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4.2.5.10. 10h (Man2HMC24). 'H-NMR (400 MHz, CD50D): §
0.89 (6H, t, J=6.9 Hz, methyl), 1.30 (62H, brs, methylene),
1.55-1.62 (2H, m, methylene), 1.65~1.75 (2H, m, methylene),
2.19 (2H, t, J= 7.4 Hz, methylene), 3.47-4.00 (10H, m), for
mannose C2, C3, C4, C5, C6a, Céb, sphingosine Cla, Clb,
C2 and C3, 4.72-4.74 (1H, m, anomeric), 7.2 (1H, m, amide).

High resolution ESI-MS calculated for C;7HosN;OgNa (M +
Na)*, 822.6799; found 822.6813.

4.2.5.11. 10i (Man2HMC16). "H-NMR (400 MHz, CD;0D): §
0.82-0.94 (6H, m, methyl), 1.28 (48H, brs, methylene), 1.53~
1.63 (2H, m, methylene), 1.63-1.78 (2H, m, methylene), 2.15—
2.21 (2H, m, methylene), 3.40-3.95 (10H, m), for mannose C2,
C3, C4, C5, C6a, C6b, sphingosine Cla, Clb, C2 and C3,
4,78—4.85 (1H, m, anomeric), 7.2 (1H, m, amide).

High resolution FAB-MS, calculated for C3oH7g N;Og (M +
H)", 688.5727; found 688.5733, '

42.6 3-Hydroxy o-ManCer 3-Hydroxy a-ManCer
(Man30HCI16, Scheme 3) was prepared as previously reported
[8].

4.3. Bioassay of the synthesized glycolipids

Va19-Ju26 invariant TCR Tg mice with the TCR Cao-defi-
cient background were established as described previously (7,
8]. C57BL/6 mice were obtained from Sankyo Service Co. (To-
kyo, Japan) and Jackson Laboratory (Bar Harbor, ME, USA),
MNCs were prepared from single cell suspensions of mouse
livers by density gradient centrifugation using Percoll (Pharma-
cia, Uppsala, Sweden) as described previously [3]. Liver MNCs
from indicated mouse strains (2-4 months of age) were cul-
tured in 200 pl of DMEM supplemented with 10% FCS, 100 U
ml™! penicillin, 50 pg ml™} streptomycin and 5 x 107° M 2-ME
in the presence of glycolipids dissolved in DMSO (final con-
centration, 2 pg ml™), The concentration of cytokines in the
culture fluid was determined by ELISA after 2 days (Pharmin-
gen, San Diego, CA, USA). Cell prolifération was assessed at
day 2 of culture by measuring the incorporation of *H)-thymi-
dine (0.5 pCi ml™!, Amersham, Buckinghamshire, UK) for 5 h.

Stimulation of lymphocytes in vivo was performed as pre-
viously reported by Yoshimoto et al. [25]). Val9 Tg" TCR o™
or C57BL/6 mice (8 ~ 20 w of age) were intravenously injected
with glycolipids (20 pg per 200 pl PBS) instead of anti-CD3
antibody. Spleens were removed from mice 90 min after the
injection, MNCs were inunediately prepared from them by den-
sity gradient centrifugation using lymphosepar II (MBL, Gun-
ma, Japan, d = 1.090). They were cultured in the DMEM (107
cells per ml). Cytokines in the culture fluid were determined by
ELISA.
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Essential Role of IxB Kinase a in Thymic Organogenesis
Required for the Establishment of Self-Tolerance’

Dan Kinoshita,* Fumiko Hirota,” Tsuneyasu Kaisho,” Michiyuki Kasai,’ Keisuke lzumi,’
Yoshimi Bande,” Yasuhiro Mouri,* Akemi Matsushima,” Shino Niki,* Hongwei Han,*
Kiyotaka Oshikawa,* Noriyuki Kuroda," Masahiko Maegawa,* Minoru Irahara,*
Kiyoshi Takeda,' Shizuo Akira,” and Mitsuru Matsumoto®*

1«B kinase (1KK) « exhibits diverse biologieal activities through protein kinase-dependent and -independent functions, the former
mediated predominantly through a noncanonical NF-«B activation pathway. The in vive function of 1KK e, however, siill remains
elusive. Because a natural strain of mice with mutant NF-«B-inducing kinase (NIK) manifests autoimmunity as a result of
disorganized thymic structure with abnormal expression of Rel proteins in the thymic stroma, we speculated that the NIK-IKKa
axis might constitute an essential siep in the thymic organogenesis that is required for the establishment of self-tolerance. An
autoinunune discase phenotype was induced i athymic nude mice by grafting embryonic thymus from 1I{K«-deficient mice. The
thymic microenvironment that caused autoimmanity in an IKKa-dependent manner was associated with defective processing of
NF-xB2, resulting in the impaired development of thymic epithelial cells. Thus, our results demonstrate a novel function for IKK «
in thymic organogenesis for the establishment of central tolerance that depends on its protein kinase activity in cooperation with

NIK. The Journal of Immunology, 2006, 176: 3995-4002.

he transeription factor NF-xB plays an important role in
the vegulation of innate immunity. stress responses. in-
flamniation. and the inhibition of apoplosis (1. 2). The
activity of NF-«B is tightly regulated through the IxB kinase
(IKK)® complex, which consists of two catalytic subunits {IKKa
and IKKf) and u reguiatory subunit (IKKy) (2). IKK« has been
shown to be phosphorylated by NF-xB-inducing kinase (NIK) (3).
which is structurally related to MEK kinase (4). Muny aspects of
the in vivo function of these key players have been elucidated by
the use of both gene-targeted mice and natural mutant mice (2).
The alymphoplusia (a/y) strain of mice carries a natural mutation
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of the NIK gene (5. 6) in which 2 G855R substitution in the C
terminus of the protein results in inability to bind to IKKa (7). We
have demonstrated previously that a defective NIK-IKK« axis
downstream of lymphotoxin (LT} BR. a receptor essential for sec-
ondary lymphoid organogenesis (8). is responsible Jor the ubnor-
mal development of secondary lymphoid organs in a/v mice (7. 9).

