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The thymus provides a microenvironment that supports the generation and selection of T
cells. Cortical thymic epithelial cells (cTECs) and medullary thymic epithelial cells (mTECs)
are essential components of the thymic microenvironment and present MHC-associated
self-antigens to developing thymocytes for the generation of immunocompetent and self-
tolerant T cells. Proteasomes are multicomponent protease complexes that degrade
ubiquitinated proteins and produce peptides that are destined to be associated with MHC
class I molecules. cTECs specifically express thymoproteasomes that are essential for
optimal positive selection of CD8+ T cells, whereas mTECs, which contribute to the
establ ishment of self-tolerance in T cel ls, express immunoproteasomes.
Immunoproteasomes are also detectable in dendritic cells and developing thymocytes,
additionally contributing to T cell development in the thymus. In this review, we summarize
the functions of proteasomes expressed in the thymus, focusing on recent findings
pertaining to the functions of the thymoproteasomes and the immunoproteasomes.
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INTRODUCTION

Proteasomes degrade ubiquitinated proteins into peptide fragments in the cytoplasm, and these
fragments are transported to the endoplasmic reticulum (ER) by TAP transporter. In the ER, the
peptides are trimmed by aminopeptidases, loaded onto major histocompatibility complex class I
(MHC-I) molecules, and transported to the cell surface for antigen recognition by T cells. Peptide
fragments loaded onto MHC-I molecules are typically 8–10 amino acids in length and contain
hydrophobic or basic residues at the carboxyl terminus.

The proteasome is a 26S protein complex comprised of a 20S enzymatic core particle located
between two 19S regulator particles. The 20s core particle is a multi-catalytic protease complex
made up of 28 subunits arranged in a cylindrical structure. The subunits of the proteasome are
arranged into four heteroheptameric rings: two outer rings comprised of a subunits a1–a7 and two
inner rings consisting of b subunits b1–b7. Within the proteasome, three subunits b1, b2, and b5
are responsible for the proteolytic activity. The chymotrypsin-like activity mediated by the b5
subunit enables the production of peptides enriched with hydrophobic C-terminal residues for
high-affinity association with the peptide-binding groove of MHC-I molecules (1–3).

The proteolytic subunits of the proteasomes are diverse and vary among the constitutive
proteasome (b1, b2, and b5), the immunoproteasome (b1i, b2i, and b5i), and the thymoproteasome
(b1i, b2i, and b5t). These different catalytic subunits provide unique endopeptidase activity that
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alters the repertoire of degraded peptides generated by each
proteasome (Figure 1). The immunoproteasome is abundant in
interferon-g-stimulated cells and constitutively expressed in
various hematopoietic cells, including dendritic cells (DCs) and
developing thymocytes (4). In the thymic medulla, medullary
thymic epithelial cells (mTECs), which contribute to the
establishment of self-tolerance in T cells, also express the
immunoproteasome (5). In contrast, the thymoproteasome is
exclusively and constitutively expressed in the cortex of the
thymus by cortical thymic epithelial cells (cTECs) and is
essential for optimal positive selection of CD8+ T cells (6–8).

In this review, we will discuss the functions of proteasomes
expressed in the thymus, focusing on recent findings pertaining
to the functions of immunoproteasomes and thymoproteasomes.
THYMOPROTEASOME IN THE THYMUS
FOR CD8 T CELL GENERATION

The thymoproteasome contains a specific component b5t
encoded by Psmb11, which is exclusively expressed by cTECs
(6). Recent studies have identified that the cTEC-specific
expression of b5t is directly regulated by Foxn1 (9, 10), a
transcription factor important for the development of the thymic
Frontiers in Immunology | www.frontiersin.org 2
epithelium (11). It has been reported that b5t has altered
proteolytic activity that leads to the preferential cleavage of
proteins at hydrophilic peptide residues, reduced chymotrypsin-
like activity, and reduced enzyme kinetics compared with b5, which
probably result in the generation of a unique set of TCR ligands
bound to MHC-I molecules on cTECs (6, 12). The b5t-containing
proteasome produces peptides with not only different amino acid
residues but also different quantities from those generated by other
proteasomes, and the combination of these quantitative and
qualitative differences may lead to the presentation of unique, or
“private”, MHC-I-associated peptides (13). The inability to form
peptide-MHC-I complexes with certain peptides may contribute to
differential peptide display in the cortical and medullary regions of
the thymus.

