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(BrdU), we did not detect BrdU incorporation in Cld34* Aire*
mTECs (Fig. 2d). However, there was sporadic incorporation in
Cld3,4* Aire- mTECs, suggesting that the small Cld3,4" Aire
mTEC population might include transitional cells still in cycle.

Tight-junction component expression during thymic ontogeny

Next we investigated the expression of tight-junction components
during thymic ontogeny. C!d3,4 proteins were expressed first at tight
junctions of cell-adhesion sites of the pharyngeal endoderm (embryo-
nic day 9.5 (E9.5); data not shown). At E10.5, high expression of
Cld3,4 and occludin was confined to endoderm cells at an apical layer
of the bilayered thymic rudiment outgrowing from the third phar-
yngeal pouch endoderm (Fig. 3a). Cld3,4 and occludin were concen-

s characteristic of tight junctions (Fig. 3a). Cytokeratin 8 and
E-cadherin, in contrast, were expressed uniformly in all endoderm
cells. As the anlage became progressively stratified. and isolated at
E11.5, the most apical epithelial cells positioned at the innermost
layer continued to express Cld3,4 and occludin (Fig. 3b). At E12.5,
the overall architecture of the anlage was substantially reorganized
into a cluster structure. Accordingly, the Cld3,4* epithelial layer
was ‘crushed’ into a cluster at the central region of the anlage;
most cells in this region concomitantly expressed MTS10 (Fig. 3¢),
‘representing the first TECs to express a known mTEC marker in
ontogeny. At E13.5, the Cld3,4* TECs were scattered throughout
the anlage in small clusters (Fig. 3d). At later fetal stages, the
Cld3,4* MTS10" cells seemed to be surrounded by increasing num-
bers of Cld3,4'°-2% MTS10* TECs (Fig. 3e), and at the newborn stage,
most if not all of the Cld3,4" cells scattered in the coalesced medulla
were MTS10™ (Fig. 3f).

Flow cytometry indicated that C-CPEY TECs were the first cells to
express UEA-1 ligand, another marker of mTECs, at E13.5, and that
C-CPEM UEA-1* TECs had high expression of MHC class 11 by E16.5
to E18.5 (Fig. 4a). Although the generation of C-CPEY UEA-1* TECs
preceded that of C-CPE'UEA-1* TECs, the proliferation rate of the
former transiently slowed down at E14.5-E16.5, when Aire expression
was expected to begin (Fig. 4b). C-CPE!® UEA-1* TECs, in contrast,

%mted at the most apical part of the cell-adhesion sites, which
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Figure 4 C-CPEM UEA-1* TECs develop earlier but proliferate mare slowly
during embryonic ontogeny than do C-CPE' UEA-1* TECs. (a) Flow
cytometry of mouse thymic stromal cells at various developmental

stages stained with anti-CD45, biotinylated C-CPE and FITC-UEA-1 or
anti-MHC class I1. Data represent profiles of C-CPE versus UEA-1 or C-CPE
versus MHC class |1 in the CD45- gate. Numbers in quadrants indicate
percent cells in each. Data are representative of three experiments.

(b} Numbers of C-CPEN UEA-1* TECs (open circles) and C-CPE'*-"¢8 UEA-
1*TECs (filled triangles) per thymus, calculated from total CD45- cell
numbers (filled circles) and flow cytometry. NB, newborn. Each symbol
represents the mean of three independent experiments with pooled thymic
lobes from a litter of embryos or newborns.

demonstrated exponential proliferation throughout the fetal stages,
eventually becoming a main mTEC population (Fig. 4b), consistent
with the immunostaining data.

E13.5 Cld3,4* TECs give rise to Aire* mTECs
To directly investigate the differentiation potential of fetal Cld3,4*
TECs, we isolated the following three fractions of TECs from E13.5
C57BLJ/6 (B6; H-2K®) embryos by cell sorting: R1 (C-CPERUEA-1¥),
R2 (C-CPEBUEA-17) and R3 (C-CPE®UEA-1-; Fig. 5a). Reanalysis of
the sorted cells by immunostaining showed that all cells in the R1 and
R2 fractions expressed Cld3,4, as expected, whereas only 8% of the R3 '
fraction expressed Cld3,4. Also, as much as 96% of the cells in R1
fraction expressed MTS10, whereas only 3% of the cells in R2 and
none in R3 fractions expressed MTS10 (Supplementary Fig. 3 online).
We reaggregated sorted cells (1 x 10%) of each fraction with total
enzyme-digested cells (3 x 10°) of E13.5 BALB/c (H-2KY) thymic
lobes and grafted them under the kidney capsules of nude mice. Then,
3 weeks later, we assessed the fates of donor cells in the ectopic thymus
using antibody to H-2K (anti-H-2K?). We confirmed that the H-2K"-
specific antibody was capable of specifically detecting both <TECs
and mTECs derived from B6 donors (Supplementary Fig. 4 online).
H-2KP TECs derived from R1 and R2 donors were present exclusively
in the medulla, suggesting that . the C-CPEM TECs at
E13.5 were committed to the mTEC lineage (Fig. 5b). In contrast,
donor cells from the R3 fraction were distributed throughout the
medulla and cortex, indicating that common TEC progenitors may
be present in the C-CPE" fraction. TECs derived from the R2 and
R3 fractions consistently formed much larger clusters than did
those from Rl, indicating a greater proliferative capacity. Most
mTECs derived from the R1 fraction had a Cld3,4*MTS10~ surface
phenotype (Fig. 5¢, top), and three-color analysis showed that many
of them expressed Aire (Fig. 5d). In contrast, R2-derived mTEC
clusters contained Cld3,4-MTS$10* mTECs in addition to Cld3,4*
mTECs (Fig. 5c, bottom). These results suggested that Cld3,4*
TECs in the R2 fraction contained the progenitors of Cld3,4* and
C1d3,4- mTECs, or the common progenitors of both mTECs. Cld3,4*
mTECs, including Aire* cells, were also present at variable frequendies
in the clusters derived from R3 donors (Supplementary Fig. 5 online).
Our results are consistent with the idea of common TEC progenitor
activity in R3 fraction, although that remains to be proven by a
clonal analysis. -
To confirm the precursor-progeny relationship between E13.5
Cld3,4*UEA-1*MTS10" cells and Cld3,4*MTS10-Aire* mTECs, we
fed recipient mice BrdU for the first 9 d after thymic lobe grafting.
Many of the H-2K**Cld3,4*Aire* mTECs incorporated BrdU, indi-
cating that they developed with proliferation in vivo (Fig. 6). Because
Aire expression was not yet detected at E13.5, and Cld3,4"Aire”
mTECs were essentially nondividing (Fig. 2d), it was very unlikely
that the BrdU™ cells represented mere carryover of the very few Aire*
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Figure 5 C-CPEM UEA-1* TECs sorted at E13.5 ‘preferentially’ generate Cld3,4* MTS10~ mTECs expressing Aire. (a) Generation of ectopically developed
thymi. Thymic stromal cells from E13.5 B6 mouse embryos were stained with biotinylated C-CPE and FITC-UEA-] and fractions (gates R1-R3) were sorted;
© 1°x 10* cells from each fraction were reaggregated together in culture for 24 h with 3 x 10° total thymic ceils from E13.5 BALB/c embryes and then
were implanted under the kidney capsules of BALB/c nude mice; 3 weeks !ater, the ectopically developed thymi were analyzed. (b) Immunostaining of the
reconstituted thymi containing donor TECs from each fraction in a with anti-H-2K® and anti-Ly51 (cTEC marker). Dotted lines indicate cortico-medullary
borders. (c) Three color-immunostaining (with anti-H-2K®, anti-Cid3,4 and anti-MTS10) of reconstituted thymi from aggregates containing R1 (top) or