In uddition to its essential role in secondary Jymphoid organogen-
esis. we have demonstrated recently that NIK is required in the thymic
stroma for the organization of the thymic microenvironment (10).
Abnormal thymic organogenesis in the absence of normal NIK ac-
counts for the autoimmune disease phenotype seen in a/y mice, which
is characterized by chronic inflammuatory changes in several organs.
including the liver, puncreas, salivary glund. and lacrimal gland (5.
10). Because breakdown of self-tolerance is considered to be the key
even! responsible for the autoimmune disease process, and establish-
ment of self-tolerunce primavily depends on physical contact between
thymocytes and thymic stroma (11). characterization of the stromal
elements involved may contribute to the development of a therapeutic
appreach to many autoimmune diseases.

Medullary thymic epithelial cells (mTECs) pluy pivotal roles in the
cross talk between developing thymocyles wnd thymic stroma (12).
Eliminution of antoreactive T cells (negutive selection) andfor pro-
duction of immunoregulutory T cells (Tregs) ure most likely mediated
by a set of self Ags expressed on mTECs (13, 14). In fuct gene
expression studies have demonstruted that mTECs are a specialized
cell type in which promiscuous expression of a broud range of tissue-
specific Ag (TSA) genes is an autonomous property (15). Studies on
mice with autoimmunc phenotypes resulting from an abnormal thy-
mic microenvironment have provided useful insights into this mech-
anism. Autoimmune regulator (Aire)-deficient mice have mTECs
with reduced expression of many. but not all. TSAs. but have uppar-
ently normaJ thymic structure (16. 17). These results suggest that Aire
regulates transeription of TSAs within developed mTECs without in-
fluencing the development of these cells. In contrast, reduced expres-
sion of TSAs (and Aire) in the thymus from NIK mutant mice is
associated with impaired development of mTECs (10); NIKV™
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mice lack Ulex europaeus (UEAY)-1" mTECs and have reduced num-
bers of ER-TR5™ mTECs. Although these results are consistent with
the idea that NIK affects TSA expression in the thymus through a
developmental effect on mTECK. it is not clear whether NIK has any
significant roles in the transcription of TSA genes within these cells,
us suggested for Aire.

Initial studies of mice deficient in IKK« have unveiled an un-
expected function of TKK« for the development of limbs and skin
(18, 19). Subsequent studies have reveualed u two-dimensional role
for TKK e, which possesses both protein kinase-depéndent and protein
kinuse-independent functions. It has been demonsirated that Kinase
activity is required for lymphoid orgunogenesis (7. 20). B cell devel-
opment and function (21). and mammary gland development (22). In
contrast, kinase-independent activity is required for epidermul kera-
tinocyte diflerentiution and skeletal and craniofacial morphogenesis
(23. 24). Perinatal death of IKXK ™' mice. however, hus humpered a
detailed analysis of the in vivo immunological function of TKKc.
Given that NIK“*" mice have disorganized thymic structure to-
gether with an organ-specific autoimmune disease, we hypothesized
that IKK« in the thymic stroma has similar roles to those of NIK. In
the present study. we have examined this hypothesis and demon-
strated that IKKe regulates thymic organogenesis and establishes
self-tolerance primarily through a noncanonical NF-«B activation
pathway with NIK, which requires the processing of NF-xB2 (i.e.,
production of p52 from its precursor pi00) (25). With the use of
isolated thymic epithelia] cells (TECs) together with mTEC lines
established from NIK™" mice. we have ulso demonstrated that the
NIK-IK K axis regulates thymic expression of TSAs predominantly
through the developmentul process of mTECs. not through transcrip-
tional control of TSA genes within developed mTECs. Thus. our
results illustrate a novel function of KK« in thymic stroma-
dependent self-lolerance that cannot be compensated for by the
related IKKS subunil.

Materials and Methods
Mice

BALB/cA Jcl-+ mice (BALB/™™ mice) and NIK” mice were purchased
from CLEA Japan. and Rag2-deficient mice on BALB/c background were
acyuired from Taconic Famw. IKKa™" mice were generated by gene target-
ing. as described previously (18). The mice were maintained under pathogen-
free conditions and were handled in accordance with the Guidelines for
Animal Experimentation of Tokushima University School of Medicine.

Thymus grafting

Thymus grafting was performed. as previously described t10). Briefly. thy-
mic fobes were isoluted from embryos at 14.5 days postcoitus and were
cultured for 4 davs on top of Nucleopore filers (Whauman) placed on
RPMI 1640 medium Unvitrogen Life Technologies) supplemented with
10% heat-inactivated FBS tinvitrogen Life Technologies). 2 mM 1-glu-
wmine. 100 U/l penicillin, 100 pg/ml streptomyein. 50 pM 2-ME. and
1.35 mM 2'-deoxyguanosine (2-DG: Sigma-Aldrich). Five pieces of thy-
mic lobes were grafted under the renal capsule of BALB/C™™" mice. After
6-8 wh. reconstitution of peripheral T cells was determined by flow ¢y-
tometre analysis (BD Biosciences) with ami-CD4 (clone GK1.5: BD
Pharmingen) and anti-CD8 (clone 53-6.7: BD Pharmingen) mAbs. and
then thymic chimeras were used for the analyses.

Western blotiing

Proteins extracted from embryonic thymic lobes. prepared as described
above, were analyzed with an ECL Western blotting detection system (Am-
ersham Biosciences). Rabbit anti-peptide Abs directed against p32 reatalog
no. s¢-298) and RelB (catalog no. se-226). mouse anti-lek mAb (catalog no.
sc-433). and goat anti-actin Ab (catalog no. sc-1616) were all purchased
from Santa Cruz Biotechnology.

Pathology

Formalin-fixed tissue sections were subjected to H&E staining. and 1two
pathologists independently evaluated the histology without being informed

IKKa IN THYMIC STROMA-DEPENDENT SELF-TOLERANCE

of the detailed condition of the individual mouse. Hixtological changes
were scored as O (no change). 1 tmild lymphoid cell infiliation). or 2
tmarked Iymphoid cell infiltration).

Establishment of TEC lines from NIK™™" mice

TEC lines were established from NIK“** embryos at 14.5 days posteoi-
wus. as previousiy described 126). These cells were maintained with gammia
ray-irradiated (40 Gy} Swiss 3T3 cells as feeder cells in calcium-free MEM
{Inviogen Life Technologies) supplemented with 10% heat-inactivated
FBS. 3 mM L-glutamine, 50 pg/mi gentamicin, 50 1M 2-ME. and | pg/ml
hydrocortisone {Sigma-Aldrich). NIK™** mouse origin was confirmed by
sequencing of the aly-type NIK gene (6. 7).