An in vivo function of the thymoproteasome was shown by
analyses of b5t-deficient mice. b5t-deficient mice exhibited the
selective reduction of CD4-CD8+ (CD8SP) thymocytes to
approximately 25% of the normal number, whereas the
cellularity of CD4+CD8- (CD4SP) thymocytes was unaffected
in these mice (6). The reduction of CD8SP thymocytes in b5t-
deficient mice was primarily due to the decrease of CD69+TCRb+

CD4+CD8+ (DP) thymocytes, which are post-selection cortical
thymocytes, whereas the loss of pro-apoptotic protein Bim,
which is required for the negative selection of T cells, increased
CD69+TCRb+ DP thymocytes in b5t-deficient thymus similar to
FIGURE 1 | Constitutive proteasome, immunoproteasome, and thymoproteasome. 20s enzymatic cores have altered proteolytic activity and generated unique
peptide fragments. The constitutive proteasome is ubiquitously expressed in the body and contains b1, b2, and b5 catalytic subunits (left). mTECs, DCs, and T cells
in the thymus express the immunoproteasome, in which b1i, b2i, and b5i catalytic subunits are preferentially incorporated into the 20S core proteasome in lieu of b1,
b2, and b5 subunits (middle). In cTECs in the thymus, a unique catalytic subunit b5t is specifically expressed instead of b5 or b5i and incorporated into the 20S core
proteasome together with b1i and b2i, forming the thymoproteasome (right). Different catalytic subunits in different proteasomes provide different endopeptidase
activity that alters the degraded peptides generated by the proteasomes (represented by different colored lines).
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that in b5t-sufficient thymus (8). These findings highlight the
specific role of the thymoproteasome in the positive selection of
CD8+ T cells, rather than the contribution of negative selection
in the thymoproteasome-dependent generation of CD8SP
thymocytes. In addition to being reduced in cell number, CD8+

T cells generated in b5t-deficient mice were altered in TCR
repertoire, such as the differential usage of TCRVb and TCRVa
in CD8+ T cells but not in CD4+ T cells, and different TCR-
transgenic CD8+ T cells were differentially susceptible to the loss
of b5t in the thymus (7). Furthermore, CD8+ T cells generated in
b5t-deficient thymus exhibited aberrant TCR responsiveness and
immune response to infection (14). Therefore, these findings
indicate that the thymoproteasome is required for the optimal
positive selection of CD8+ T cells with functional TCR repertoire
and determines the antigen responsiveness of mature CD8+ T
cells in the periphery.

In addition to the analyses of b5t-deficient mice, the role of
the thymoproteasome restricted in cTECs was examined by the
analysis of b5t-transgenic mice in b5i-deficient background
(b5i-/-b5t-Tg) in which the thymoproteasome was aberrantly
expressed in antigen-presenting cells, including mTECs and
DCs. Unlike b5t-deficient mice, b5i-/-b5t-Tg mice exhibited
unaffected cellularity of TCRb lowCD69-/+CD103+ DP
thymocytes, which are enriched with CD8+ lineage cells after
positive selection, due to the retained expression of b5t in cTECs
(15). On the other hand, the population of TCRbhighCD69+CD103+

DP thymocytes, which include post-selected CD8+ lineage cells, was
lost in b5i-/-b5t-Tg mice, possibly resulting from enhanced negative
selection (15). These findings are in agreement with the concept
that a switch in self-peptides displayed by the cortex and the
medulla may be important for the thymoproteasome-dependent
development of CD8+ T cells in the thymus (16). Furthermore, the
extra-thymic expression of b5t induced autoreactive responsiveness
of CD8+ T cells that underwent thymoproteasome-dependent
positive selection in the thymus (15). Therefore, cTEC-specific
thymoproteasomes are important not only for the optimal
generation of CD8+ T cells in the thymus but also for the
prevention of aberrant T cell responses in the periphery.
However, the systemic b5t-Tg mice were metabolically aberrant
and showed weight loss due to the systemic reduction of
chymotrypsin-like proteasomal activity (17). The study also
showed that MHC-I expression was reduced in those b5i-/-b5t-Tg
mice (15). Thus, the aberrant thymocyte development in their b5i-/-

b5t-Tg mice may not be simply due to the loss of the MHC-I-
associated peptide switching but possibly results from the
combination of multiple abnormalities, including systemic
aberrancy in metabolism, in those transgenic mice.