R2 (bottom) donor TECs. All images show the same field of a section; anti-Cld3,4 and anti-MTS10 are the same calor to facilitate comparison. (d) Three
color-immunostaining (with anti-H-2K®, anti-Cld3,4 and anti-Aire) of aggregates containing R1 donor TECs. Filled and open arowheads indicate B6
{donor)-derived and BALB/c (recipient)~derived Cid3,4*Aire* mTECs, respectively. Scale bars, 50 um (b), 20 pm (c) and 10 um (d). Reconstitution
‘experiments were done three times for each fraction with essentially similar results. )

TECs that might be present in the R1 fraction. These results suggested

that Cld3,4*UEA-1¥MTS10* TECs at E13.5 represented the immedi-

ate mTEC progenitors specifically committed to a unique
d3,4"MTS10~ mTEC lineage expressing Aire. .

Signaling requirements of Cld3,4* MTS10~ mTEC development

We finally investigated the development of Cld3,4* TECs in ‘aly/aly’
mice, which lack functional NF-xB-inducing kinase, and Traf6~~
mice, both of which are known to have defective Aire expression?>23,
At E13.5, the numbers and distribution profiles of Cld3,4* TECs in the
mutant mice of both lines were indistinguishable from those of their
heterozygous littermate controls (Fig. 7a). By E16.5, however, Cld3,4*

Figure 6 Cid3,4* Aire* mTECs arise from C-CPEN
UEA-1* TECs at E13.5 with cell proliferation.
Nude mice grafted with thymic cell aggregates
containing the sorted R1 fraction from E13.5

86 thymic lobes and E13.5 total BALB/c thymic
cells were fed BrdU (0.8 mg/ml) for 9 d after the
transplantation; 3 weeks later, ectopic thymi were
analyzed by four-color immunostaining with DAPI,
anti-H-2K® and anti-BrdU, plus anti-Aire or anti-
Cld3,4. Armowheads indicate donor-derived TECs
that incorporated BrdU in vivo. Top and bottom
rows are different fields of the same thymic
section. Scale bars, 10 um. Experiments were
repeated three times with similar results.
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TECs were considerably fewer in aly/aly mice and almost undetectable
in Traf6”~ mice (Fig. 7a). In contrast, at this stage, the control
littermate thymus showed a progressive increase in Cld3,4-MTS10*
TECs surrounding Cld3,4* TECs; the numbers of such Cld3,
4"MTS10* cells were also lower (Fig. 7a). Nonetheless, substantial .
numbers of Cld3,4"MTS10* mTECs eventually developed in postnatal
aly/aly and Traf6*~ thymi, albeit with sparse distribution among ill-
defined cortico-medullary borders in the almost complete absence of
Cld3,4* mTECs (Fig. 7a). We confirmed those results by flow
cytometry, which showed fewer C-CPEM UEA-1* MHC class Ii-
high TECs in the adult aly/aly thymus (Fig. 7b). Rare residual
Cld3,4* TECs corresponding to C-CPEY MHC class Li-low UEA-1~

BrdU Cld3.4 H2K® Bray Cid3.4

DAPI

Aire H2K® BrdU Aire DAPI
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Figure 7 Embryonic development of Cld3,4* mTECs is profoundly impaired in aly/aly and TRAF6-deficient mice. (a) Two-color immunostaining (with anti-
Cld3,4 and anti-MTS10) of thymic lobes from aly/aly, aly/+ and Traf6~ mice at E13.5 and E16.5 and postnatally (Adult; 5 weeks for aly/aly and 2 weeks
for Traf6~-). Data represent merged images only. (b) Flow cytometry of thymic stromal cells from 5-week-old aly/aly and aly/+ mice with anti-CD45 and.
biotinylated C-CPE, plus anti-MHC class 1l or FITC-UEA-1. Numbers in outlined areas percent C-CPE* cells for profiles of C-CPE versus MHC class |l or
C-CPE versus UEA-1 in the CD45- gate. (c) Two-color immunostaining of thymi from 5-week-old aly/aly mice with anti-Cld3,4 and anti-MTS10. Arrowheads
indicate cyst-like structures. Scale bars, 50 um (a; c, top) or 10 pm (¢, bottom). At least three embryos at each stage and postnatal mice of each mutant

strain were examined with similar results.

cells in the aly/aly thymus often formed cyst-like sheet structures in
the medulla, in which Cld3,4 proteins were concentrated sharply at the
cell adhesion sites, indicative of tight-junction formation (Fig. 7c).
These results suggested that the Aire defidency of aly/aly and Traf6~~
mice was due mainly to the defect in the proliferation and/or survival
of Cld3,4* TECs at late embryonic stages. :

'DISCUSSION

Medullary TECs, through ‘promiscuous’ gene expression, are uniquely
able to display tissue-restricted antigens to thymocytes, thereby pre-
empting their actual encounter in the periphery?*?. The only
molecule known to control such ‘promiscuous’ gene expression is