Immunohistochemistry

Immunohistochemical analysis of the grafted thymus was performed. as
previously described 110). Briefly. frozen tissue sections were fixed in cold
acetone and stained by first incubating them with ER-TRS (27) and UEA-
[-biotin (Vector Laboratories). After being washed. the sections were fur-
ther incubated with Alexa SY4-conjugated goat anti-rat 1gG (Invitrogen
Life Technologies) and Alexa 488-conjugated streptavidin (Invitrogen Life
Technologies) for the immunofluorescence. For the detection of autoanti-
bodies. serum from thymic chimeras was incubated with various organs
obtained from Rag2-deficient mice. FITC-conjugated anti-mouse 1gG Ab
{Southern Biotechnology Associates) was used for the detection. Poly-
clonal anti-Aire Ab was produced by immunizing rabbits with peptides
corresponding o the COOH-terminal portion of mouse Aire. and Alexa
488-conjugated donhey anti-rabbit 1gG tInvitrogen Life Technologies) was
used as a secondary Ab for detection. TEC lines established from NIK™
embryos were seeded on coverslips and subjected to inununohistochemis-
ry. as previously described (28). Anti-epithelial cell adhesion molecule
(Ep-CAM) mADb (BD Biosciences) and anti-keratin-5 polyclonal Ab (Co-
vance) were used for the staining. DNA staining was with 4'6-diamidino-
2-phenylindole (Roche Applied Science).

NF-kB2 processing

TECs were stmulated with agonistic amt-LTER mAb (clone AF.H6O: pro-
vided by P. Rennert. Biogen ldec) (29) (5 pg/mb) or with agonistic anti-
CD40 mAb (clone 3/23; Serotec) (5 pg/mi) for 8 h. Cyioplasmic and nu-
clear extracts were prepared {rom the cells. as described previously (30).
and were subjected to Western blotting with rabbit anti-p52 Ab {rom Up-
state Biotechnology (catalogue 06-413).

Thymic stroma preparation

Thymic stroma was prepared. as described previously (17). Briefly. thymic
lobes were isolated from three 10 six mice for each group and cut into small
pieces. The fragments were gently rotated in RPMI 1640 medium tInvitro-
gen Life Technologies) supplemented with 10% heat-inactivated FCS tin-
vitrogen Life Technologies). 20 mM HEPES. 100 Wml penicillin. 100
pe/ml streptomyein. and 50 uM 2-ME. hereafter referred 1o as R10. at 4°C
for 30 min. and dispersed {urther with pipetting to remove the majority of
thymoceytes. The resulting thymic fragments were digested with .15
mg/mi collagenase IV (Sigma-Aldrich) and 10 1/m] DNase 1 (Roche Mo-
lecular Biochemicals) in RPMI 1640 at 37°C for 15 min. The supernatants
that contained dissociated TECs were saved. whereas the remaining thymic
fragments were further digested with collagenase 1V and DNase I This
step was repeated twice, and the remaining thymic fragments were digested
with collagenase 1V. DNase L and 0.1 mg/ml dispase 1 (Roche Applied
Science) at 37°C for 30 min. The supernatants from this digest were com-
bined with the supernatants from the collagenase digests. and the mixture
was centrifuged for 5 min at 450 X g. The cells were suspended in PBS
containing 5 mM EDTA and 0.5% FCS and kept on ice for 10 min. CD457
thymic stromal cells were then purified by depleting CD45™ cellx with
MACS CD45 microbeads (Miltenyi Biotec). according 1o the manufactur-
er’s instructions. The resulting preparations contained - -60% Ep-CAM”
cells and < 10% thymocytes (.e.. CD4/CDS single-positive and CD4/CDS
double-positive cells). as determined by flow eytometric analysis.

Real-time PCR and semiguantitative RT-PCR

Real-time PCR for quantitication of TSA genes was conducted with cDNA
prepared from RNAs extracted from whole thymus or from isolated TECs.
The primers. the probes. and the reactions were those described previously
110, 17). Cathepsin S primers were 5'-GCCATTCCTCCTICTICTTC
TACA-3' and 5'-CAAGAACACCATGATTCACATTGC-3'. and the ca-
thepsin $ probe was 5 -FAM-AAGCGGTGTCTATGATGACCCCTCCT
GTA-3 1311 Semiguantitative RT-PCR of TSA genes was conducted. as
previously described (10, 7).
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FIGURE 1. Unaltered thymocyte development in the
absence of JKKa in fetal thymic organ culture. Thymic g4 3 g £47
lobes isolated from embryos of both conwol (cemer pai-, I b e ° ° ——
els) and JKKa™'™ (right panels) mice at 14.5 days post- 0 42(;:430 800 1000 ?SCZEIQ 600 1000
coitus supported maturation of thymocytes similarly in a - >
4-day organ culture in the absence of 2-DG. Flow cy-
tometric analysis with forward scatter (FSC) and side
scatter (SSC) tnp panels). and with anti-CD4 and anti- -
CDS mAbs (hotom panels). Thymic organ culture of e
control mice in the presence of 2-DG is shown ax a o
negative control (left panels). One representative result =
from a total of two repeats is shown. g gvg
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Results
IKK« in the thymic stroma is required for self-1olerance

‘We have demonstrated recently that aly mice, a natural strain with
mutant NIK. manifest autoimmunity resulting from disorganized
thymic structure with abnormal expression of Rel proteins in the
thymic stroma (10). Although the identity of the upstream receptor(s)
controlling NIK-dependent thymic organogenesis has not been fully
determined (see Discussion). we speculated that IKK« might function
as a downstream kinase of NIK in this process. Because of the peri-
natal death of IKKa™"" mice (18, 19), we assessed thyntic organo-
genesis and T cell development in IKK«a™"" mice by using embry-
onic thymus: thymic lobes were isoluted from control und IKK« ™'~
embryos at 14.5 days postcoitus and cultured for 4 days in vitro. Such
thymic Jobes supported maturation of thymocytes simikely in both
control and IKKe ™" mice (Fig. 1), indicating a dispensable role of
IKK« in both thymocytes and thymic stroma in their developmental
cross talk. The dispensubility of IKK« in thymocyte development
assessed with this fetal thymus organ culture system is consistent with
the observation of normal T cell development in chimerus in which
IKKe™"™ fetal liver cells were transferred into irmadiated Rug2-defi-
cient mice (21). Of importance. histologicul exumination of those chi-
meras showed no signs of auloimmune disease (T. Kuisho. K. lzumi.
and M. Muatsumoto, unpublished ohservation). suggesting that TKK a-
deficient T cells do not promote the development of autoimmune dis-
ease in a4 cell-autonomous manner. In contrust. we speculated that
[KK« in thymic stroma might be essential for the establishment of
self-tolerance, as demonstrated for NIK (10). To test this hypothesis,
we generited thymic chimeras. The 2-DG-treated embryonic thymie
Johes, which did not contuin any live thymocytes as determined hy
flow cytometric analysis (see Fig. 1. leff panels) and by Western blot-
ting with anti-lek Ab (see Fig. 2. fop panel). were prepared und then
grafied under the renal capsule of BALB/C™ ™ mice. In this system,
mature T cells derived from 1KK-suflicient recipient BALB/c"™
mouse hone marrow are produced de novo through interaction with
the grafted thymic stroma. Grafting both control and IKKa™ ™ em-
bryonic thymus induced T cell maturation in the periphery of BALB/

