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SUMMARY

How self-peptides displayed in the thymus con-
tribute to the development of immunocompetent
and self-protective T cells is largely unknown. In
contrast, the role of thymic self-peptides in elimi-
nating self-reactive T cells and thereby preventing
autoimmunity is well established. A type of protea-
some, termed thymoproteasome, is specifically
expressed by thymic cortical epithelial cells (cTECs)
and is required for the generation of optimal cellu-
larity of CD8+ T cells. Here, we show that cTECs
displayed thymoproteasome-specific peptide-MHC
class I complexes essential for the positive selection
of major and diverse repertoire of MHC class
I-restricted T cells. CD8+ T cells generated in the
absence of thymoproteasomes displayed a markedly
altered T cell receptor repertoire that was defective
in both allogeneic and antiviral responses. These
results demonstrate that thymoproteasome-depen-
dent self-peptide production is required for the
development of an immunocompetent repertoire of
CD8+ T cells.

INTRODUCTION

Most T lymphocytes are generated in the thymus. By entering the

thymus and interacting with the microenvironment of the thymic

cortex, lymphoid progenitor cells are induced to develop into

thymocytes that express T cell receptor (TCR), as well as core-

ceptors CD4 and CD8 (double-positive, DP) (Scollay et al.,

1988). Newly generated DP thymocytes that express a virgin

set, or the germline repertoire, of TCRs are motile, seeking

TCR engagement by interacting with peptide-major histocom-

patibility complex (MHC) expressed in the cortical microenviron-

ment (Bousso et al., 2002; Li et al., 2007). DP thymocytes that

receive weak signals of low-avidity (i.e., affinity 3 number per

cell) TCR engagement are induced to survive and further develop

into mature T cells that express large amounts of TCRs and
either one of CD4 or CD8 (single-positive, SP) (Ashton-Rickardt

et al., 1993, 1994; Hogquist et al., 1994; Sebzda et al., 1994;

Takahama et al., 1994; Alam et al., 1996). This process is referred

to as positive selection and is assumed to contribute to the

enrichment of an immunocompetent, i.e., useful and self-protec-

tive, repertoire of self-MHC-restricted foreign-antigen-reactive

T cells (Kisielow et al., 1988; von Boehmer, 1994; Allen, 1994;

Starr et al., 2003). In contrast, DP thymocytes that receive strong

signals of high-avidity TCR engagement are deleted, a process

referred to as negative selection (Kappler et al., 1987; Palmer,

2003). It is well appreciated that negative selection is essential

for eliminating self-reactive T cells and thereby preventing

autoimmunity (Strasser, 2005; Siggs et al., 2006).

Unlike negative selection, the physiological and pathological

importance of positive selection is still controversial. Positive

selection was originally identified as the thymic process that

determines the MHC-restriction specificity of T cells (Bevan,

1977; Zinkernagel et al., 1978) and is assumed to contribute to

enriching an inherently rare T cell repertoire that is useful in the

body harboring a given combination of MHC polymorphisms.

However, it was shown that the germline TCR repertoire before

positive and negative selection is inherently conserved to be

MHC reactive (Zerrahn et al., 1997; Merkenschlager et al.,

1997). It was also shown that a single MHC-peptide ligand

identified in B lymphoma cells could induce positive selection

of a diverse repertoire of T cells (Ignatowicz et al., 1996; Fukui

et al., 1997). Based on these results, along with the structural

analysis of TCR-MHC-peptide interactions, it is proposed that

the specificity of TCR for peptides is not demanding during

positive selection and that rather than positive selection, it is

the subsequent negative selection that establishes the MHC-

restriction specificity and the peptide specificity of peripheral

T cells (Marrack and Kappler, 1997; Huseby et al., 2005; Dai

et al., 2008; Huseby et al., 2008). However, those T cells gener-

ated in mice expressing single MHC-peptide ligands show

markedly reduced cellularity and an unusual TCR repertoire

that occasionally causes autoimmunity (Ignatowicz et al., 1996;

Huseby et al., 2005; Oono et al., 2001). Thus, it is unclear whether

the positive selection detectable in those single MHC-peptide-

expressing mice represents positive selection occurring in the

normal body. More importantly, it remains unanswered whether
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Figure 1. b5t Regulates Positive Selection of Diverse, but Not All,

TCR Specificities of CD8+ T Cells

(A) Numbers (per mouse) of thymocytes, splenic T cells, and lymph node

T cells in indicated populations were determined by flow cytometry in 3- to

6-week-old Psmb11+/� or Psmb11�/� mice. Data of individual mice (circles)

and means (bars) are shown (n = 5).

(B–F) Thymocytes and splenocytes from HY-TCR-transgenic H-2b female

mice (B), as well as P14-TCR- (C), F5-TCR- (D), OT-I-TCR- (E), and 2C-TCR-

(F) transgenic H-2b mice, were analyzed by flow cytometry for CD4 and

CD8. Histograms show TCR expression profiles (solid lines) obtained by stain-

ing with an antibody specific for HY-TCR (T3.70) (B), TCR Va2 (C), TCR Vb11

(D), TCR Va2 (E), or 2C-TCR (1B2) (F), overlaid with control staining profiles

(shaded lines), of the indicated cell populations. Numbers indicate percentage

of cells within indicated areas. Graphs indicate cell numbers (per mouse)

of indicated populations in individual mice (circles) and their means (bars)

(n = 3 to 6). *p < 0.05; **p < 0.01. See also Figure S1.
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self-peptides displayed in the thymus play a role in positive

selection of an immunocompetent repertoire of T cells.

We previously identified b5t, a proteasome subunit that is

specifically expressed in thymic cortical epithelial cells (cTECs)

(Murata et al., 2007). Proteasomes are multicatalytic protease

complexes that are responsible for the degradation of cyto-

plasmic proteins and the production of antigen peptides

presented by MHC class I molecules (Brown et al., 1991; Rock

et al., 1994). The b5 catalytic subunits of the proteasome are

responsible for its chymotrypsin-like activity, producing peptides

that possess at their carboxyl termini hydrophobic residues that

can bind efficiently to MHC class I molecules (Heinemeyer et al.,

1993; Fehling et al., 1994; Rock and Goldberg, 1999). b5t-con-

taining proteasomes, termed thymoproteasomes, exhibit low

chymotrypsin-like activity compared with the other types of pro-

teasomes, i.e., b5-containing standard proteasomes or b5i-con-

taining immunoproteasomes (Murata et al., 2007). Interestingly,

b5t-containing cTEC-specific thymoproteasomes are essential

for the generation of the optimal cellularity of CD8+ T cells (Murata

et al., 2007). However, the mechanism by which thymoprotea-

somes regulate T cell development has yet to be disclosed.