%z:dm", and Aire deficiency results in autoimmune disease in both

uman and mice®?2. The mTECs can directly delete thymocytes

=¥ expressing TCRs spedific for certain types of self antigens*®*!, Thus,

mTECs are crucial in central T cell tolerance at least in part through
Aire expression. TECs expressing Aire, however, comprise a small
proportion of mTECs?, and the origin and development of Aire*
mTECs is not well understood. '

Here we have demonstrated that the tight-junction components
Cld3,4 and occludin had substantial and selective expression in a small
proportion of adult mTECs that expressed Aire along with large
amounts of MHC class 1I and costimulatory molecules. It is unlikely
‘that the expression of tight-junction components was a reflection of
‘promiscuous’ gene expression itself. First, whereas individual tissue-
restricted antigens are reportedly expressed in only a very small
fraction of Aire* mTECs?**2, essentially all the Aire* mTECs were
Cld3,4*. Second, among claudin family members, Aire* mTECs
‘preferentially’ expressed Cld3,4 proteins, which were intrinsic to the
original pharyngeal pouch endoderm. Third, and most convincingly,
Cld3,4* mTECs were present in similar frequencies in the thymi of
Aire™~ and Aire*’~ mice. The expression of Cld3,4 was confined to
epithelial stromal cells, and rare Aire* dendritic cells were Cld3,4.

A small portion of the Cld3,4* mTECs, on the other hand, lacked
Aire protein. However, mTECs in the adult thymus are constitutively
turning over’?, and it has been proposed that the mTECs with high
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expression of MHC class 11 and CD80 molecules as well as ‘promis-
cuous’ gene expression may represent terminally differentiated cells”.
Our results indicated that Cld3,4* Aire™ but not Cld3,4* Aire* mTEC
populations included cycling cells. Given the observation that a small
portion of Cld3,4* mTECs had a MHC dass H-intermediate CD80"
surface phenotype, we suggest that Cld3,4* Aire” mTECs may well
correspond to transitional mTEGCs.

In fetal ontogeny, expression of Cld3,4, originally at tight junctions
of the pharyngeal endoderm, was sustained selectively in the epithelial
cells lined at an apical layer as the anlage became progressively
stratified. Such a pattern of claudin expression is similar to that in
the epidermis, a typical ‘stratified epithelial tissue’>*, In agreement
with the disruption of the layer structure after immigration of
hematopoietic progenitors, the Cld3,4™ epithelial cells were clustered
at the central region of the anlage and began to express MTS10
and UEA-1 ligand, representing the first TECs showing known
mTEC markers in ontogeny. The disarrayed Cld34" TEGCs
were then disseminated diffusely in the parenchyma and increasingly
became surrounded by Cld3,4"MTS10* TECs. The medulla develops
through the coalescence of as many as 300 medullary regions consisting
of a few islets each originating from a single progenitor clone®.
The number of Cld3,4* TECs at E13.5 was estimated to be around
1,500 cells per lobe, and thus it is possible that these initial Cld3,4*
TECs may correspond to the clonogenic progenitors forming the
medullary islets®. '

We examined the differentiation potential of such Cld3,4* TECs at
E13.5 in vivo by grafting the reaggregated cells into nude mice. We
confirmed that the sorted C-CPEM TECs almost exclusively generated
mTEC dlusters. Furthermore, Cld3,4*UEA-1*MTS10* TECs at E13.5
‘preferentially’ generated Cld3,4*MTS10~ mTECs, many of which
expressed Aire, with proliferation, indicating the presence of com-
mitted progenitors for Cld3,4*MTS10~ mTEC subset. However, the
large clusters derived from Cld3,4*UEA-1~ TECs at E13.5 contained
both Cld3,4* and Cld3,4~ MTS10* mTECs. Because the Cld3,4 "UEA-
1~ TECs were incapable of generating ¢cTECs and thus lacked common '
TEC progenitor activity, it seemed likely that the Cld3,4*UEA-1"
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mTEC progenitors at E13.5 arose from Cld3,4"UEA-1~ mTEC pro-
genitors rather than directly from putative common TEC progenitors,
although it remains possible that Aire* mTECs can be generated
additionally from other immediate progenitors. In either case, our
results suggested that the Cld3,4*MTS10~ mTEC subset represented a
unique lineage of mTECs that diverged as early as E13.5.

Fetal common TEC progenitors capable of giving rise to both cTECs
and mTECs have been unequivocally identified!3, So far, the
only marker to identify them is MTS20/24 (refs. 11-13). Our results
suggest . that common TEC progenitors may be included in the
C-CPEP fraction at E13.5. Unlike C-CPEM TECs, C-CPE? TECs
generated both ¢TEC and mTEC clusters, in which Cld3,4*Aire*
mTECs were also included. In the stratified anlage at earlier stages
(E10.5-11.5), most TECs reportedly expressing MTS20/24 (refs. 11,12)
were C-CPE", except for the C-CPEM TECs lining an apical layer. It
remains to be determined whether the C-CPEM TECs in the stratified
anlage also express MTS20/24. Serial immunostaining analysis sug-
gested that the Cld3,4" epithelial cells lining an apical layer at E11.5
were the source of Cld3,4* mTEC progenitors, incduding Cld3,4*UEA-

- 1*MTS10™" cells at E13.5, although Cld3,4 and occludin were appar-
ently involved in tight-junction formation in the Cld34* cells at
E11.5 but not those at E13.5 and later. Thus, it is possible that the
initial commitment of common TEC progenitors to the mTEC lineage
might begin earlier along the stratification process of the anlage.

- Aire expression is known to be defective in several lines of mutant
mice, including those lacking the lymphotoxin-f receptor, the RelB
transcription factor, NF-xB-inducing kinase and the adaptor molecule
TRAFS, all of which develop autoimmune diseases??>?3*7-*, Common
features of their thymi include fewer mTECs and perturbed medullary
architecture?3384041 Our results have shown that although the
development and distribution of Cld3,4* TECs at E13.5 was appar-
ently unaffected in aly/aly and Traf6~~ mice, their subsequent pro-
liferation at later stages was profoundly impaired. Although the
.development of both Cld3,4*MTS10™ and Cld3,4"MTS10* mTECs
was affected, the effect was by far more severe for the former than the
latter, and thus the postnatal thymi of these mutant mice showed an
almost complete absence of the Cld3,4*MTS10™ mTEC subset with

Ymlower yet substantial numbers of Cld3,4"MTS10* mTECs. In the

éﬂormal thymus, C-CPEM mTECs had higher expression of transcripts
for RelB than did C-CPE!® mTECs, and it might be suggested that the
proliferation and/or survival of the former was more dependént on

RelB activation mediated by NF-xB inhibitor kinase and TRAF6 than

was survival of the latter. These results suggested that the almost
complete developmental defect of the Cld3,4*MTS10~ mTEC subset
might principally underlay the defective Aire expression in aly/aly and

TRAF6-deficient mice.