<™ mice 1o a similar extent: CD4 " T cells plus CD8 ' T cells were

14.1 £ 5.3% in BALB/c™" mice grafted with control thymus (7 =
6) compared with 15.1 = 7.6% in BALB/c"" mice grifted with
IKKa™" thymus (n = 7). Remurkubly, histological examination of
IKKer™"™ thymus-grafted mice. but not control thymus-grafted mice.
revedled many lymphoid cell infiltrations in the liver. mainly in the
portal areu (Fig. 3, A und B), which is reminiscent of the autoimmune
diseuse phenotype observed in NIK”* mice. To see whether T cells
developed in u thymic microenvironment without IKK e in those mice
are gutoreactive per se. we injected splenocytes obtained from BALB/

Spl
Controf
KKo-KO

p52/p100

ratio 28 21 03

— p100

— p52

RelB

actin

FIGURE 2. IKKa regulates the processing of NF-xB2 in thymic
stroma. Thymic lobes isolated from control (second Iane) and 1KKa ™"
embryos tthird lane), and cuhured for 4 days in the presence of 2-DG
contain no live thymocytes. as demonstrated by the lack of ek expression
with Western blotting tap panel). The same blot was probed with anti-Rel
protein Abs trwa middle panels) and unti-actin Ab thatrom panel). p52
processing from the precursor pl00 was impaired in thymic stroma from
IKK« ™" mice. RelB expression was also reduced in 1KKe ™" thymus.
Total splenocytes (Sph from wild-1ype mice were used as comrol {irs
lane). Intensities of the bands of p100 and p52 in cach lane were measured
with Imagel software (National Institutes of Health), and the ratios be-
tween pS2 and pl00 are shown above the NF-kB2 Western blot. One
representative result from a total of three repeatx is shown. '



3998 IKK«a IN THYMIC STROMA-DEPENDENT -SELF-TOLERANCE

A o - c
KKa-KO thymus
grafted

Controt thymus

Controt thymus
grafted

grafted

IKKa-KO thymus
grafted

B
Grade
°
2 F evoe
1r [e] ce 6o
0000
0 0o oo
Control  IKKa-KQ
Control  IKKe-KO thymus  thymus
grafted  grafted
nude nude

FIGURE 3. Requirement for IKKa in thymic stroma for the establishment of self-tolerance. A. BALB/™™ mice grafied with IKKa ™" embryonic
thymus (IIL/II paitel). but not with control embryonic thymus teft panel). developed an autoimmune disease phenotype in the liver. Arvows indicate the
Jymphoid cell infiltrations. The scale bar corresponds to 100 pum in size. B. Many 1KKa™ “'" {hymus-grafted BALB/C"" mice exhibited lymphoid cell
infilwations in the liver (©: lefi half paneD). In conwrast. these changes were scarcely observed in control thymus-gratied mice (C). Injection of splenocytes
ohtained from BALB/C™™ mice grafted with IKKa-deficient thymus into another group of BALB/C"™ mice induced lymphoid cell infiltration in the liver
of the recipient mice (@: right hall panel). whereas injection of splenocytes obtained from BALB/™" mice grafted with conwrol thymus induced no such
changes in the recipient mice &), Histologicul changes in H&E-stained tissue sections were scored as 0 (no change). I tmild lymphoid cell infiluation).
or 2 (marked lymphoid cell infiltration). One mark corresponds 10 one mouse analyzed. C. Serum from BALB/c" ™" mice mafted with IKKe ™ thymus
tright panels). but not with control thymus Uefi panels). contained 12G class autoantibodies against liver (Li: top paneis). stomach (St iniddle panels). and

Kidney (Ki: borom panels) detec

™ mice grafted with IKK a-deficient thymus into another group of

BALB/c™" mice. We observed similar Jymphoid cell infiltration in
the liver of the recipient mice. whereus injection of splenocytes ob-
tined from BALB/A™™ mice grafted with control thymus induced
no such chunges in the recipients (Fig. 3B). These results clearly in-
dicate the significance of TKK « as a thymic stromal element required
for the establishment of self-tolerunce. Five of seven IKK« ™™ thy-
mus-grafied mice also showed lymphoid cell infiltrations in the pan-
creus (perivascular areas near islets), although these infiltrutions were
less marked than in the liver (D. Kinoshita. K. Jzumi. and M. Matsu-
moto. unpublished observation).

Development of autoimniunity in athymic -nude mice grafied
with TKKa ™" thymus was further demonstrated by the production
of antoantibodies aguinst various organs. When the serum from
BALB/c™™ mice grafted with IKKa™ " thymus was tested for
reactivity aguinst liver. six of seven showed IgG class autounti-
bodies as detected with immunofluorescence (Fig. 3C). In contrust.
such activity was observed in only one of six control thymus-
grafted mice. and this activity was only weak. Similarly, high in-
cidences of autoantibodies against stomach (five of seven) and
Kidney (six of seven) were observed in IKKa’ " thymus-grafted
mice. although on histological examination these orguns appeared
unaffected when assessed 6-8 wk ufter thymus graft (D. Ki-
noshita. K. fzumi. and M. Matsumoto. unpublished observation).