A recent study that employed RNA sequencing analysis
identified that b5t regulated 850 cTEC-specific genes and
exhibited a pervasive effect on CD4SP and CD8SP thymocyte
development via the regulation of gene expression in cTECs (18).
However, these results could not be reproduced in an additional
study that found only minor differences in gene expression
profiles between b5-sufficient cTECs and b5t-deficient cTECs
through the combination of quantitative RT-PCR analysis and
RNA sequencing analysis, and no significant effects on the
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development of CD4SP thymocytes (19). The contradictory
results between these two studies may be due to differences in
the genetic background of mice and the purity of isolated cTECs
for transcriptomic analysis. It is also important to note that the
former analysis lacked the verification of the modest differences
in transcriptomic abundance detected in RNA sequencing
analysis, by employing additional analysis, such as quantitative
RT-PCR analysis. Furthermore, proteomic analysis revealed that
b5t-deficient mice had reduced 20S core particle components
(b1, b1i, b2, and b2i) except b5i and b5, which were elevated
potentially to compensate for the loss of b5t, whereas neither
chymotrypsin activity nor degradation of ubiquitinated proteins
was apparently altered by the b5t deficiency (19). These results
suggest that b5t may not pervasively regulate gene expression in
cTECs, but is critical for maintaining normal proteasomal
subunit composition in cTECs.
IMMUNOPROTEASOME IN THE THYMUS
FOR ANTIGEN PROCESSING AND
BEYOND

The importance of the immunoproteasome in antigen
presentation was examined by generating mice that completely
lacked the immunoproteasome by the deletion of catalytic
components: b1i-encoding Psmb9, b2i-encoding Psmb10, and b5i-
encoding Psmb8. The defects detected in immunoproteasome-
deficient mice resembled those detected in b1i-, b2i- or b5i-
deficient mice. The number of CD8SP thymocytes in
immunoproteasome-deficient mice decreased to approximately
50% of that in control mice (20), similar to the reduction detected
in b1i-deficient mice (21). The expression of surface MHC-I
molecules was reduced in the thymus and secondary lymphoid
organs of immunoproteasome-deficient mice, similar to the reduced
expression of surface MHC-I molecules in b5i-deficient mice (20,
22). The reduction of MHC-I expression was due to the reduced
exportation of the peptide-MHC complex, not the instability of
surface MHC-I molecules (20). Mass spectrometry analysis of
peptides associated with MHC-I in splenocytes from
immunoproteasome-deficient mice and control mice revealed that
the MHC-I-associated peptide repertoire was altered by
immunoproteasome deficiency (20). Altered generation of MHC-
I-associated peptides in DCs was also detectable in b2i/b5i double-
deficient mice (23). Although the repertoire of MHC-I-associated
peptides in the thymus has not been examined, these results suggest
that the generation ofMHC-I-associated self-peptides in the thymus
is also altered in immunoproteasome-deficient mice. As b1i and b2i
are also components of the thymoproteasome, peptide generation in
cTECs and thymic selection of cortical thymocytes may also be
affected in immunoproteasome-deficient mice lacking b1i and/
or b2i.

It has been reported that the number of polyclonal CD8SP
thymocytes is not severely affected in b5i single-deficient mice
(15, 22). However, one study disclosed that the generation of
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CD8+ T cells specific for viral glycoprotein GP118-125 was
impaired in b5i-deficient mice, probably due to the altered
thymic selection by the b5i deficiency in thymic antigen-
presenting cells (24). Furthermore, the generation of naturally
occurring self-peptide CPa192-99, which likely contributes to the
positive selection of ovalbumin (OVA)-specific OT-I T cells (25),
is immunoproteasome-dependent, and b5i deficiency led to
reduced generation of OT-I T cells in the thymus of OT-I-TCR
transgenic mice (26). Therefore, b5i in the immunoproteasome
within the thymus is involved in the generation of CD8+ T cells
that express certain TCR specificities. It is possible that the
deficiency in b1i more severely affects the generation of
polyclonal CD8+ T cells (20, 21) than the deficiency in b5i (15, 22).

The role of immunoproteasomes beyond peptide processing
in the thymus has been uncovered in several studies. mTECs
exhibited promiscuous gene expression and synthesized more
proteins than other thymic cells, which may require the
alleviation of proteotoxic stress in these cells (27). The
immunoproteasome deficiency caused by the genetic ablation
of b2i-encoding Psmb10 and b5i-encoding Psmb8 in mice
resulted in the selective reduction of mTEC cellularity and
impaired mTEC regeneration due to the short half-lives of
these cells and the exhaustion of their progenitors (27).
Therefore, the immunoproteasome plays an important role in
the homeostasis of mTECs.