It was fairly unexpected that the high expression of tight-junction
components was continuously sustained in an mTEC subset even after
the loss of layer structure during thymic organogenesis. However, the
expression of Cld3,4 and ocdudin was apparently independent of
tight-junction formation in these TECs. Because the transfection of
claudins alone is sufficient to induce tight-junction strands in fibro-

blasts!®42, it may be possible that tight-junction formation is actively

repressed in Cld3,4* mTECs. Further investigation into the regulation
of the expression as well as specific function of Cld3,4 in the TECs
may shed light on hitherto unknown functions of ught-)uncnon
components in these unique epithelial cells.

METHODS
Mice. The aly/+, aly/aly, BALB/c®2 (nude), BALB/c and B6 mice used here
were purchased from CLEA Japan. Aire? and Traf6”~ mice have been
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described®%, All mice were maintained in specific pathogen—free conditions
in the animal facility at the Center of Laboratory Animals of Kyoto University.

Antibodies. Phycoerythrin- or allophycacyanin-conjugated anti-CD45 (30-F11)
and anti-Ter119 (TER-119); fluorescein isothiocyanate (FITC)-conjugated anti—
MHC cdlass 0 (I-A,]-E; M5; 114.15.2), anti-CD80 (16-10A1) and anti-CD86
(GL1); and purified anti-Ly51 (BP-1; 6C3) were from eBioscience. Phycoery-
thrin-conjugated anti-MHC class I (H-2Kb; AF6-88.5) and anti~-MHC class 1
(H-2Kd; SF1-1.1), anti-MTS10 (MTS10) and FITC-conjugated anti-BrdU (3D4)
were from BD Bioscience. Anti-occludin (71-1500), anti-daudin-3 (34-1700)
and anti-claudin-4 (36-4800) were from Zymed. Anti-E-cadherin (ECCD2) was
from Takara. Anti-desmoplakin (65146) was from PRPGEN. FITC-UEA-1 (FL-
1061) was from Vector Laboratories. Anti~keratin 5 (AF138) was from Covance.
Anti-keratin 8 (TROMA-I) was from the lowa University hybridoma bank.
Phycoerythrin-conjugated anti-PD-L1 (1-111) and anti-PD-L2 (122) have been
described®. Rabbit polydonal and rat monoclonal antibodies to Aire (Bl;
02-5H12-2) have been reported®>“6. Secondary reagents induded phycoery-
thrin-streptavidin (12-4317-87) and allophycocyanin-streptavidin (17-4317-82;
BD Bioscience); Alexa Fluor 488—conjugated goat anti-mouse immunoglobulin
G (IgG; Al1029), donkey anti-rat’ IgG (A21208) and goat anti-rabbit IgG
(A11034), and tetramethylrhodamine-neutravidin (A6373; Molecular Probes);
and indocarbocyanine-conjugated goat anti-rat IgM (112-165-075), donkey
anti-rabbit IgG (711-165-152) and donkey anti-rat IgG (712-165-153; Jackson
ImmunoResearch). -

Preparation of C-CPE. The cDNA plasmid containing the C-terminal fragment
(amino acids 184-319) of C. perfringens enterotoxin (C-CPE) was fused to a
ten-histidine tag at the N terminus. Recombinant C-CPE protein was produced
in Escherichia coli, was purified as described?4” and was biotinylated.

Isolation of thymic stromal cells. Thymic stromal cells were isolated as
described®®. Thymic fragments were digested for 30 min at 37 °C in RPMI
1640 medium containing 0.125% (weight/volume) collagenase D (Boehringer
Mannheim) and 0.1% (weight/volume) DNase I (Roche) followed by
0.125% (weight/volume) trypsin (Boehringer Mannheim) and 0.1% (weight/
volume) DNase .

Flow cytometry. Cells were stained with various combinations of antibodies

. and were analyzed with a FACSCalibur (Becton Dickinson). Cells were soned

with a FACSVantage SE (Becton Dickson).

RT-PCR. RNA was purified from sorted cells with an RNease Mini Kit
(Qiagen), followed by <DNA synthesis with SuperScript Il (Invitrogen) and
semiquantitative PCR amalysis with Expand High Fidelity Enzyme mixture
(Roche). Primer sets are in Supplementary Table 1 online.

Immunostaining. Immunostaining was done as described®®. Thymi were ‘snap-
frozen' in optimum cutting temperature compound (Sakura), and frozen
sections 5 pum in thickness were fixed for 30 min at 4 °C with 95% ethanol
followed by 100% acetone for 1 min at 25 °C or were fixed for 3 min at 25 °C
with 100% acetone. After being blocked with 1% (weght/volume) BSA in PBS,
samples were incubated with immunoconjugates or primary antibodies followed
by secondary reagents, then were mounted in Mowiol (CALBIOCHEM) and
examined with a microscope (Cari Zeiss). BrdU staining was done as described™.

Reaggregate culture and transplantation. C-CPEYUEA-1*, C-CPE MUEA-1-
and C-CPESUEA-1* TECs sorted from the thymic lobes of E13.5 B6 embryos
(1 x 10* cells) were reaggregated together with total enzyme-digested cells from
E13.5 BALB/c thymic labes (3 X 10° cells) in vitro on 0.8-mm membrane filters
(Whatman). After 24 h, the reaggregates were grafted under the kidney capsules
of nude mice. For BrdU labeling, recipient mice were provided with BrdU
(0.8 mg/ml) in the drinking water for 9 d after the transplantation. For labeling
of adult TECs, B6 mice were injected intraperitoneally with 1 mg BrdU at 4 h
before being killed.