IKK« in the thymic stroma regulates Rel protein expression and
thymic organogenesis

Given that JKK« plays an essential role in the thymic microenvi-
ronment that is required for the establishment of self-tolerance. we
investigated the expression of Rel proteins from KK " thymic

ted with immunofivorescence. Original magnification. X 100.

stroma by Western blotting. Thymic lobes used for this experiment
were isolated from control und IKKa ™™ embryos ut 14.5 duyx
postcoitus and treated with 2-DG to isolate only thymic stromal
elements. us described ubove. Expression of pS2 was significantly
reduced in the thymic stroma from IKK«™ " mice compured with
that from control mice. whereas pl00. a precursor form of p5Z,
wus more abundant in KK« ™" mice than in control mice (Fig. 2):
the amount of p52 in thymic stroma from control mice was double
that of pl00. whereus the ratio of p32 to plO0 was reversed in
IKKa™"™ mice. Thus. TKKa-dependent generation of p52 from
p100 in thymic stroma might constitute a second NF-«B signaling
pathway. as we originally observed in hemopoietic cells (32) and
subsequently characterized for signals through LTBR (33). CD4)
(34). and B cell activating factor of the TNF fumily receptor (35,
36). RelB expression in the thymic stroma was slightly reduced in
IKKa™"" mice compared with that in control mice (Fig. 2). as
observed in NIK™ mice (10). These results suggest that the
disturbed thymic microenvironment in IKKea /" mice is associ-
ated with abnormal regulation of the NF-«B activation pathway in
the thymic stroma in the absence of IKKa.

The essential roles of IKK e in thymic stroma were also con-
firmed by histological examination of the grafted thymus. Al-
though embryonic thymus from control mice that hud been grafted
onto BALB/c™"" mice contained mTECs that bound with UEA-1,
IKKa™'" embryonic thymus grafted onto BALB/c™ mice did
not have UEA-17 cells (Fig. 4A). ER-TR3® mTECs were SPUTSe
in IKKa™" embryonic thynus grafted onto BALB/A™™ mice
compared with control embryonic thymus grafted similarly (Fig.
44). Abnormal development of mTECs in the absence of JKKa
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ER-TRS

Controf thymus grafted KKa-KQ thymus gratted

aly/+ alylaly

FIGURE 4.
thymus from IKK«a™

1KK v is required for thymic organization. A. Embryonic

~ mice contained no UEA-17 cells thonom middle

panely and fewer ER-TRS™ medullary epithelial cells stained in red thorram -

lefi panel) after grafting onto BALB/™™ mice compared with that from
conwol mice vop loft panel). UEA-17 cells from conwol embryonic thymus
grafied onto BALB/""™ mice were stained in green vop middle panel). and
were merged with ER-TRS staining (rop right panel). B. Embryonic thymus
from IKKa ™'~ mice grafted onmo BALB/C™ mice contained very few Aire™
cells Gop right panel). as observed in adult untreated NIK™* thymus tharom
right panel). Aire™ cells were observed in embryonic thymus from control
mice mafied onto BALB/™™ mice tap lefi panel) and adult untreated NI
K™ thymus tharenn left panel). Original magnitication. X200, One repre-
sentative esult from a wotal of five repeats is shown.

:as also exemplified by the Joss of Aire” cells in IKKa™'™ em-
bryonic thymus grafted onto BALB/¢™ mice (Fig. 4B). A dru-
malic decrease in the number of Aire™ cells was also observed in
adult untreated NIK“* (hymus (Fig. 4B). Because T cells with
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normal JKKa (derived from BALB/c"“"* mice) cunnot restore
normal mTECS in the IKK«a™’™ thymus when the interaction be-
tween T cells und thymic stronial cells is initiated from the em-
bryonic stage, the contribution of IKK« to thymic organogenesis
seems 10 be stromul element autonomous. These results clewrly
indicute indispensable roles for IKKa as 4 stromal element in the
thymic orgunogenesis that is required for the establishment of
self-tolerance.

Developmental effect of NIK jor proniiscuous gene expression in
the thymus

Promiscuous gene expression of many TSAs in mTECs could play
an essential role in the estublishment of central tolerance (12). The
autoimmunity developed in NIK™™ mice (10) and IKKa™'""
mice. described above. might be associuted with altered expression
of self Ags in the thymus. In fact. NIK“ thymus showed dra-
matically reduced transcription of many TSAs (10). We have ex-
amined whether thymic expression of TSAs is influenced by the
absence of TKKe using embryonic thymus grafted onto BALB/
™™ . mice: RNAs were extracted [rom the thymus 6 wk after
grafting when the thymus was colonized with developing thymo-
cytes derived from BALB/c"*™ mouse bone marrow. By real-time
PCR. salivary protein 1 (SPI). futty acid-binding protein (FABP).
C-reactive protein (CRP). und glutamic acid decarboxyluse 67
(GADG7) were eusily detected in grafted control thymus. whereus
expression of SP1. FABP., and GADG7 wus below the limit of
detection in grafted IKKe ™'~ thymus. Although CRP was de-
tected in grafted IKKa ™™ thymus (N. Kuroda and M. Matsumoto,
unpublished observation), its expression was reduced: the value for
CRP/hypaxanthine phosphoribosyltransferuse (HPRT) from con-
ol thymus way 1.61, und that for CRP/HPRT from IKKua™'"
thymus wus (.32,

Becuuse we used RNAs extracted from total thymus insteud of
isoluted mTECs in both previous experiments with NIK“ mice
{10} and experiments with IKKa™"" thymic chimeras described
above. it is not clear whether reduced expression of TSAs wus due
10 the reduced number of MTECs expressing TSAs (13) or o the
lack of NIK-IKKa-dependent transcriptionul control of TSA
genes. To test these possibilities. we harvested TECs (which
contdin both cortical and medullary components) from adult NI-
K" mice and examined the expression of TSAs together with
cathepsin S (CAT-S). which is highly expressed by mTECs in the
thymic stroma (313, Consistent with immunohistochemicul evalu-
ation demonstrating less ubundunt mTECs in NIK*™" mice (10),
TECs purified from NIK*2*" thymus showed reduced expression
of CAT-S (Tuble I¥: the ratio between the values from NIK“*"*
mice and NIK“ mice was 0.12. When RNAs extracted from
purified TECs were tested for TSA expression hy real-time PCR
using HPRT ax un internal control. the difference between NI-
K™ and NIK"™" mice becume subtle when compared with the
results obtained from total thymus. except for CRP (Table ). This

Tuble 1. Expression of tissue-specific genes in the thyinus’

Genotype sP FABP CRP GADNT CAT-S
alv/+ 7.9716.28 6.1077.62 1.30/3.04 7.18/3.80 N.A/12.2”
alv/aly 745 X 107182 4.08 X 107 40.20 9.49 % 107 0.14 444 2 107 /0.64 N.A/L4
Relative abundance” waly/aly vs al/4) 093 % 1077290 0.67 % 107003 0.07/0.05 0.62 % 1077047 N.AJ0.12

* Reaul-time PCR for peripherd tissue-specific genes (e, SPL FABP, CRP, GADGT, and CAT-S) was performed using RNAS extracied from total thy mus (shown on the lefty
or RNAs extracted from purificd TECs (shown on the righty from NIK™ and NIK™** mice. Hprr expression Jevel was used s an internal control. Pools of TECK jxolated
from three to six mice of cach group were used for the analysis. One representative resull from i total of two repeats is <hown.