In this study, we examined how thymoproteasomes regulate

T cell development. Our results showed that thymoproteasomes

were essential for the positive selection of major and diverse,

but not all, repertoire of CD8+ T cells. We also found that thymo-

proteasomes conferred on cTECs the ability to express MHC

class I -peptide complexes that were capable of generating major

repertoire of CD8+ T cells. cTECs in thymoproteasome-deficient

mice compensatively assembled immunoproteasomes and

expressed an altered set of MHC class I -peptide complexes that

fail to positively select most repertoires of CD8+ T cells. In addition,

CD8+ T cells generated in the absence of thymoproteasomes

displayed an altered TCR repertoire that was defective in alloge-

neic and antiviral responses. Thus, this study reveals a unique

role of cTEC-specific protein degradation that is essential for the

cTEC-specific production of self-peptide-MHC class I complexes,

and these complexes are required for the development of an

immunocompetent and self-protective repertoire of CD8+ T cells.

RESULTS

b5t Regulates Positive Selection of Major Repertoire
of CD8+ T Cells
In b5t-deficient (Psmb11�/�) mice, the numbers of CD8+ T cells

in the spleen and lymph nodes were markedly reduced to 27%

and 31% (ratio between averages, n = 5), respectively, of those

in normal mice (Figure 1A). The number of CD4�CD8+ single-

positive (CD8SP) thymocytes was also reduced to 21% (n = 5)

of the control, whereas the numbers of CD4�CD8� double-

negative (DN), CD4+CD8+ DP, and CD4+CD8� (CD4SP) thymo-

cytes were unchanged (Figure 1A), indicating that b5t specifically

regulates the CD8 lineage, but not the CD4 lineage of T cell

development beyond the DP stage. Other lineages of immune

cells, including TCRgd+ cells, NK cells, NKT cells, macrophages,

dendritic cells, B cells, and CD8aa+ intraepithelial lymphocytes,

showed no decreases in their numbers in Psmb11�/� mice

(Figure S1A available online). In order to examine how b5t specif-

ically affects CD8+ T cell development, Psmb11�/� mice were

crossed with TCR-transgenic mice. In HY-TCR-transgenic
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mice, MHC class I H-2Db-restricted male-antigen-specific TCR

drives the positive and negative selection of CD8-lineage

T cells in female and male H-2b mice, respectively. We found

that the generation of CD8SP thymocytes and splenic CD8+

T cells in H-2b female HY-TCR-transgenic mice was severely

impaired by the lack of b5t (to 2.2% and 2.6%, respectively, of

control cell numbers, n = 4–6) (Figure 1B). In contrast, b5t defi-

ciency has no effect on the decreased numbers of DP thymo-

cytes and CD8hi splenic T cells in H-2b male HY-TCR-transgenic

mice (Figure S1B). Furthermore, the arrested T cell development

at DP stage in null-selector H-2d HY-TCR-transgenic mice was

also unaltered by the absence of b5t (data not shown). Together,

the results indicate that b5t affects positive selection rather than

negative or null selection of HY-TCR-transgenic T cells. In

contrast, the generation of CD4SP thymocytes and splenic

CD4 T cells in I-Ab-restricted pigeon cytochrome c-specific

AND-TCR-transgenic mice and I-Ab-restricted ovalbumin-

specific OT-II-TCR-transgenic mice was not diminished in the

absence of b5t (Figures S1F and S1G), indicating that b5t is

dispensable for the positive selection of MHC class II -restricted

TCR-transgenic T cells. b5t deficiency neither affected the nega-

tive selection of thymocytes in two additional MHC class

I -restricted TCR-transgenic models nor caused any signs of

autoimmune diseases in various organs (Figure S1C–S1E).

These results indicate that the b5t-containing thymoproteasome

specifically regulates positive selection, rather than negative

selection, of CD8+ T cells, rather than CD4+ T cells.

Similar to HY-TCR-transgenic T cells, the numbers of splenic

T cells in two other MHC class I -restricted TCR-transgenic

mice, namely, lymphocytic choriomeningitis virus-specific P14-

TCR-transgenic mice and influenza virus-specific F5-TCR-trans-

genic mice, were markedly reduced in the absence of b5t (12%,

n = 4 and 36%, n = 4, respectively, relative to control, i.e., b5t+

mice, Figures 1C and 1D). Accordingly, the generation of

CD8SP thymocytes in these TCR-transgenic mice was severely

impaired by the lack of b5t (Figures 1C and 1D), indicating that

b5t regulates the positive selection of CD8+ T cells with multiple

TCR specificities. Interestingly, however, MHC class I -restricted

ovalbumin-specific OT-I-TCR-transgenic and allogeneic H-2Ld-

specific 2C-TCR-transgenic CD8+ T cells were less severely

affected in Psmb11�/� mice (Figures 1E and 1F). The number

of OT-I-TCR-transgenic splenic CD8+ T cells in Psmb11�/�

mice was reduced to 64% (n = 3 to 4) of that in control OT-I-

TCR-transgenic mice (Figure 1E). Most notable was that the

number of 2C-TCR-transgenic splenic CD8+ T cells in

Psmb11�/� mice was 122% (n = 3) of that in control 2C-TCR-

transgenic mice carrying b5t (Figure 1F). These results indicate

that the development of CD8+ T cells that express individual

specificities of MHC class I -restricted TCRs is differentially

dependent on b5t. Along with the finding that the majority of

CD8+ T cells are lost in Psmb11�/� mice (Figure 1A), these

results also indicate that the b5t-containing thymoproteasome

regulates the positive selection of major and diverse, but not

all, repertoires of MHC class I -restricted CD8+ T cells.

b5t Regulates cTEC-Mediated Positive Selection
of CD8+ T Cells within Thymic Cortex
To determine the cells that are responsible for the b5t-mediated

regulation of T cell development, we examined positive selection
among various TCR specificities in bone marrow chimeras