Note: S

y information is available on the Nature Immunology website.
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Abstract

Thymlc ep1theha1 cells (TECs) play pivotal roles in the establishment of self tolera.nce through critical dialogue with devel-
oping thymocytes. Unique actions of two transcriptional regulators within TECs, NF-xB-inducing kinase (NIK) and an
autoimmune regulator (AIRE), for the establishment of self tolerance have recently been highlighted by studies using
a strain of mouse bearing a natural mutation of the NIK gene (aly mice) and gene-targeted mice, respectively. Previous stud-
ies have demonstrated essential roles of NIK downstream of the lymphotoxin-f receptor-(LTBR), which is essential for the
development of secondary lymphmd organs; aly mice lack all lymph nodes and Peyer’s patches because of the defective LTBR
signaling. Additional roles of NIK in thymic organogenesis downstream of LTBR, mainly t.hrough the developmental regu-
lation of TECs, have now emerged, although the corresponding ligand(s) for LTBR participating in this action have not been
fully characterized. In contrast, AIRE, a gene responsible for the development of an organ-specific autoimmune disease that
demonstrates monogemc autosomal recessive inheritance, contributes to the establishment of self tolerance probably by con-
trolling the expression of self antigens through yet undetermined molecular mechanisms. Thus, it is highly likely that a group
of genes control Self tolerance within TECs through unique and coordinated actions, and that an understanding of this
process would help to unravel the pathogenesis of autoimmune disease.
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cells — TECs), since increasing numbers of mutant and

INTRODUCTION
‘ : gene-targeted mice bearing structural and/or functional

Autoimmune disease is a pathological condition in
which the immune system turns on itself and causes seri-
ous damage to host tissues through as yet unknown mech-
anisms [33]. Clarification of a unifying concept for the
mechanisms underlying the development of autoimmune
disease has been one of the major challenges of immuno-
logical studies. Breakdown of self tolerance is considered.
to be the key event in initiating the disease process, and
an understanding the pathogenesis involved is crucial for
developing a suitable therapeutic approach. For this rea-
son, it is essential to know how self tolerance is estab-
lished within the organized thymic microenvironment.

Physical contact between thymocytes and the thymic
stroma is essential for T cell maturation and shapes the
T cell repertoire in the periphery [39]. Stromal elements
that control these processes still remain elusive.
Recently, much attention has been paid to the epithe-

lial-cell component of the stroma (i.e. thymic epithelial

TEC defects, many of which are actually associated with
autoimmune disease phenotypes, have been reported.
In this brief review, I will focus on two transcriptional
regulators within TECs, NF-xB-inducing kinase (NIK)
and the autoimmune regulator (AIRE), which play cru-
cial roles in the establishment of self tolerance by main-
taining the developmental and functional integrity of
TECs, respectively, thereby preventing the development
of autoimmune disease (Fig. 1).

NIK

NIKis sfructhra]ly related to mitogen-activated pro-
tein kinase kinase kinase [43] and has been shown to
phosphorylate both IxB kinase (IKK)-o and IKK-§,

‘which sequentially activate the downstream IxB pro-

teins necessary for NF-xB activation [40]. The alympho-
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Establishment of seff-tolerance
— 1

Positive selection for
Tregs

Negative selection for
autoreactive T cells

Positive selection

NIK/IKKo
} are |V

Fig. 1. The transcriptional regulators NIK/IKKo and ATRE within

mTECs establish self tolerance through critical dialogues with .

developing thymocytes. Two known mechanisms of self tolerance,
i.e. positive selection for Tregs and negative selection for autore-
active T cells, depending on the avidity of the interactions (depict-
ed by the different depths of shading) between TCR and its self
ligands expressed on mTECs are shown. “X” denotes costimulato-
1y pathways and/or undetermined molecules that might addition-
ally contribute to this process.

plasia (aly) strain of mouse carries a natural mutation of

the NIK gene [47, 57] in which a G855R substitution in

the C-terminus of the protein results in an inability to
bind to IKKa [46] (Fig. 2). aly mice have provided

a unique model for the abnormal development of lym- -
phoid organs, since they lack all lymph nodes and:
Peyer’s patches, and the development of spleen archi-.

tectural features, such as germinal centers and follicular
dendritic cell clusters, is disturbed [47; 57, 64]. This is
due to defective NF-xB activation through the lympho-
toxin (LT)-B receptor (LTPR) [45, 46, 57], which is
essential for the development of secondary lymphoid
organs {44]. Thymic structure is also disorganized in aly
mice; the medulla in aly mice is smaller than that in con-

trol mice, and the boundary of the cortex and medulla is.

unclear [32, 47, 48, 57]. Importantly, aly mice also serve
as a model of autoimmune disease, but of unknown eti-
ology [59]; histopathological analysis of aly mice has
revealed chronic inflammatory changes in several
organs, including the liver, pancreas, lung, salivary gland

_and lacrimal gland [32, 47, 59]. We reasoned that the
autoimmune-disease phenotype seen in aly mice might
be associated with the altered thymic microenviron-
ment. This hypothesis was later proven correct, when
thymic chimeras were generated [32]. aly mouse thymus-
-grafted nude mice showed marked lymphoid cell infil-
tration in the liver and pancreas, accompanied by
autoantibody production. In contrast, control thymus-
-grafted nude mice showed no . such changes.
Histological evaluation of the grafted thymus revealed
that control thymus contained cells reactive with the
lectin Ulex europaeus agglutinin 1 (UEA-1)*, whereas
aly mouse embryonic thymus grafted into nude mice did
not acquire UEA-1+ cells, suggesting that production of
UEA-1* medullary epithelial cells requires normal NIK
in the thymic stromal element.

p100/p52
(G’«;"ﬁ‘

% RelB] NF-«B

Fig. 2. Alternative NF-xB activation pathway downstream of
LTPR within TECs. LTPBR ligation activates NIK by yet undeter-
mined molécular mechanisms that result in the activation of IKKa.
homodimers. Activated IKKa catalyzes p100 of NF-xB2 through
ubiquitin-dependent degradation of the C-terminus and generates
P52, a mature form of NF-xB2 consisting of the N-terminus. p52
coupled with RelB enters the nucleus to activate the target genes
necessary for the differentiation of TECs. NIK-mutation in aly
‘mice results in inability to bind to and activate IKKo.

