peptides 

that induce positive selection of those CD4+ T cells [68, 69]. The role of TSSP in the thymic 

establishment of self-tolerance in T cells has also been suggested [67, 70].

4.4. Calpains

Calpains are cytoplasmic Ca2+-dependent and non-lysosomal proteases consisting of 17 

isoforms. We have shown in our proteomic profiling of cTECs and mTECs that calpain 
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1 and calpain 2 are more abundant in cTECs than mTECs [40] (Table 1). It has 

been speculated that endogenous peptides generated by cytoplasmic protease, including 

proteasomes, may leak from the MHC-I antigen presentation pathway into the MHC-II 

presentation pathway [3, 71]. Calpain 1 is another candidate cytoplasmic protease that is 

possibly involved in the generation of endogenous peptides for the MHC-II pathway. One 

study has shown that the inhibition of calpain 1 reduces MHC-II-associated presentation 

of a peptide derived from cytoplasmic glutamate decarboxylase (GAD), but not derived 

exogenously from endocytosed GAD, to MHC-II-restricted GAD-specific T cells [72]. 

Cytoplasmic peptides processed by cytoplasmic proteases, including calpains, may be 

further trimmed by endosomal peptidases for MHC-II-associated presentation, because 

the inhibition of Ctsb reduces the MHC-II-dependent presentation of cytoplasmic GAD 

[72]. These results suggest the role of calpain 1 in the processing of MHC-II-associated 

endogenous peptides. So far, the role of calpains in the thymus is unknown.

5. Future perspective

Despite the importance of MHC-associated thymic peptides for the generation of 

immunocompetent and self-tolerant T cells, the identities of positively selecting peptides 

expressed by cTECs and negatively selecting peptides expressed by mTECs remain to 

be determined. Peptides bound to MHC molecules in whole human thymus have been 

identified [73, 74]. Furthermore, neuroendocrine-related peptides, including neurotensin, 

have been detectable in cultured human TEC lines in an MHC-I associated manner [75, 

76]. However, MHC-associated peptides displayed by individual thymic antigen-presenting 

cells, including freshly prepared cTECs and mTECs, have never been identified in mouse 

or human. As cTECs and mTECs have their unique spectrum in the expression of peptide-

producing enzymes, such as thymoproteasomes, cathepsins, and TSSP, it is speculated that 

MHC-associated peptides expressed by cTECs and mTECs carry unique characteristics for 

inducing positive selection and negative selection, respectively, of developing thymocytes. 

Thus, it is important to identify MHC-associated peptides expressed by cTECs and mTECs 

to further improve our understanding of the mechanism for TCR repertoire formation in the 

thymus.

The identification of amino acid sequences of MHC-associated peptides is most frequently 

performed by the immunoprecipitation of MHC molecules, the elution of associated 

peptides, and the mass spectrometry analysis of the peptides. However, current mass 

spectrometry-based analysis of MHC-associated peptides relies on a large number of cells, 

typically 108 cells or more, per analysis [77], which is quite a high hurdle for the analysis 

with TECs, because only up to 104 cTECs and up to 105 mTECs can be isolated from 

one normal mouse by the enzymatic digestion of the thymus [78]. Even though cTECs and 

mTECs of order 106 are present in the thymus in situ in one normal adult mouse [78], the 

tight adhesion of TECs, in particular cTECs, with neighboring cells including thymocytes 

makes highly inefficient to isolate TECs, especially cTECs, from the thymus [79].

Interestingly, our recent analysis has indicated that keratin 5 promoter-driven cyclin D1 

transgenic (K5D1) mouse, which carries a massively enlarged yet functionally capable 

thymus [40, 80], would be a useful tool to obtain a large number of mouse TECs. We have 
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reported that cTECs and mTECs isolated from K5D1 mouse retain transcriptomic profiles 

that characterize cTECs and mTECs in normal mouse, and the thymus from K5D1 mouse 

is capable of producing functionally competent T cells in a thymoproteasome-dependent 

manner and in establishing self-tolerance in T cells in a mTEC-dependent manner [40]. 

Importantly, approximately 2 × 105 cTECs and approximately 2 × 105 mTECs could be 

isolated from one K5D1 mouse, which would enable various biochemical analyses for 

studies of cTECs and mTECs [40].

Through the use of K5D1 mouse thymus in combination with newly improved methods to 

determine amino acid sequences from small amounts of proteins [81–83], we hope to be 

able to identify MHC-associated peptides isolated from cTECs and mTECs in genetically 

manipulated mice, for example, by comparing MHC-I-associated peptides expressed by 

cTECs obtained from control and thymoproteasome-deficient mice. Such an analysis is 

expected to be beneficial towards advancing our understanding of the mechanism for 

positive and negative selection of T cells in the thymus.
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Highlights

• MHC-associated peptides displayed in the thymus form the T cell repertoire.

• The thymoproteasome generates MHC class I-associated peptides in cTECs.

• Thymoproteasome-dependent MHC-associated peptides optimally induce 

positive selection of self-protective CD8+ T cells
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Figure 1. 
Thymoproteasomes optimize the generation of CD8+ T cells in the thymic cortex, 

independent of antigen presentation by cells other than cTECs.

Hematopoietic stem cell (HSC)-derived T progenitor cells (in gray) migrate to the thymus, 

proliferate, and differentiate into DP thymocytes. DP thymocytes undergo positive selection 

in the thymic cortex. (A, B) Thymoproteasomes in cTECs produce a unique set of MHC-I-

associated peptides (in red) that efficiently induce positive selection of CD8SP thymocytes 

(in red). (A) Positively selected cortical thymocytes migrate into the medulla to be screened 

by mTECs and DCs for negative selection to establish self-tolerance, so that functionally 

competent and self-tolerant CD8+ T cells are exported from the thymus to the circulation. 

(B) In the absence of the thymic medulla, thymoproteasome-mediated positively selected 

thymocytes are exported from the thymus without medullary establishment of self-tolerance. 

(C, D) In β5t-deficient thymus, cTECs produce thymoproteasome-independent MHC-I-

associated peptides (in green). CD8SP thymocytes (in green) positively selected without β5t 

are reduced in number and suboptimal in TCR responsiveness, and are therefore functionally 

incompetent, regardless of the presence (C) or absence (D) of the medulla. (C) Positively 

selected thymocytes are still screened in the medulla to establish self-tolerance. CD8+ T 

cells exported from the thymus are self-tolerant but impaired in antigen responsiveness. (D) 
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Abnormally positively selected and therefore functionally incompetent T cells are exported 

from the thymus without medullary establishment of self-tolerance.
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Table 1.

Enzymes differently expressed between cTECs and mTECs in proteomic profiling (P < 0.05)

Abundant in cTECs than mTECs Abundant in mTECs than cTECs

Lysosomal/endosomal peptidases Lysosomal/endosomal peptidases

 Cathepsin B (Ctsb)  Cathepsin A (Ctsa)

 Cathepsin D (Ctsd)  Cathepsin C (Ctsc)

 Cathepsin L (Ctsl)  Cathepsin H (Ctsh)

 TSSP (Prss16)  Cathepsin S (Ctss)

 Cathepsin Z (Ctsz)

Intracellular peptidases

 Calpain 1 (Capn1)

 Calpain 2 (Capn2)

Proteasomal catalytic subunits Proteasomal catalytic subunits

 β1i (Psmb9)  β1 (Psmb1)

 β2i (Psmb10)  β2 (Psmb2)

 β5t (Psmb11)  β5 (Psmb5)

 β5i (Psmb8)
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