“N.A.. Not applicible.

* The relutive abundunce of cach gene was calculuted from the rtio between the values from NIK*2 mice and NIK*Y*® mice {e.g.. the SPIApr value from NIK##0

mice was divided by the SPI/Hprr value from NIK**™ mice).



4000

finding is more obvious when tuking into account thut TECs
purified from NIK™" thymus contained reduced mTEC compo-
nents compared with those from NIK™* thymus, as revealed by
the reduced expression of CAT-S. These results suggest that NIK
regulates thymic expression of TSAs predominantly through the
developmental process of mTECs. and not through transcriptional
control of TSA genes within developed mTECs.

To further confirm this finding. we used mTEC lines established
from the thymus. Becuuse we were not able to establish TEC lines
from TKK«™"" embryos al 18.5 days postcoitus for unknown rea-
sons. we used mTEC lines established from NIK“**™ embryos for
this purpose: it is possible that the protein Kinase-independent

function of IKKa may contribute to the growth disadvantage of

TECs lucking KK (23, 24), We established three cell lines from
NIK"% embryonic thymus (5-1. 4-1-3, and 6-5T), und these
cells were positive for Ep-CAM. an epitheliad cell marker. und
stuining with keratin-3 and ER-TRS (Fig. 54), bul negative for
keratin-8 and Th-3 (Ref. 26 and Y. Mouri, M. Kasui, and M. Ma-
tsumoto. unpublished observation), consistent with a medullary
origin. The TEC origin of these lines was also verified by Foxnl
expression (Fig. 5C). In these NIK™*" mTECs. agonistic stimu-
lation of LTBR by mAb AF.H06 (29) did not induce NF-«B2 pro-
cessing, in contrast to the mTECs derived from wild-type CS7BL/G
mice (26) (Fig. 5B): LTPBR ligation on wild-type mTEC increused
amount of p52 in the nucleus (Nuch: bortom panely with & con-
comitant reduction of pl00 in the cytoplasm (Cytol 10p panel).

A 81
FIGURE 5. Retained expression  of
TSA genes in mTEC lines established Ep-CAM

from NIK“ thymus. A. TEC lines es- DAPI
tablished from NIK“" embryos (5.1,

4-1-3. and 6-5T) were positive for Ep-

CAM uap panels. siained in red). kera-

tin-3 (middle panels. stained in green).

and ER-TRS (honom panels. stained in Keratin-5
red). Mouse embryonic tibroblasts (MEF) DAPI
served as negative control. DNA staining
is  with  4'6-diamidino-2-phenylindole
tstained in blue). Original magnification.
X200, B. In wild-type mTEC (1C6). but
not in NIK™™* mTEC 16-5T). LTER li-
gation with agonistic anti-LTER mAb in-
creased amount of nuclear p52 (Nucl; hor-
rom panel) with a concomitam reduction
of pi00 in the cytoplasm (Cytor Jop
panel). Such effect was observed in nei-

ER-TRS
DAPL

ther wild-type nor NJIK**** mTECs upon B
CD40 stimulation. One represemative re- Wild-type
sult from a total of three repeats is shown. (1c8)

Asterisks denote nonspecitic bands. C.
Semiquantitative RT-PCR for peripheral
tissue-specific genes (SPI: FABP) wax
performed using mTECs esiablished from
contol and NIK™" thymus. The TEC
arigin of these cell lines was veritied by
Foxnl eapression. fs-actin was used to
verify equal amounts of RNAs in each
sample. One representative result from a
total of three repeats is shown. Asterishs
denote nonspecilic bands, -. Withowt
template.
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whereas the same treatment induced no nuclear p52 in NIK“*
mTEC. In contrast. CD40 ligation on both wild-type and NIK"»*
mTECs had no such eflect. which is consistent with the fact that
CD40™’"" mice showed undisturbed thymic architecture with nor-
mul distribution of mTECs containing UEA-1* cells. ER-TR5™
cells. und Aire™ cells (Y. Mouri and M. Matsumoto, unpublished .
observation). Thus, these established cell lines show many of the
charucteristics of mTECs while retaining the features of alv-type
NIK mutation.

mTEC lines estublished from NIK™™ mice showed levels of
TSAs that were indistinguishable from those of control mTECs
(Fig. 5C): SP1 and FABP were expressed from all the lines {rom
both wild-type und NIK“" mTECs. Expression of CRP assessed
with reul-time PCR was also indistinguishable between wild-type
and NIK™**" mTECs: CRP/HPRT vulues from wild-lype mTECs
were 4.93 (line 2-3). 1.04 dine 1C6), and 2.21 (line 3-10). and
CRP/HPRT values from NIK“**" mTECs were 2.75 (line 5-1),
1.67 (line 4-1-3). and 3.01 (line 6-5T). Insulin/HPRT values from
wild-type mTECs were 0.47 (line 1C6) und 1.66 (line 3-10), and
insulin/HPRT vilues from NIK“"* mTECs were 0.50 (line 5-1).
0.33 (line 4-1-3). und Q.65 (line 6-5T). Tuken together. these re-
sults suggest that NIK is not required in individual mTECs for the
transcriptional control of TSA genes. Rather. reduced expression
of TSAs in NIK“™ thymus is most likely due 1o the develop-
mental effect of mutated NIK on mTECs. leading to reduced ab-
solute numbers of mTECs. euach expressing normal levels of TSAs.

4-1-3 8-8T MEF

aly/aly

c
(6-5T) Wild-type aly/aly
T 23 106 316 51 413 65T
e oo R R I |
sP1
Cyto FABP
Foxni
B-actin
Nucl
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Based on the similarity of autoimmune phenotypes between NI-
RO (hymns and IKKa™'” thymus. we speculate thut TKKe
regulates TSA expression in the thymus through a developmental
eflect similar to that of NIK. .