Although the exact mechanism by which NIK regu-
lates the thymic microenvironment required for the
establishment of central tolerance is unknown, the dis-
organized thymic structure together with reduced Aire
expression in mice with a mutation disrupting the RelB
gene merits attention [26]. Because of the phenotypic

 similarities between aly and RelB-deficient mice (multi-

-inflammatory lesions together with absence of UEA-1*
medullary epithelial cells in the thymus) {62], we specu-
late that NIK regulates the thymic microenvironment
through activation of the NF-xB complex containing
RelB. As the production of p52 is impaired in aly mouse
thymic stroma [32] and NIK has.been shown to be nec-
essary for the production of npatural killer T cells
through the action of RelB [18, 58], it is reasonable to
speculate that the NIK-related signaling pathway(s)
activates the NF-xB complex in the thymic stroma con-
sisting mainly of p52/RelB heterodimers to generate the
thymic microenvironment (Fig. 2).

LTBR and its ligand

Although NIK is an essential component down-
stream of LTBR [46, 57] and aly mice show structural
abnormality of the thymus [32, 47, 48, 57], the finding
that LTBR-deficient mice have a disorganized thymic
structure was somewhat surprising [9] because none of
the preceding reports on single-gene knockout mice,
either for the membrane-bound LT component (i.e.
LTa and LTB) or LIGHT (two known ligands for LTBR
[61]), referred to the thymic phenotypes in these mice
[20, 44, 52]. In fact, deficiency of LTa alone was not
‘accompanied by any obvious changes in thymic structure

- that would have resulted in reduced Aire expression at
both the transcriptional [32] and protein levels (unpub-
lished observation). LTBR-deficient mice show marked
reduction of UEA-1* cells caused by both loss of the
characteristic 3-dimensional organization and a reduc-
tion in the absolute number of epithelial cells [9]. In -
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contrast, LTB-deficient mice show no significant reduc-
tion in the total mass of medullary TECs (mTECs),
. although changes in the UEA-1* cell distribution pat-

tern have been pointed out. Introduction of LIGHT

- deficiency in LTB-deficient mice resulted in no addi-
tional deterioration. Interestingly, LT3/LIGHT double-
-deficient mice (lack of both membrane-bound LT and
LIGHT) showed less severe thymic disorganization than
LTPR-deficient mice, suggesting that LTBR might have
additional ligand(s) other than membrane-bound LT
and LIGHT [9, 55]. Alternatively, in light of the fact that
LTp-deficient mice show less profound phenotypes of
Iymph-node genesis (i.e. presence of mesenteric lymph
nodes) compared with LTa-deficient mice [3, 36}, it is
possible that LTo/LIGHT double-deficient mice might

show quite equivalent thymic phenotypes to those of

LTBR-deficient mice. If this is the case, there may be
a weak in vivo interaction between secreted LT (i.e. LTa
- homotrimer) and LTBR [55], although an in vitro study
did not demonstrate such binding [12]. In either case, it

would be important to note that deficiency in LTa (not:

LTB) or LTPR seems to result in different thymic phe-
notypes, even though both deficiencies produce very
similar defects in secondary lymphoid organogenesis.

LTBR and autoimmunity

LTBR-deficient mice show some signs of autoimmu-
nity; their serum contains autoantibodies against sever-
al organs (i.e. stomach, pancreas and salivary gland) [9].
However, it is not yet clear whether the perivascular
accumulation of lymphocytes in multiple organs [20],
which is also seen in mice deficient of LT or LTB, rep-
resents an autoimmune Status or an alteration of the

lymphocyte distribution caused by defective secondary -

lymphoid organogenesis. How LTBR signaling controls
the thymic microenvironment responsible for the estab-
lishment of central tolerance is debatable. One study

suggested that LTBR ligation by membrane-LT regu-

lates the transcription of tissue-restricted antigen
(TRA) genes (for further discussion, see the section on
AIRE) from established mTECs in an Aire-dependent
manner [11], whereas another study concluded that
LTBR affects mTEC differentiation, thereby controlling
TRA gene transcription in the whole thymus, not from
individual mTECs [9]. In the latter study, sorted mTECs
from LTPR-deficient mice showed indistinguishable
levels of both Aire and TRA gene expression when equal
numbers of mTECs were examined [9]. Consistent with
this, mTEC lines established from aly mice showed no
reduction of TRA gene expression, although total thy-
mus from aly mice showed much lower transcription lev-
els of these genes [32, 35]. Thus, a role of LTPR in

mTEC development, rather than transcriptional regula-
tion of Aire (and TRA gene expression), seems to be -
a more likely explanation for the autoimmune pheno- -

types of LTBR-deficient mice. In this regard, it seems
important to mention that the spectrum and/or features
of autoimmunity are quite different between LTBR-

-deficient mice and Aire-deficient mice, mirrored by the
difference in their autoimmune pathogenesis. An inte-
grated and detailed phenotypic analysis of these mice
should help to clarify many aspects of thymus biology.

. LTPBR signaling and more

NIK-IKKo constitutes an essential component
downstream of LTBR for secondary lymphoid organo-
genesis [46). It is therefore reasonable to speculate that
NIK-IKK also plays important roles in thymic organo-

. genesis through the action of LTBR signaling. However,

given that aly mice show more profound thymic reduc-

" tion and disorganization of mTECs than LTBR-defi-

cient mice [9], it is possible that in this process NIK-
IKKa is additionally acting downstream on other recep-
tor(s) beyond LTBR. One hint in the search for such
receptor(s) involved in NIK-IKKo-dependent thymic
organogenesis is impaired processing of NF-xB2 in
thymic stroma from aely mice [32] and IKKa-deficient
mice [35]. This alterpative NF-xB activation pathway
[56, 63] was originally demonstrated in hemopoietic
cells from aly mice [64] and subsequently characterized
for LTPR [13] (Fig. 2). Another signal that involves the
generation of p52 from a precursor p100 might repre-
sent an additional NIK-IKKa-dependent pathway that
could fill the gaps of thymic phenotypes between aly
mice and LTBR-deficient mice.