(Figure 2A). To do so, hematopoietic progenitor cells from

TCR-transgenic mice were reconstituted in irradiated

Psmb11�/� mice. In the thymus of b5t-deficient mice, positive

selection of HY-TCR-, P14-TCR-, and F5-TCR-transgenic

T cells was markedly diminished, whereas positive selection of

OT-I-TCR-transgenic and 2C-TCR-transgenic T cells was

affected little (Figure 2A). Thus, the differential b5t dependence

of positive selection among various TCR specificities was repro-

duced in these bone marrow chimeras reconstituted in the

thymus of irradiated Psmb11�/� mice (Table 1). In contrast, b5t

deficiency in bone marrow donor cells did not diminish the

positive selection of HY-TCR-transgenic T cells in the thymus

of b5t-sufficient mice (Figure 2A), indicating that b5t in nonhema-

topoietic stromal cells, but not bone marrow-derived hematopoi-

etic cells, is responsible for positive selection of the repertoire of

CD8SP thymocytes. Furthermore, the specific deficiency of b5t

in cTEC-enriched thymic stromal cells markedly diminished the

capability to induce the generation of CD8+ T cells from isolated

DP thymocytes of P14-TCR-transgenic mice, but not 2C-TCR-

transgenic mice, in reaggregated fetal thymus organ culture

(Figure 2B). Along with the results showing that b5t is exclusively

expressed in cTECs (Murata et al., 2007 and data not shown),

these results indicate that thymoproteasome-expressing cTECs

regulate the positive selection of major and diverse, but not all,

repertoire of CD8+ T cells. The b5t independency of positive

selection weakly correlated with the signaling intensity of trans-

genic TCR, which was measured by the amount of surface CD5

and CD8 expression (Figure S5).

In thymic medulla, newly generated SP thymocytes interact

with various cells, including mTECs, which promiscuously

express various tissue-specific antigens (Derbinski et al., 2001;

Anderson et al., 2002; Kyewski and Derbinski, 2004). The

CCR7-mediated migration of SP thymocytes to the medulla is

essential to trim the cortically generated T cell repertoire to

establish self-tolerance (Takahama, 2006; Kurobe et al., 2006;

Nitta et al., 2009). Thus, it is possible that the b5t regulation of

repertoire formation may involve the migration of positively

selected thymocytes to the medulla and the negative selection

induced in thymic medulla. However, we found that the develop-

ment of CD8SP thymocytes was defective even in Psmb11�/�

Ccr7�/� mice, similar to Psmb11�/�mice (Figure 2C), indicating

that defective positive selection in the absence of b5t reflects

neither CCR7-mediated migration of positively selected thymo-

cytes nor negative selection in thymic medulla. We also found

that the formation of thymic medulla including Aire-expressing

medullary epithelial cells was not impaired in b5t-deficient

mice (Figure S2). Thus, b5t-containing thymoproteasome regu-

lates the positive selection of major CD8+ T cell repertoires within

thymic cortex without the contribution of subsequent negative

selection in thymic medulla.

The reduced number of CD8+ T cells in bone marrow chimeras

reconstituted in irradiated Psmb11�/� mice was not markedly

altered when bone marrow cells were isolated from mice defi-

cient for b2-microglobulin (b2 m), a component of MHC class I

molecules (Figure 2D). Thus, the impaired but detectable

positive selection in b5t-deficient mice is not due to MHC class

I -restricted antigen presentation by bone marrow-derived

cells, including dendritic cells and T-lineage cells, which were
Immunity 32, 29–40, January 29, 2010 ª2010 Elsevier Inc. 31



Figure 2. b5t in cTECs Regulates Positive

Selection of Major TCR Specificities of

CD8+ T Cells

(A) T cell-depleted bone marrow cells from indi-

cated donor mice were transferred into lethally irra-

diated Psmb11+/� or Psmb11�/� H-2b host mice.

Thymocytes were analyzed 5 weeks after the

reconstitution. Graphs indicate numbers (permouse)

of CD4�CD8+TCRhi thymocytes in individual

mice (circles) and their means (bars) (n = 2 to 4).

(B) CD4+CD8+ thymocytes were isolated from

P14-TCR-transgenic (left) or 2C-TCR-transgenic

(right) mice with a cell sorter and reaggregated

with Psmb11+/� or Psmb11�/� H-2b fetal thymic

stromal cells that contained 30%–40% cTECs,

<3% mTECs, and 60%–70% non-TEC stromal

cells, isolated from 2-deoxyguanosine-treated

fetal thymus lobes. CD4+CD8+ thymocytes before

the culture had > 99% purity. The indicated cell

populations were analyzed 4 days after reaggre-

gated thymus organ culture. Graphs indicate

percentages of indicated populations in individual

reaggregated thymuses (circles) and their means

(bars) (n = 3 to 4).

(C) Numbers of CD4+CD8+ or CD4�CD8+TCRbhi

thymocytes (per thymus lobe) in 4- to 6-week-

old Psmb11+/+Ccr7+/+, Psmb11+/+Ccr7�/�,

Psmb11�/�Ccr7+/+, or Psmb11�/�Ccr7�/� mice.

(D) Thymocytes isolated from indicated bone

marrow chimera mice were analyzed by flow cy-

tometry for the expression of CD4, CD8, and

TCRb. Shown are the numbers of

CD4�CD8+TCRbhigh thymocytes (n = 2 to 3). The

number of CD8SP thymocytes in Psmb11�/�

mice reconstituted with B2m�/� bone marrow

cells (B2m�/�/ Psmb11�/�) was not significantly

(p R 0.05) different from that in Psmb11�/� mice

reconstituted with B2m+/+ bone marrow cells

(B2m+/+ / Psmb11�/�) but was significantly

(p < 0.01) larger than that in B2m�/� mice

reconstituted with B2m�/� bone marrow cells

(B2m�/� / B2m�/�), indicating that the genera-

tion of CD8SP thymocytes in Psmb11�/� mice

was independent of bone-marrow-derived MHC

class I molecules. *p < 0.05; **p < 0.01; NS, not

significant. See also Figure S2.
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previously shown to be capable of inducing positive selection

under certain experimental conditions (Zinkernagel and Althage,

1999; Li et al., 2005; Choi et al., 2005; Kirberg et al., 2008).

Rather, the reduced production of CD8+ T cells in Psmb11�/�

mice is likely due to the defective and inefficient capability of

thymoproteasome-deficient cTECs to induce positive selection.

cTECs Display a Thymoproteasome-Specific
Set of MHC Class I-Associated Peptides
The surface expression of H-2K and H-2D MHC class I mole-

cules, as well as I-A MHC class II molecules, on cTECs in

Psmb11�/� mice was not markedly diminished (Figure 3A),

although the surface expression of Kb, Db, and Ld on b5t-defi-

cient cTECs was slightly altered to 93% (n = 5), 89% (n = 5),

and 103% (n = 3) of that in control cTECs carrying b5t (Table 2).