An adoptive transfer of T cells isolated from mice deficient in
immunoproteasome subunit b1i, b2i, or b5i exhibited decreased
proliferation and increased apoptosis in virus-infected wild-type
mice (28). Experiments in mixed bone marrow chimera mice
showed that the altered homeostatic proliferation of T cells in
secondary lymphoid organs was due to T cell-intrinsic deficiency
in b2i (29). These studies suggest that the immunoproteasome is
an intrinsic factor for the proliferation and survival of T cells,
although the detailed mechanisms have yet to be elucidated. The
immunoproteasome also regulates the activation of T cells. The
specific inhibition of b5i reduced the production of IL-2 and
INF-g, as well as the expression of CD69 in T cells stimulated
with anti-CD3 and anti-CD28 antibodies (30, 31). Furthermore,
the phosphorylation of ERK, a molecule involved in the TCR
signaling pathway, was reduced in activated T cells as a result of
selective inhibition of b5i (31). Thus, the immunoproteasome
plays a role in the regulation of TCR signaling.

Several studies that used non-immune cells have shown the
involvement of the immunoproteasome in cellular senescence,
aging, and longevity (32–34). Regarding cellular senescence, it
has been reported that the TCR-mediated induction of the
proteasome is impaired in senescence-associated PD-1+ CD44high

CD4+ T cells, and vice versa, the senescence phenotype is induced
by proteasome inhibition (35). Although CD4+ T cells express both
the constitutive proteasome and the immunoproteasome, these
results indicate the involvement of proteasomes, including the
immunoproteasome, in the senescence of T cells. However,
whether the impaired induction of proteasomes by TCR
stimulation is the cause or effect of T cell senescence
remains unknown.
Frontiers in Immunology | www.frontiersin.org 4
THE THYMUS LACKING
IMMUNOPROTEASOMES AND
THYMOPROTEASOMES
Three types of proteasomes are detected in the thymus: the
constitutive proteasome, the immunoproteasome, and the
thymoproteasome. Among major antigen-presenting cells in
the thymus, cTECs in the cortex specifically express the
thymoproteasome, whereas antigen-presenting cells in the
medulla, such as mTECs and DCs, predominantly express
the immunoproteasome. In one study, mice that were
engineered to lack all components of those tissue-specific
proteasomes were examined to address the function of the
tissue-specific proteasomes in the thymus (16). In that study,
mice deficient in b1i, b2i, b5i, and b5t (4KO mice) were
generated. The mice were viable and bred normally, whereas
their proteasomes were limited to constitutive proteasomes.
Most strikingly, the 4KO mice had 90% fewer CD8+ T cells
than control mice; this was substantially greater than the 75%
reduction of CD8+ T cells seen in b5t-deficient mice (specifically
deficient in thymoproteasomes) and the 50% reduction of CD8+

T cells seen in b1i/b2i/b5i-triple-deficient mice (deficient in
immunoproteasomes) (16). There was no defect in the
development of CD4+ T cells in the 4KO mice. Further
evidence was provided to show that in the thymus of the
4KO mice, cortical thymocytes that undergo positive selection
toward CD8+ T cells were detected. However, the 4KO mice had
68% fewer mature CD4+CD8+CD69+TCRbhiCCR7hi cells than
wild-type mice, suggesting the occurrence of a developmental
block downstream of positive selection. To assess the effect of
tissue-specific proteasomes on negative selection, 4KO irradiated
hosts were reconstituted with bone marrow from either wild-
type or Bim-KO mice. Interestingly, the number of mature
CD8+ thymocytes in the 4KO hosts reconstituted with Bim-KO
bone marrow cells increased by 22.7-fold ± 8.8-fold than that in
the 4KO hosts reconstituted with wild-type bone marrow cells.
In contrast, the number of mature CD8+ thymocytes was only
5.0-fold ± 2.3-fold abundant in wild-type hosts reconstituted
with Bim-KO bone marrow cells relative to that in wild-type
hosts reconstituted with wild-type bone marrow cells. These
data suggest that mature CD8+ thymocytes are lost due to
increased events of apoptosis-dependent negative selection in
the absence of tissue-specific proteasomes, which can be rescued
by the loss of Bim (16). Based on these results, it was proposed
that the restricted expression of tissue-specific proteasomes in
the thymus, including cTEC-specific expression of the
thymoproteasome and mTEC/DC-abundant expression of the
immunoproteasome, facilitated a “peptide switch” between
positive selection-inducing self-peptides presented by cTECs
and negative selection-inducing self-peptides presented by
mTECs and DCs. Such a switch in self-peptides may create a
window for positively selected thymocytes to escape from
subsequent negative selection. The difference in self-peptides
displayed in the cortex and the medulla may be essential for the
development of CD8+ T cells.
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HUMAN DISEASE AND GENETIC
VARIATIONS IN IMMUNOPROTEASOMES
AND THYMOPROTEASOMES