NF-K:B activation within TEC

It is now clear that LTBR/NIK-IKKc is not the only

| NF-xB-activating axis that regulates thymic organogen-

esis. Tumor necrosis factor receptor (TNFR)-associated

factor 6 (TRAFG6) has also been demonstrated to be

dssential for the organization of the thymic microenvi-
ronment [1]. TRAFS, an adapter molecule that trans-
duces signals from members of the TNF superfamily
and Tol/IL-1 receptor family, activates NF-xB and acti-
vating protein 1 [29]. Similarly to aly mice and IKKo-
-deficient mice, TRAF6-deficient thymus-grafted nude

_ mice show marked lymphoid cell infiltration in multiple

organs. In contrast to aly mice and IKKa-deficient mice,
however, NF-xB2 processing in TECs from TRAF6-
-deficient mice is not impaired. Instead, RelB expres-
sion in TECs is severely reduced. TRAF6-dependent
RelB expression has been confirmed by the recovery of
RelB expression following the introduction of TRAF6
into TRAF6-deficient TECs. Thus, deficiency of
NIK/IKKo. and TRAF6 merges at the point where
p52/RelB complex formation is disturbed, although this

“does not mean that NIK/IKKo and TRAF6 cooperate
. together within TECs in order for this heterodimeric

complex to be formed. Rather, NIK/IKKo. and TRAF6
probably regulate NF-xB activation independently in
this process, because TRAF6 deficiency does not affect
NF-xB activation downstream of LTBR [1]. The

-upstream receptor(s) responsible for TRAF6-depen-

dent thymic organogenesis is currently unknown.
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AIRE

Obviously, one of the critical roles of the thymic
stroma in establishing self tolerance is the elimination of
pathogenic autoreactive T cells by negative selection
[27]. For this purpose, TECs need to express a set of self
antigens (Ags) encompassing all the self Ags expressed
by parenchymal organs, a phenomenon termed promis-
cuous gene expression (PGE) [15, 38). Supporting this
hypothesis, analysis of gene expression in the thymic

stroma has demonstrated that epithelial cells of the -

medulla are a specialized cell type in which promiscuous
expression of a broad range of TRA genes is an
autonomous property [15, 39].

Negative selection by Aire

Because Aire-deficient mTECs show reduced tran-
scription of TRA genes [6, 30] and Aire-deficient mice
show impaired elimination of autoreactive T cells, as
demonstrated with the use of transgenic mice expressing
a neo-self Ag under the control of a tissue-specific pro-
moter together with a T cell receptor (TCR) specific for
the corresponding Ag [41, 42], it has been postulated

that Aire regulates PGE to prevent autoimmunity; mice

expressing hen egg lysozyme (HEL) in pancreatic B cells
driven by the rat insulin promoter were crossed with
mice expressing TCR specific for HEL, and the fate of
HEL-specific T cells was. monitored in either the pres-

ence or absence of Aire. Remarkably, Aire-deficient -

TCR-transgenic mice showed almost complete failure

to delete the autoreactive (i.e. HEL-specific) T cells in -

the thymus [42]. Because Aire-deficient mTECs showed
a reduction in transcription of a group of genes encod-
ing peripheral Ags analyzed by the gene-chip technique
[6], it has been hypothesized that pathogenic autoreac-
tive T cells could not be eliminated efficiently due to the
reduced expression of corresponding target Ags in the
Aire-deficient thymus [41]. However, more recent stud-
ies have suggested that some other form of Aire-depen-
dent negative selection is more plausible. Aire-deficient

mice develop Sjogren’s syndrome-like pathologic changes

in the exocrine organs, and this is associated with autoim-
munity against a ubiquitous- protein, o-fodrin.
Remarkably, transeriptional expression of o-fodrin is
retained in the Aire-deficient thymus [37]. )
Because, unlike TRA, a-fodrin is a ubiquitously

expressed actin-binding protein [25], one might argue

that this finding may not be relevant for the assessment

of the Aire-dependent negative selection process..

However, subsequent studies using Aire-deficient NOD
‘mice have demonstrated that the mice develop autore-
activity against a prototypic TRA whose transcription is
not down-regulated in the thymus [50]. In Aire-deficient
- NOD mice, acinar cells rather than B-cell islets are the
major targets of autoimmune destruction, and this alter-
ation of intra-pancreatic target-organ specificity is asso-
ciated with the production. of autoantibody against pan-
creas-specific protein disulfide isomerase (PDIp), an Ag

expressed predominantly by acinar cells [16, 17].
Transcriptional expression of PDIp is retained in the
Aire-deficient NOD thymus, further supporting the
concept that Aire may regulate the survival of autoreac-
tive. T cells beyond the transcriptional control of self
protein expression in the thymus [50]. Conversely,
insulin is a prime target Ag recognized by autoreactive
T cells in NOD mice [49], and TECs isolated from Aire-
-deficient NOD mice show reduced expression of
insulin. Nevertheless, B-cell islets are relatively less
affected by autoimmune attack in Aire-deficient NOD
mice [50], which does not support the concept that Aire-
dependent transcriptional control of TRA genes in
TECs accounts for the development of Aire-dependent
autoimmunity. Based on these findings, we suggest that
Aire may regulate the processing and/or presentation of
self Ags by TECs, possibly through coordinated action
with bone marrow-derived cells [21], so that the matur-
ing T cells can recognize the corresponding self Ags in
a form capable of efficiently triggering autoreactive
T cells. This alternative view of the function of Aire in
the establishment of central tolerance has recently been
supported by a study with transgenic mouse models [5].
In addition to these models, other Aire-dependent cen-
tral-tolerance mechanisms as well as self tolerance in
the peripkery are also possible [53].

Aire in mTEC

Although it is alréady evident that loss of function of
AIRE in humans and Aire in mice results in the break-
down of self tolerance [51], the physiological roles of
AIRE/Aire that implicate self tolerance at the molecu-
lar level remain unresolved [2, 24, 60]. From a mecha-
nistic viewpoint, I would suggest two possible models in
which Aire exerts its function (Fig. 3). First, Aire plays

Fig. 3. Aire-positive cells in the thymus. Immunohistochemical
staining using antibody against mouse Aire demonstrates Aire-
-expressing cells (stained in green) scattered in the medullary
region of the thymus (stained in red with anti-ER-TRS monoclon-
al antibody). Note that Aire is present within mTECs as nuclear
dots of protein.
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a tolerogenic role within particular type(s) of mTECs,
which can be discerned as'Aire-expressing cells when
-Aire is present (model 1). In other words, the presence
of Aire within the cells is necessary in order for them to
function normally as tolerance-establishing cells. In this
scenario, Aire-deficient thymus may still contain such
cell type(s) but without any tolerogenic function

because they lack Aire within them. The second model -

hypothesizes that Aire is necessary for the development
of particular cell type(s), including Aire-positive cells
themselves, with tolerogenic function in the thymus
(model 2). In this case, we assume that what are called
Aire-positive cells and other Aire-dependent cell
type(s) do not develop in the absence of Aire. In order
to discriminate these possibilities, we need to establish
specific markers of cells other than those with Aire
expression that would make it possible to monitor the
developmental process of Aire-bearing cells. If the for-
mer model is correct, then Aire-deficiency would not
affect the development of phantom Aire-positive cells.
In contrast, the latter model would reveal any lack of
Aire-dependent cell type(s), again including so-called
Aire-positive cells, in the absence of Aire, although
extensive immunohistochemical analysxs has so far not
demonstrated any obvious changes in Aire-deficient
thymus [37, 50].