Similar to cTECs from normal mice, b5t-deficient cTECs were

fully capable of presenting SIINFEKL antigen peptide to

stimulate OT-I-TCR-transgenic CD8+ T cells (Figure 3B). Thus,
32 Immunity 32, 29–40, January 29, 2010 ª2010 Elsevier Inc.
b5t-deficient cTECs are competent in presenting antigen

peptides to MHC class I -restricted T cells. The majority of

proteasomal b5-type subunits expressed in b5t-deficient cTECs

were b5i, rather than b5 (Figure 3C), whereas b1i and b2i, rather

than b1 or b2, were predominant in cTECs (Murata et al., 2007).

Thus, unlike normal cTECs that predominantly express b5t-con-

taining thymoproteasomes, b5t-deficient cTECs compensatively

assemble b1i-, b2i-, and b5i-containing immunoproteasomes.

Indeed, most MHC class I H-2Ld molecules expressed by cTECs

exhibited the peptide-bound ‘‘folded’’ form (as detected by 30-

5-7 antibody), rather than the peptide-empty ‘‘open’’ form (as

detected by 64-3-7 antibody), irrespective of the presence or

absence of b5t (Figure 3D). Thus, most MHC class I molecules

expressed by cTECs in the presence or absence of b5t are

associated with peptides, similarly to those expressed by other

cells, such as mTECs.

In order to explore the nature of MHC class I -associated

peptides in cTECs, we then examined the expression of epitopes



Table 1. Development of CD8+ T Cells that Express Individual Specificities of MHC Class I -Restricted TCR Is Differentially

Dependent on b5t

TCR Va and Vb

% Psmb11�/�/Psmb11+/�b

MHC Antigen Thymocytes Splenocytes

Restriction Peptidea Micec BMCc Mice BMC

Bulk Bulk Bulk Bulk 21.0 19.6 27.3 17.8

HY Va17 Vb8.2 Db Smcy 2.2 3.7 2.6 5.8

P14 Va2 Vb8.1 Db LCMV gp33 29.7 26.1 12.4 12.3

F5 Va4 Vb11 Db Flu NP68 45.3 28.9 35.5 14.9

OT-I Va2 Vb5 Kb Ovalbumin 63.4 76.0 63.9 56.0

2Cd Va3 Vb8.2 Kb (Ld + a-KGDH) 553.2 181.1 121.7 47.7
a Smcy is a Y-chromosome-encoded H-Y antigen. LCMV gp33 is glycoprotein 33 of lymphocytic choriomeningitis virus. Flu NP68 is influenza virus

nucleoprotein 68.
b 100 3 (average CD8+ SP T cell number in Psmb11�/� mice/average CD8+ SP T cell number in Psmb11+/� mice).
c Mice, data obtained from TCR-transgenic mice as shown in Figure 1. BMC, data from bone marrow chimera mice as shown in Figure 2A.
d 2C-TCR-transgenic T cells in H-2b mice are positively selected by Kb and are reactive to allogeneic Ld molecules that are associated with the

endogenous protein a-ketoglutarate dehydrogenase (a-KGDH).
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produced by the complexes of MHC class I molecules and

limited varieties of peptides. We found that the expression of

one of these epitopes directly detected by the TCR-like mono-

clonal antibody 25-D1.16 (Porgador et al., 1997; Mareeva

et al., 2008), which recognizes a fraction of H-2Kb molecules

associated with a population of peptides (Porgador et al.,

1997), was markedly higher in cTECs from Psmb11�/� mice

than in those from control mice (Figures 3E–3G). The surface

expression of this epitope on mTECs, thymocytes, B cells, and

dendritic cells was not different between Psmb11�/� and control

mice (Figures 3E and 3F and Figure S3A), indicating that b5t

specifically regulates the surface expression of this epitope on

cTECs. Likewise, the cell-surface expression of another epitope

of the H-2Kb complex associated with a different population of

peptides, detected by 22-C5.9 (Porgador et al., 1997), was

specifically altered in cTECs from Psmb11�/� mice compared

to those from control mice (Table 2 and Figure S3B). The

cTEC-specific difference in the expression of these epitopes

between Psmb11�/� and control mice suggests that the reper-

toire of MHC class I -associated peptides expressed by cTECs

is specifically regulated by b5t-containing thymoproteasomes

and that cTECs in normal mice display a repertoire of MHC class

I-associated peptides that are uniquely generated by thymopro-

teasomes.

Functionally Incompetent Repertoire of CD8+ T Cells
in b5t-Deficient Mice
Finally, we examined the function and repertoire of lymphopenic

CD8+ T cells that were generated in the absence of b5t. We found

that CD8+ T cells generated in Psmb11�/�mice were capable of

proliferation and granzyme B production in response to TCR and

CD28 stimulation (Figures 4A and 4B). OT-I-TCR-transgenic

CD8+ T cells generated in Psmb11�/� mice were fully capable

of proliferating in the presence of SIINFEKL peptide (Figure 4C).

Homeostatic proliferation of CD8+ T cells isolated from

Psmb11�/� mice was not impaired in vivo in both irradiated

mice and RAG2-deficient (Rag2�/�) mice (Figure 4D). Thus,

CD8+ T cells generated in the absence of thymoproteasomes

are functionally potent to maintain in vivo survival in lymphopenic
environments and to proliferate and become cytotoxic

T-lymphocytes (CTL) in response to TCR stimulation.

CD8+ T cells in Psmb11�/� mice exhibited increased

frequency of cells that highly expressed CD44 and Ly6C

(Figure 4E). The frequency of CD44hi CD8+ T cells in Psmb11�/�

mice increased with the ontogeny (Figure 4F) and this increase

coincided with the severer decrease in absolute number of

CD44lo CD8+ T cells than CD44hi CD8+ T cells (Figure 4G).