Discussion
We have demonstrated that IKK« plays an essential role in the
organization of the thymic microenvironment that is required for
the establishment of central tolerance. Grafling the thymic stroma
from IKKa™'™ mice onto athymic nude mice led to the develop-
ment of uutoimmune disease in the recipients: this ulso occurred in
another group of recipient mice when the splenocytes from the
IKKa™" thymus-grafted mice were transferred. The thymic mi-
croenvironment that caused autoimmune disease in an IKKa-de-
pendent manner was associated with structural abnormality (ack
of UEA-17 cells. and sparse ER-TRS™ und Aire™ cells in the
medulla). defective NF-«B2 activation (impaired processing of
p100 into p52). and reduced expression of TSAs. Because those phe-
nolypes were similuly observed in NIK™" mice (10). it is reason-
able to speculate that the NIK-IKK« axis constitutes an exsential step
in this action. as demonstrated for secondary Jymphoid organo-
genesis through LTSBR involving NF-xB2 processing (7. 20. 37).

We have suggested that impaired processing of pl00 into p32
caused by mutated NIK (10) or a luck of IKKex. as demonsirated
in the present study, is relevant to the developmental defect of the
thymic microenvironment. This reusoning is uappurently inconsis-
tent with the fuct that mice deficient for pS2 show no major defect
in the thymus (38, 39). We interpret this discrepuncy as a dominant
effect of pl00 on NF-«B uctivation in thymic stroma: accumula-
tion of plO0. rather than absence of p5S2. might be responsible for
the thymic phenotypes we observed. In fact, mice lacking the
COOH-terminal unkyrin domain of NF-«xB2 (i.e.. pl100). but still
containing a functional p52 protein, show ubnormal development
of the thymus (40). indicating the relevance of pl00 to the control
of thymic orgunogenesis. Notubly. the mice deficient for p52 de-
scribed above lack the whole NF-kB2 protein (including p100)
because of the targeted deletion of the NF-xB2 gene Jocus (38, 39).
We therefore consider that the ratio between pl00 and p32 is a
critical determinant for proper uctivation of the NF-xB complex
that contains RelB as a heterodimeric partner (see below). Accu-
mulution of pl0O0 could disturb the nuclear localization of activated
NF-xB complex within mTECs.

Although the exuct mechanism by which IKK« regulates the

thymic microenvironment that is required for the establishment of

central tolerance is unknown. the existence of disorganized thymic
structure together with an antoimmune disease phenotype in mice
with u mutation disrupting the RelB gene merits attention. Because
of the phenotypic similarities between NIK mutant mice and
RelB™'" mice (41) (multi-inflammatory lesions together with the
absence of UEA-17 mTECs). together with the roles of IKK«
demonstrated in the present study, we speculite that NIK-IKKw
regulates the thymic microenvironment through activation of the
NF-kB complex contuining RelB. A requirement for NIK for ac-
tivation of the NF-xB complex containing RelB is also seen in the
production of NK T cells (41, 42). Interestingly. TNFR-associated
factor 6 (TRAFG) in TECs is a critical component that regulates
RelB expression, thereby controlling the thymic microenviron-
ment for the establishment of central tolerance (43). Although both
NIK-IKKae-dependent and TRAFG-dependent signals merge af the
level of the NF-«kB complex (i.e.. pS2/RelB). it is reasonable to
speculate that the upstream receplors of euch signal are distinct,
because many NIK-IKK «a-dependent signals are TRAFG indepen-
dent. as exemplified for LTBR (43). and vice versu. These results
suggest the existence of a group of receptor-mediated signals that
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together contro thymic organogenesis. The mechanisms that con-
trol the specificity of the heteredimeric complex of Rel fumily
members (e.g.. pS2/RelB or pSO/RelA) according to cell type
and/or cellulur signals also need to be clarified by future studies.

Signaling through LTSR hus been demonstrated recently to control
thymic organogenesis (44). However, because NIK™™ mice show
more severe phenotypes of thymic structure than do LTSR-deficient
mice (44), it would be reasonuble to speculute that the NIK-TKK « axis
is acling downstream of additionul receptor(s) beyond LTBR in
thymic orgunogenesis. Because CD40 is expressed on TECs (45, 46),
and NF-xB2 processing takes place downstream of CD40, at least in
B cells (34). CD40 could be a good candidate for an additional
receptor that acts in NIK-IKK«-dependent thymic organogenesis.
However. CD40™'" mice showed undisturbed thymic wehitecture
with norma distribution of mTECs containing UEA-17 cells. ER-
TR5™ cells, and Aire™ cells (Y. Mouri und M. Matsumoto. unpub-
lished observation). suggesting that CD40 alone is not responsible for
this action. Consistent with this finding, CD40 ligation on wild-type
mTEC (and NIK“" mTEC as weil) induced no NF-xB2 processing
(Fig. 5B). although flow cytometric anulysis clearly demonstruted
CD40 expression on both mTEC lines (S. Niki and M. Matsumoto.
unpublished observation). A complete description of the upstream
receptor(s) required for thymic orgunogenesis in a NIK-IKKa-
dependent manner is essentia] for « better understanding of the roles
of NF-«B in the establishment of central tolerance.

The cellular mechunism controlling the establishment of self-
tolerance in un IKKa-dependent manner is of considerable inter-
est. Because of the perinatal death of IKKe™™ mice. we have
investigated most of the IKKo-dependent autoimmune diseuse
process with thymic chimeras. Because the autoimmune diseuse
phenotype in NIK“"" mice is a result of both impaired elimina-
tion of autoreactive T cells und impaired production of Tregs (10),
we suggest similar mechanisms for the breakdown of self-toler-
ance in the thymic microenvironment lacking 1KK«. Consistent
with this hypothesis. when control thymus and IKKe ™™ thymus
were grafled simultaneously onto BALB/c™"™ mice. the develop-
ment of inflammatory lesions was not completely inhibited (D.
Kinoshita, K. lzumi. and M. Matsumoto. unpublished observa-
tion). suggesting that the grafted IKK« ™™ thymus allows produc-
tion ol more pathogenic autoreactive T cells in the recipient mice
thun can be controlled by the Tregs that ure produced by the
erafted control thymus. We speculate that thymic stroma that has
developed in the absence of IKK« may not be able 1o present TCR
ligands (most likely containing self peptides) efiiciently enough.
resulting in insufficient avidity for the elimination of autoreactive
T cells and/or production of Tregs (130 14).