Although both models define Aire-positive cells as
" -a unique cell type among mTECs, we still do not know
whether Aire-positive cells are the predominant cell
type(s) responsible for the induction of self tolerance.
Rather, Aire-positive cells may regulate the function of

other tolerogenic mTECs. Similarly, it is not yet clear

whether Aire-positive cells are the major source of PGE
from mTECs. In fact, a recent single-cell analysis has
demonstrated that the expression of Aire in a mTEC is
not sufficient for simultaneous co-expression of Aire-
-dependent TRA genes [23]. Establishment of specific
markers for Aire-positive cells may help to clarify these
issues as well. -

Terminal dzﬁerentiation model vs. developmental model

~ One of the key issues for acquiring an understanding
of central tolerance is how we accept the dogma that the
thymus should and does express a variety of self Ags for
the elimination of self-reactive T cells. There are two
contrasting models of how mTECs acquire their unique
ability to express a broad range of self Ags (i.e. PGE)
[22]. The terminal differentiation model assumes that
mTECs eventually gain properties of PGE by becoming
differentiated, more mature, and more promiscuous
[14]. This model suggests that mTECs, especially Aire-
-positive - cells, are specialized cell type(s) that have
acquired- this property by differentiation. In contrast,
the developmental model considers that PGE is a reflec-
tion of the multi-potency of immature mTECs before
the determination of developmental fate into particular
cell type(s) [22]. In this model, the expression of a broad
spectrum of TRA genes is considered to be regulated by

conserved developmental programs active in developing
mTECs. These two models also pose different view-
points regarding the roles of AIRE/Aire. The terminal
differentiation model assumes that AIRF/Aire acts as
an important player for the PGE within differentiated
mTECs. This is based on the observation that PGE is
correlated with CD80 expression levels on mTECs, and
that CD80"e» mTECs from Aire-deficient mice show
a reduction in both the total number of overexpressed
genes and the relative percentage of TRA genes [14]. In.
contrast, the developmental model considers that Aire
is an important differentiation factor that determines
the fate of immature mTECs [22]. As a result, Aire
expression does not have to guarantee PGE, as
described above [23]. Although pot exclusively, the ter-
minal differentiation model and developmental model
may respectively favor models 1 and 2 proposed above
for the roles of AIRE/Aire.

Regulatory T cells

 In addition to negative selection, self tolerance is
maintained by another mechanism involving immuno-
regulatory T cells (Treg) [54], and Foxp3, a transcription
factor that is genetically defective in an autoimmune
disease known as IPEX (immune dysregulation, polyen-
docrinopathy, enteropathy, X-linked syndrome), is a key
regulator for the development of Tregs [19, 28, 34]. So
far, no obvious changes in the numbers [6, 37, 42, 50} or
function [5, 37] of Tregs have been described in Aire-
-deficient mice. As a result, Aire/Foxp3 double-deficient
mice show fulminant autoimmunity in very early life and
a gravely shortened life-span in comparison with mice
that are defective in either gene alone [10]. Given that
Tregs arise from relatively high-avidity interactions with
self-peptide-MHC complexes just below the threshold
for negative selection [7, 31, 54], it is somewhat unex-
pected that Aire deficiency has no major impact on the
production or suppressive function of Tregs in both
non-autmmmune-prone mice [5, 37] and autoimmune-
-prone NOD mice [50]. In contrast, aly mice [32] and
TRAF6-deficient mice [1], both of which show abnor-
mal development of TECs, have reduced numbers of
Tregs. The differential requirement of NIK/TRAF6 and
Aire for the production of Tregs but the need for all
three factors for negative selection, even though
impaired negative selection in NIK-mutant mice and
TRAF6-deficient mice has not yet been fully demon--
strated, might provide a clue as to how the negative
selection and production of Tregs are divided, despite
the fact that both decisions are dependent on common
interactions with TECs, as illustrated in Fig. 1.

CONCLUSIONS

Table 1 shows a general phenotypic comparison
between NIK-mutant aly mice together with IKKo-defi-
cient mice, and Aire-deficient mice. Even for the two stro-
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Table 1. Autoimmune pathogenesis in mice deﬁcieht
of transcriptional regulators in TECs .

NIK-mutant mice  Aire-deficient
IKKo-deficient mice mice
Thymic structure  Defective develop- Grossly normal
assessed by immu- ment of mTECs '
nohistochemistry .
Thymic TRA Dramatically redu- Reduced on an
gene expression ced in total thymus,  individual TEC
detected by but not in individual  basis, but not
RT-PCR TECs for all TRA
. genes )
Production and Reduced, but func- Unchanged -
function of Tregs  tionally competent
Negative selection Not assessed, but ' Defective
studied with trans- probably defective
genic mice '
Possible mecha-  Defective NF-xB Defective pro-
nisms for the activation required cessing and/or
breakdown of for the development  presentation of
centrdl tolerance ~ of mTECs

self Ag

mal factors referred to in this article, the exact mecha-

nisms by which they contribute to the establishment of self

tolerance still remain unresolved. Although much atten-
tion has been pa1d to the transcnpuonal regulation of self-
Ag expression in mTECs, the precise extent to which its
- fluctuation might affect the processes of central tolerance

per se are still unclear [4]. In this regard, it would also be.

important to bear in mind that assessment of negative
selection using TCR-transgenic mice crossed with trans-
genic mice overexpressing the corrésponding neo-self Ags
may not reflect the exact physiological process that con-
tributes to the prevention of autoimmunity [8]. Finaily,
"a more fundamental and persistent issue related to self
tolerance is what constitutes the “immunological self” for
the immune system. There may be other means by which
the thymic stroma achieves expression of the immunolog-
ical self beyond what I have conceptually outlined in the
present article. If this is the case, then the other ways in
which T cells achieve recognition of the immunological
self might govern the self-non-self discrimination process
by as yet additional and unknown rules, similar to the dis-
" covery of microorganism recognition by Toll-like recep-
tors, which opened a new era of immunological research.
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