Both CD44lo and CD44hi CD8+ T cells in Psmb11�/� mice were

capable of proliferative response to TCR and CD28 stimulation

(Figure 4H). However, CD44lo CD8+ T cells isolated from wild-

type mice did not undergo excessive homeostatic expansion

upon intravenous administration in Psmb11�/� mice, unlike in

lymphopenic Rag2�/� mice (Figure 4I), suggesting that the

increase in frequency of CD44hi cells is unlikely due to the

homeostatic expansion of CD44lo cells and subsequent pheno-

type conversion into CD44hi cells in Psmb11�/� mice. Thus,

the marked in vivo persistence of CD44hi memory-type CD8+

T cells compared to CD44lo naive CD8+ T cells (Tanchot et al.,

1997; Murali-Krishna et al., 1999) and possible defect in the

maintenance of CD8+ T cells generated in Psmb11�/� mice (for

example, by defective TCR interactions with self MHC class

I-peptide complexes because of the alteration in TCR repertoire)

may contribute to the increased ratio of CD44hi cells over CD44lo

cells in CD8+ T cells of Psmb11�/�mice and the slightly elevated

responses of CD8+ T cells from Psmb11�/� mice.

Indeed, the distribution of TCR-Vb and TCR-Va in CD8+ T cells

was altered in Psmb11�/�mice (Figure 5A), whereas no substan-

tial difference was detected in the TCR-V distribution in CD4+

T cells between Psmb11�/� and control mice (Figure 5A), indi-

cating that the T cell repertoire was altered specifically in CD8+

T cells. Thus, CD8+ T cells generated in Psmb11�/� mice carry

undiminished TCR responsiveness but an altered TCR reper-

toire. The functional consequence of the altered repertoire of

CD8+ T cells in Psmb11�/� mice was examined by measuring

immune response to foreign antigens. We found that CD8+

T cells isolated from Psmb11�/� mice showed markedly dimin-

ished proliferative responses to allogeneic antigens (Figure 5B),

which were dependent on b2 m-associated MHC class I
Immunity 32, 29–40, January 29, 2010 ª2010 Elsevier Inc. 33



Figure 3. cTECs Produce b5t-Specific Peptide-MHC Class I Complexes
(A) Surface expression of MHC class I and class II molecules on cTECs from Psmb11+/� or Psmb11�/� H-2b mice. CD45�TER119� thymic stromal cells from

2-week-old mice were stained for EpCAM, Ly51, and indicated antibodies specific for MHC class I or class II molecules. Histograms show staining profiles (solid

lines) overlaid with control staining profiles (shaded histograms) of EpCAM+Ly51+ cTECs. Numbers in histograms indicate mean fluorescence intensity (MFI).

Graphs show MFI of the histograms with indicated antibodies in individual measurements (circles) and their means (bars). Shown on the left are representative

dot plots for EpCAM and Ly51 expression in CD45� thymic stromal cells and the number of EpCAM+Ly51+ cTECs in Psmb11+/� or Psmb11�/�mice. Numbers in

dot plots indicate the frequency of cells within the box. The expression of Db was significantly (p < 0.05) reduced in Psmb11�/� mice.

(B) CD8+ T cells from the spleen of OT-I-TCR-transgenic mice were cocultured in the absence or presence of CD45�I-A+Ly51+ cTECs from Psmb11+/� or

Psmb11�/� H-2b mice. cTECs were pretreated with indicated concentrations of SIINFEKL peptide. Twenty hours later, the frequency of CD69+ cells in CD8+

T cells was analyzed by flow cytometry.

(C) Proteasomal components in b5t-deficient cTECs. Ly51+ cells were purified from the thymus of Psmb11+/� or Psmb11�/� mice, lysed, and subjected to

immunoblot analysis with the indicated antibodies. b4 and a2 were used as controls. Means and standard errors (n = 3) of the ratios of the chemiluminescence

signals in Psmb11�/� cTECs to those in Psmb11+/+ cTECs are also shown. ***p < 0.001; NS, not significant. The signals for b5 were not detectable in cTECs from

either Psmb11+/+ or Psmb11�/� mice.

(D–F) CD45�TER119� thymic stromal cells were prepared from 2-week-old Psmb11+/� or Psmb11�/�H-2d (D) or H-2b (E) mice (F) and stained for EpCAM, Ly51,

and indicated MHC class I molecules. Monoclonal antibodies used were 30-5-7 (specific for the peptide-bound ‘‘folded’’ form of Ld), 64-3-7 (specific for the

peptide-empty ‘‘open’’ form of Ld), 28-14-8 (specific for Ld irrespective of peptide binding), and 25-D1.16 (specific for Kb associated with a limited variety of

peptides). Histograms show staining profiles (solid lines) overlaid with control staining profiles (shaded histograms) of EpCAM+Ly51+ cTECs or EpCAM+Ly51�

mTECs (D and E). Staining profiles of EpCAM+Ly51+ cTECs and EpCAM+Ly51�mTECs isolated from Psmb11�/� (red lines) and Psmb11+/� (black lines) mice are

also indicated (F). Numbers in histograms indicate MFI. Graphs show the MFI of the histograms with indicated antibodies in individual measurements (circles) and

their means (bars). **p < 0.01.

(G) Venus-expressing (green) cTECs isolated from b5t+/� or b5t�/� H-2b mice were stained with 25-D1.16 (red).

See also Figure S3.
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molecules (Figure 5C). The decrease in allogeneic response was

not limited to a single combination of allogeneic stimulation but

was shared by various allogeneic combinations (Figures 5B

and 5C and Figure S4A). However, a certain combination of

allogeneic response (H-2d anti-H-2bq4) of CD8+ T cells was not

severely defective in Psmb11�/�mice (Figure S4A), in agreement
34 Immunity 32, 29–40, January 29, 2010 ª2010 Elsevier Inc.
with the possibility that CD8+ T cells generated in the absence of

thymoproteasomes are functionally potent in response to TCR

engagement but are defective in the formation of a functionally

competent TCR repertoire. The allogeneic response of CD8+

T cells from Psmb11�/� mice was reduced even in isolated

CD44lo naive T cells (Figure S4B), suggesting that the defective



Table 2. Surface Expression of MHC Molecules on cTECs

and mTEC in b5t-Deficient Mice

Mouse

Examined

Target

Molecule

Detecting

Antibody

% Psmb11�/�/Psmb11+/�a

cTECs mTECs

H-2b Kb, Db 28-8-6 94.4 101.5

Kb, Qa2 20-8-4 89.9 93.5

Kb 28-13-3 93.4 105.0

Db 28-14-8 89.1 100.1

Kb + peptidesb 25-D1.16 180.2b 101.3

Kb + peptidesb 22-C5.9 139.1b 95.4

I-Ab AF6-120.1 103.3 102.6

H-2d Ld 28-14-8 102.8 100.3

Ld (folded)c 30-5-7 99.8 95.6

Ld (open)c 64-3-7 81.5 92.0
a MFI values of indicated molecules with indicated antibodies were

measured by flow cytometry as shown in Figure 3. Shown are 100 3

(average MFI in Psmb11�/� mice/average MFI in Psmb11+/� mice). For

the analysis with 22-C5.9, cTECs and mTECs were Psmb11-driven

Venus+ and Venus� CD45� thymic cells.
b 25-D1.16 and 22-C5.9 are specific for Kb associated with a limited and

mutually different variety of peptides (Porgador et al., 1997). The MFI

values were significantly (p < 0.05) larger in Psmb11�/� cTECs than in

Psmb11+/� cTECs.
c 30-5-7 is specific for the peptide-bound folded form of Ld, whereas