The involvement of the immunoproteasome in human diseases
has been reviewed by others (4, 36). It has been demonstrated
that a single polymorphism in b1i or b5i is associated with risk of
cancers and mutations in b5i lead to autoinflammatory
syndromes. The alteration of immunoproteasome activity is
also associated with the development of neurodegenerative
diseases, such as Alzheimer disease and Huntington disease.
Regarding the thymoproteasome, it has been shown that patients
with Down syndrome have decreased expression of b5t, which
may contribute to elevated mortality due to increased
susceptibility to various cancers and infections (37). In
addition, it has been shown that a single nucleotide
polymorphism that changes the 49th amino acid from glycine
to serine (G49S) in the b5t protein is associated with Sjögren’s
syndrome, an autoimmune disease that affects exocrine glands,
specifically the lacrimal glands and the salivary glands (38). On
the other hand, another study reported that the G49S variation
had little association with severe human diseases, including
cancer, hepatitis, and tuberculosis (39). The G49S variation
impaired the post-translational processing of b5t protein in
both mouse and human cells, whereas the homozygous G49S
variation in mice reduced thymoproteasome expression in
cTECs and decreased CD8+ T cell production in the thymus
(39). Although the number of CD8+ T cells in homozygous
human individuals has not been assessed, these findings suggest
that G49S variation may affect the production of CD8+ T cells in
the human thymus. A long-term and large-scale cohort study is
expected to further deepen our understanding of the role of the
thymoproteasome in human health.
CONCLUSIONS AND PERSPECTIVES

Since the discovery of the thymoproteasome by Murata, et al. in
2007, its functional significance and differential function from the
immunoproteasome have been an interesting subject of studies. In
the thymus, the processing of self-peptides that facilitate positive
and negative selection events in developing thymocytes is
presumably a major function of the thymoproteasome in cTECs
and the immunoproteasome in mTECs and DCs. A study using
fibroblasts with ectopic expression of the thymoproteasome and the
immunoproteasome identified MHC-I-associated peptides
Frontiers in Immunology | www.frontiersin.org 5
generated by these proteasomes and showed a substantial
difference in repertoire between thymoproteasome-dependent and
immunoproteasome-dependent peptides (12). The difference in
peptide generation between the thymoproteasome and the
immunoproteasome was also shown in an experiment using a
human lymphoblastoid cell line (13). Despite these findings,
thymic selection-inducing self-peptides generated in thymic
epithelium have not been identified yet. Therefore, biochemical
analysis of MHC-I-associated peptides presented by cTECs and
mTECs is required to improve our understanding of the difference
between the thymoproteasome and the immunoproteasome, and
contribute to the development of novel strategies to boost thymic
selection for immunological disorders.

The explanation of the principle behind the differential
expression of proteasomes between cortical and medullary
thymic microenvironments remains controversial. As
mentioned in this review, peptide switching between positive
selection-inducing self-peptides presented by cTECs and
negative selection-inducing self-peptides presented by mTECs
and DCs may create a window to escape from the negative
selection of positively selected thymocytes (15, 16). Alternatively,
but not mutually exclusively, structural motifs in self-peptides
generated by the thymoproteasome in cTECs may be
advantageous for the optimal induction of positive selection.
Indeed, we recently found that the thymoproteasome shapes the
TCR repertoire directly in cortical thymocytes independent of
the thymic medulla and independent of negative selection,
indicating that the thymoproteasome hardwires the TCR
repertoire of CD8+ T cells with cortical positive selection
independent of negative selection (40). Additional studies are
necessary to verify the nature of tissue-specific proteasomes in
the thymus, which would ultimately improve current
understanding of thymic selection in the thymus.
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