64-3-7 is specific for the peptide-empty open form of Ld (Lie et al., 1991).
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CD8+ T cell response in Psmb11�/� mice is due to the defective

repertoire of naive CD8+ T cells rather than the reduced

frequency of naive cells in CD8+ T cells. Finally, we found that

upon influenza virus infection under the conditions where control

mice could survive due to CD8+ T cell responses, Psmb11�/�

mice exhibited severe lethality (Figure 5D). These results indicate

that CD8+ T cells generated in the absence of thymoprotea-

somes are defective in mounting immune responses to alloge-

neic and viral antigens.

DISCUSSION

The present results demonstrate that cTECs display thymopro-

teasome-specific MHC class I-peptide complexes that are

essential for the development of major and diverse repertoire

of CD8+ T cells. Thymoproteasome-deficient cTECs displayed

altered MHC class I-peptide complexes that generated an

altered TCR repertoire that was defective in allogeneic and

antiviral responses. These results suggest that cTEC-specific

production of MHC class I-associated self-peptides due to

thymoproteasome-mediated protein degradation is essential

for the development of an immunocompetent and self-protective

CD8+ T cell repertoire.

Chymotrypsin-like activity mediated by the b5 subunits of

proteasomes is responsible for the production of peptides that

carry carboxyl-terminal hydrophobic residues that efficiently

associate with MHC class I molecules (Fehling et al., 1994;

Rock and Goldberg, 1999). No carboxypeptidases other than

proteasomes are detectable in the cells except lysosomes,

whereas various aminopeptidases in the cytoplasm and the
endoplasmic reticulum are involved in trimming the amino

termini of proteasome-generated peptides (Reits et al., 2003;

Yewdell et al., 2003). Indeed, naturally processed self-peptides

eluted from many alleles of MHC class I molecules are highly

biased to possess hydrophobic amino acids, and basic residues

to a less extent, at the carboxyl terminus (Falk et al., 1991;

Hunt et al., 1992; Young et al., 1995). On the other hand, b5t-con-

taining thymoproteasomes exhibit selectively reduced chymo-

trypsin-like activity but normal trypsin-like and caspase-like

activities, compared with other types of proteasomes, i.e.,

b5-containing standard proteasomes and b5i-containing

immunoproteasomes (Murata et al., 2007). It is therefore

reasonable to speculate that the specifically reduced chymo-

trypsin-like activity in thymoproteasomes is responsible for the

generation of the cTEC-specific repertoire of cytoplasmic

peptides. Even though the TAP complex, which is responsible

for transporting cytoplasmic peptides into the lumen of the

endoplasmic reticulum, prefers the hydrophobic carboxyl

termini of the peptides (Momburg et al., 1994; Uebel et al.,

1997; Burgevin et al., 2008), our results show that most of the

MHC class I molecules expressed on the surface of cTECs

irrespective of b5t expression are associated with the peptides

rather than being peptide-empty. Thus, the thymoproteasome-

mediated production of a cTEC-specific repertoire of cyto-

plasmic peptides likely results in the production of a unique

repertoire of MHC class I-associated peptides specifically

displayed by cTECs.

With regard to the nature of MHC class I-bound peptides

expressed by cTECs, current technology of mass spectrometry

analysis (which requires 108 to 109 cells) does not readily allow us

to directly identify the sequences of MHC-bound peptides

expressed by isolated cTECs (approximately 1 3 104 cells can

be isolated per mouse). However, the present results obtained

by the two different TCR-like monoclonal antibodies show that

the expression of the epitopes, likely produced by the com-

plexes of MHC class I molecules and endogenously produced

peptides, was markedly and specifically altered in cTECs from

b5t-deficient mice compared to those from control mice, sug-

gesting that cTECs display a thymoproteasome-specific set of

MHC class I-associated peptides. The peptides expressed by

cTECs may be unique to cTECs and different from the peptides

expressed by other cells because of the unique enzymatic

activity of cTEC-specific thymoproteasome. Alternatively, the

decreased chymotrypsin-like activity of thymoproteasomes

may uniquely limit the variety of MHC class I-associated

peptides displayed by cTECs. It is also possible that these anti-

bodies may recognize a conformational status of Kb, which may

be increased specifically in cTECs in the absence of b5t but be

independent of the variety of associated peptides.

Our results show that the positive selection of various trans-

genic TCR is differentially affected by b5t deficiency in multiple

magnitudes rather than in an all-or-none manner. It is thus spec-

ulated that the positive selection of a single TCR specificity is

induced by multiple (thymoproteasome-dependent and thymo-

proteasome-independent) peptides associated with MHC class

I molecules. A major fraction of positively selecting peptides

may be uniquely generated by thymoproteasomes in cTECs,

whereas some positively selecting peptides may be additionally

generated in a thymoproteasome-independent manner.
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Figure 4. CD8+ T Cells Generated in b5t-

Deficient Mice Are Functionally Potent to

Proliferate and Become Cytotoxic T-Lym-

phocytes in Response to TCR Stimulation

In Vitro and to Maintain Survival In Vivo

(A and B) Splenic CD8+ T cells were purified from

Psmb11+/� or Psmb11�/� mice, labeled with

CFSE, and cultured with or without plate-bound

anti-CD3 and anti-CD28 for 48 hr. (A) Histograms

show CFSE fluorescence profiles, and numbers

indicate the frequency of CFSElo cells. (B) mRNA

expression of granzyme B determined by quanti-

tative RT-PCR analysis was normalized to GAPDH

mRNA expression, and those in Psmb11+/� CD8+

T cells before the culture were set to 1.

(C) Splenic CD8+ T cells (1 3 105) from Psmb11+/�

or Psmb11�/� OT-I-TCR-transgenic H-2b mice

were labeled with CFSE and cultured with PBS-

or SIINFEKL-loaded C57BL/6 splenocytes for

40 hr. Graphs show means ± standard errors of

the frequency of CFSElo cells (n = 3).

(D) Splenic CD8+ T cells from Psmb11+/� or

Psmb11�/� mice were labeled with CFSE and

intravenously injected into nonirradiated (control)

or irradiated (6 Gy) wild-type mice or nonirradiated

Rag2�/� mice (1 3 106 cells/host mouse). Graphs

indicate numbers of CD8+CFSE+ splenocytes in

individual mice (circles) and their means (bars)

(n = 2 to 3).

(E) The expression of CD5, CD44, CD62L, and

Ly6C in CD8+TCRb+ spleen cells from

b Psmb11+/� or Psmb11�/� mice was analyzed

by flow cytometry. Numbers in histograms indi-

cate MFI.

(F) The expression of CD44 and CD8 in TCRb+

spleen cells from Psmb11+/� or Psmb11�/� mice

at indicated ages was analyzed by flow cytometry.

Numbers in dot plots indicate the frequency of

cells within the box. Graphs indicate the ratios of

the numbers of CD44hi CD8+ T cells over CD44lo

CD8+ T cells in individual mice (circles) and their

means (bars, n = 3�6). *p < 0.05.

(G) Absolute numbers (circles) and their means (bars, n = 6) of total, CD44lo, and CD44hi subsets of CD8+TCRb+ spleen cells in Psmb11+/� or Psmb11�/�mice at

6 to 7 weeks old were analyzed by flow cytometry.

(H) CD44lo and CD44hi CD8+ T cells isolated from the spleen of Psmb11+/� (open bars) or Psmb11�/� (closed bars) mice were labeled with CFSE and cultured with

or without plate-bound anti-CD3 and anti-CD28 antibodies for 48 hr. Graphs indicate the frequency of CFSElo cells.

(I) CD44lo CD8+ T cells (5 3 106) from wild-type mice were CFSE-labeled and intravenously administered into nonirradiated Rag2�/�, Psmb11+/�, or Psmb11�/�

mice. Histograms show representative CFSE fluorescence profiles (n R 5), and numbers indicate the frequency of CFSElo cells.
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It is also interesting to note that the signaling intensity of trans-

genic TCR, which is measured by the amount of surface CD5 and

CD8 expression (Park et al., 2007), weakly correlated with the

presumable b5t independency of positively selecting ligands,

suggesting that positively selecting peptides generated in cTECs

by thymoproteasomes tend to exhibit low TCR signaling inten-

sity. It is possible that the MHC class I -associated self-peptides

uniquely displayed by cTECs may be rich in peptides that exhibit

low-avidity TCR engagement, as previously suggested (Ashton-

Rickardt et al., 1994). It should be emphasized that the order

of b5t independency among the TCR-transgenic models (HY <

P14 < F5 < OT-I < 2C) is not identical to the order of the TCR

signaling intensity (HY < F5 < 2C % P14 < OT-I) (Figure S5; Ernst

et al., 1999; Ge et al., 2004; Park et al., 2007; Agenès et al., 2008),

arguing against the possibility that b5t regulates the production

or activity of a general costimulus for positive selection. Indeed,
36 Immunity 32, 29–40, January 29, 2010 ª2010 Elsevier Inc.
our results showing that b5t-deficient cTECs are fully capable

of presenting various concentrations of antigen peptide to

stimulate CD8+ T cells contradict such possibility.

The present results also show that b5i-containing immunopro-

teasomes appear to be the dominant cellular proteasome in

cTECs of b5t-deficient mice. Immunoproteasomes are able to

produce a set of peptides that efficiently associate with MHC

class I molecules at the carboxyl terminus (Rock and Goldberg,

1999). Indeed, our results suggest that cTECs in b5t-deficient

mice express the MHC class I -peptide complex, whereas

the altered set of MHC class I-peptide complex expressed by

thymoproteasome-deficient and thereby immunoproteasome-

dominant cTECs is inefficient in inducing the positive selection

of major CD8+ T cell repertoires. Thus, in order to generate an

optimum CD8+ T cell repertoire, cTECs may have to display a

repertoire of MHC class I-bound peptides that inefficiently



Figure 5. Altered TCR Repertoire and

Defective Immune Responses of CD8+ T

Cells in b5t-Deficient Mice

(A) TCR-Vb and TCR-Va distribution in

CD8+TCRb+ spleen cells (CD8+ T cells) or

CD8�TCRb+ spleen cells (CD4 T cells) from

Psmb11+/� or Psmb11�/� mice was determined

by flow cytometry. Graphs show means ± stan-

dard errors of three independent measurements.

(B and C) Splenic CD8+ T cells (1 3 105) from

Psmb11+/� or Psmb11�/� H-2b (B) or H-2d (C)

mice were labeled with CFSE and cocultured

with irradiated splenocytes (2 3, 4 3, or 8 3 105)

from indicated mouse strains for 4 days. Histo-

grams show representative CFSE fluorescence

profiles of CD8+ T cells cultured with 4 3 105

stimulator cells. Numbers in histograms indicate

the frequency of CFSElo cells. Graphs show

means ± standard errors of at least three indepen-

dent measurements.

(D) Eleven Psmb11�/� mice (closed circles) and

6 Psmb11+/� mice (open circles) were infected

with 1,000 PFU of A/PR8 virus. Survival was moni-

tored up to 12 days after the infection. Data were

pooled from two experiments. The Mann-Whitney

nonparametric U-test was used to compare

survival between groups of mice. *p < 0.05;

**p < 0.01.

See also Figure S4.
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associate with MHC class I molecules and tend to provide low

TCR signaling intensity.

Our results show that CD8+ T cells in b5t-deficient mice are

defective in allogeneic and antiviral responses. Upon TCR

stimulation, CD8+ T cells in b5t-deficient mice were capable of

proliferation and granzyme B production. On the other hand,

the TCR repertoire in V regions of CD8+ T cells was altered in

b5t-deficient mice. Allogeneic responses of CD8+ T cells in

b5t-deficient mice were defective in various, but not all, alloge-

neic combinations and were defective even when CD8+ T cells

were isolated into naive T cells. Thus, we think that the defect

in immune responses of b5t-deficient mice is due to an altered

repertoire of CD8+ T cells generated in the absence of b5t-con-

taining thymoproteasome. It is remarkable that the thymoprotea-

some, which may affect the MHC class I-associated peptide

repertoire specifically in cTECs, is essential for shaping the

immunocompetent TCR repertoire of CD8+ T cells.

We found that the immune protection of b5t-deficient mice

from influenza virus infection is defective. Cytotoxic T lympho-

cyte (CTL) activity was observed in mice from day 5 to day 15

after influenza virus infection (Kedzierska et al., 2006; Stambas

et al., 2007) and that virus-specific CD8 CTLs are the key effec-

tors of virus clearance in mice infected with influenza virus

(Bender et al., 1992; Mozdzanowska et al., 1997; Doherty

et al., 1997). Thus, we think that the death of b5t-deficient

mice infected with influenza virus is a result of incompetent

CTL responses in the mice due to an altered repertoire of

CD8+ T cells.

Based on the analysis of mice expressing B cell lymphoma-

derived single MHC peptides, it was previously assumed that

any peptide that causes low-avidity TCR engagement can

trigger positive selection of thymocytes and that rather than
positive selection, subsequent negative selection establishes

repertoire formation of T cells (Ignatowicz et al., 1996; Huseby

et al., 2005). It was additionally shown that the ability to induce

positive selection experimentally was not limited to cTECs but

also included fibroblasts and T-lineage cells (Pawlowski et al.,

1993; Hugo et al., 1993; Zinkernagel and Althage, 1999; Martinic

et al., 2003; Choi et al., 2005; Li et al., 2005). In fact, if positive

selection should select developmental thymocytes solely

according to low-avidity TCR engagement, any MHC-peptide

complex expressed by any cell type could support the gen-

eration of a full repertoire of T cells. However, our results

demonstrate that the development of an immunocompetent

T cell repertoire requires positive selection by thymoprotea-

some-dependent MHC class I -peptide complexes specifically

expressed by cTECs. Thus, the small number and unusual reper-

toire of T cells positively selected by the single MHC-peptides

(Ignatowicz et al., 1996; Fukui et al., 1997) may resemble

abnormal positive selection and incompetent T cell development

detectable in b5t-deficient mice. Accordingly, similar to b5t-defi-

cient cTECs, fibroblasts and hematopoietic cells can only induce

positive selection of only a limited repertoire of T cells, such as

2C-TCR-transgenic T cells, but not HY-TCR-transgenic T cells

(Zerrahn et al., 1999; Lilić et al., 2002). Instead, our results

support the idea that self-peptides expressed by cTECs critically

contribute to the establishment of an immunocompetent T cell

repertoire (Singer et al., 1986).

The unique peptide-producing activity of cTECs may not be

limited to MHC class I-associated peptides but also occur in

MHC class II -associated peptides (Takahama et al., 2008), since

cathepsin L and thymus-specific serine protease, which are

lysosomal proteases that are highly expressed by cTECs, are

required for the optimal generation of the CD4 T cell repertoire
Immunity 32, 29–40, January 29, 2010 ª2010 Elsevier Inc. 37
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(Nakagawa et al., 1998; Honey et al., 2002; Gommeaux et al.,

2009). A recent report also showed that thymic epithelial cells,

including cTECs, have high constitutive activity of autophagy,

which contributes to MHC class II peptide-mediated T cell

repertoire formation and self-tolerance (Nedjic et al., 2008).

The unique features of cTECs in protein degradation and self-

peptide presentation may govern the positive selection of

T cells in both CD4 and CD8 lineages.

The present study reveals that positive selection induced by

thymoproteasome-expressing cTECs is essential for the forma-

tion of an immunocompetent and self-protective repertoire of

CD8+ T cells. In the absence of thymoproteasome-mediated

positive selection, mice exhibited severe defects in the alloge-

neic responses of CD8+ T cells and in the survival to influenza

virus infection. On the other hand, we detected no signs of

autoimmunity in thymoproteasome-deficient mice. Thus, posi-

tive selection induced by thymoproteasomes and cTECs specif-

ically governs the installment of diverse repertoire of CD8+

T cells, which is important for rejecting allogeneic tissues and

eradicating virus-infected cells, rather than the establishment

of a self-tolerant T cell repertoire, which is separately governed

by other mechanisms, including Aire-associated promiscuous

gene expression by mTECs (Derbinski et al., 2001; Anderson

et al., 2002). Together, this study suggests that positive selection

induced by a thymoproteasome-specific repertoire of self-

peptides is essential for the installment of an immunocompetent

and self-protective repertoire of CD8+ T cells. We propose that

the cTEC expression of thymoproteasomes be considered for

the therapeutic reconstitution of T cells by transplantation or

regeneration of thymic stromal cells in the clinical setting.
EXPERIMENTAL PROCEDURES

Mice

The list of mice used in this study and the procedure for preparation of

irradiated bone marrow chimeras are described in Supplemental Experimental

Procedures. Animal experiments were performed after obtaining approval

from the Animal Experimentation Committee of the University of Tokushima.

Flow Cytometry Analysis and Cell Sorting

Multicolor flow cytometry analysis and cell sorting were performed with

FACS-Calibur and FACS-Vantage (BD Bioscience), as described previously

(Ueno et al., 2005). Thymic stromal cells were prepared by digesting thymic

fragments with collagenase, dispase, and DNase I (Roche), as described

previously (Gray et al., 2006; Hikosaka et al., 2008). To sort thymic epithelial

cells, thymic stromal cells were enriched by depleting CD45+ cells and

TER119+ cells using magnetic-bead-conjugated antibodies specific for

CD45 and TER119 (Miltenyi Biotec) prior to FACS cell sorting.

Reaggregated Thymus Organ Culture

The procedures for fetal thymus organ culture and reaggregated thymus organ

culture were described previously (Ueno et al., 2005). DP thymocytes were

sorted from adult TCR transgenic mice (purity >99%). Thymic stromal cells

were prepared from E15.5 fetal thymus lobes that were cultured for 5 days

in the presence of 2-deoxyguanosine. DP thymocytes (5 3 105) and thymic

stromal cells (5 3 104) were reaggregated and organ-cultured for 4 days.

Analysis of Proteasomal Subunits

Ly51+ cells were magnetically enriched from adult thymus using biotin-

conjugated antibody specific for Ly51 and streptavidin-conjugated magnetic

beads. Cells with >90% purity were lysed and subjected to immunoblot

analysis.
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Additional Experimental Procedures

See Supplemental Experimental Procedures for additional experimental

procedures.

SUPPLEMENTAL INFORMATION

The Supplemental Information includes five figures and Supplemental Exper-

imental Procedures and can be found with this article online at doi:10.1016/

j.immuni.2009.10.009.
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