The autoimmunity that developed in NIK™™ mice (10) and
IKK«™ '™ mice. described in the present study. was associated with
allered expression of self Ags in the thymus. although the signif-
icance of this finding requires further study. We investigated
whether reduced expression of self Ags in a NIK-IKKea-dependent
manner was due to a reduction in the number of mTECs expressing
these Ags or a Juck of TSA gene transcription in these cells. Be-
cause purified TECs from NIK“™ (hymus largely restored TSA
expression. und the levels of TSAs expressed by mTEC lines iso-
lated from NIK“™"" mice were indistinguishuble from the Jevels
expressed by wild-lype mTEC lines. the reduced TSA expression
by total NIK“™"" thymus is most likely due to the eflect of the
NIK-IKK« axis on the development of mTECs. Consistent with
this finding, sorted TECs from LTBR-deficient mice (which have
thymic disorganization and absolute reduction of TEC number)
demonstrated unajtered expression of TSA genes (44). In contrast.
Aire affects TSA expression without any obvious structural abnor-
malities of the thymus (16. 17}, Thus, TSA expression in mTECs
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is controlled by a group of genes through their unigue actions.
Identification of particular cell types responsible for TSA expres-
sion. together with the nature of the TCR ligunds (possibly TSA
gene products) reguired for the establishment of self-1olerance.
awaits further study. With the advent of thymic organogenesis us-
ing thymic precursor cells (47, 48). it may be feasible to manip-
ulute the thymic microenvironment through the modulation of
NF-~B activation pathways, thereby controlling the processes for
the establishment of self-tolerance.
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Factors that determine the spectrum of target organs involved in autcimmune destruction are poorly under-
stood. Although loss of function of autoimmune regulator (AIRE) in thymic epithelial cells is responsible for
autoimmunity, the pathogenic roles of AIRE in regulating target-organ specificity remain elusive. In order to
gaininsight into this issue, we have established NOD mice, ann animal model of type 1 diabetes caused by auro-
immune attack against {3 cell islets, in which Aire has been abrogated. Remarkably, acinar cells rather than §}
cell islets were the major targets of autoimmune destruction in Aire-deficient NOD mice, and this alteration of
intra-pancreatic target-organ specificity was associated with production of autcantibody against pancreas-spe-
cific protein disulfide isomerase (PDIp), an antigen expressed predominantly by acinar cells. Consistent with
this pathological change, the animals were resistant to the development of diabetes. The results suggest that
Aire not only is critical for the control of self-tolerance butis also a strong modifier of target-organ specificity
through regulation of T cell repertoire diversification. We also demonstrared that transcriptional expression
of PDIp was retained in the Aire-deficient NOD thymus, further supporting the concept that Aive may regulate

the survival of autoreactive T cells beyond transcriptional control of self-protein expression in the thymus.

Introduction

IDDM results from autoimmune destruction of insulin-produc-
ing pancreatic f} cells (1, 2). The nature of immune dvsregulation
leading to fi cell destruction remains poorly understood, but it is
clearly influenced by mulriple genetic, environmental, and immu-
nological factors. The NOD mouse is a widely used animal model of
1DDM, sharing major characreristics wich the human disease (3, 4).
Multiple genetic loci thar control disease susceptibility have been
mapped (5). Experimentally, defective central rolerance has been
implicared in at least part of the pathogenic process in NOD mice,
and this defecrive rolerance appears ro be caused by an intrinsic
defect in the apoptosis process in NOD thymocytes during negative
selecrion (6-8). However, since establishment of self-tolerance pri-
marily depends on physical contact between thymocytes and thy-
mic stroma (9), it is also important to characterize stromal factors
thar mighe regulate the diaberic process in NOD mice.

Mutation of the autoimmune regulator (AIRE) gene is responsi-
ble for the development of an organ-specific auroimmune diseasc
{auroimmune polvendocrinoparhy-candidiasis-ectodermal dysero-
phy |[APECED]) thar demonstrates monogenic autosomal recessive
inherirance (10.11). As expected, deletion of the Aire gene in mice also
resules in the development of organ-specific autoimmune disease,
although there are differences in targer-organ specificiey berween
human patients and Aire-deficient mice (12-14). Because medul-
lary thymic epithelial cells (TECs) play pivotal roles in the cross-

Nonstandard abbreviations used: AIRE. anroimmune regilator; APECED. auroim-
mune polwendocrinoparhy: candidiasis-ecrodermal dystrophy: CY. cyclophaspha-
mide: PD-1, programmed cell dearh 1: PRIp. pancreas-specific protein disulfide isom-
erases TEC, rhymic epithelial cell: UBA- 1. Ulex ennupetens aggrturinin 1.
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talk berween developing thymocytes and thymic stroma (15). and
Aire-deficient TECs show reduced transcription of a group of genes
encoding peripheral antigens (13, 14, 16). it is reasonable to specu-
late that pathogenic autoreacrive T cells escape negarive selection
because of reduced expression of the corresponding targer antigens
in the Aire-deficient thymus (13. 17). However, ocher mechanisms of
Aire-dependent tolerance also remain possible. Indeed. we have dem-
onstrated that Aire-deficient mice develop auroimmunity against a
transcriptionally unrepressed targer antigen in the thymus (14). We
therefore speculated thar Aire might additionally regulate the pro-
cessing and/or presentation of self-proteins so that maturing T cells
can recognize self-antigens in a form capable of efficiently triggering
autoreactive T cells. This alternarive view of the funcrion of Aire in
the establishment of central tolerance has recently been supported by
a study with transgenic mice expressing a model antigen under the
control of a tissue-specific promoter together with a TCR specific for
the corresponding antigen in the absence of Aire (18).

An important aspect of the study of autoimmune disease is
target-organ specificity. Clearly, ff cell islets are the predominant
rarget of autoimmune arcack in NOD mice, although the exact
molecule(s) recognized by autoreactive T cells is still under debare
(19). Similarly, autoimmune arrack is mostly confined to the exo-
crine organs, such as salivary and lacrimal glands, in our Aire-defi-
cient mice, excepr for the additional development of gaseritis in
mice on a BALB/c background (14). It remains largely unknown
how target-organ specificity is defined by the NOD mouse back-
ground or by Aire deficiency in these animals.

In order to gain further insights into the contribution of AIRE
to the establishment of central rolerance, as well as the pathogenic
roles of AIRE in regulating target-organ specificity, we have estab-
lished NOD mice lacking Aire. Aire-deficient NOD mice demon-
strated both expected and unexpected autoimmune phenotypes. As
Number 3
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expected, we found obviously augmented autoimmune disease with
early onset. which may be explained by the combined effect of the
intrinsic NOD T cell defect together with the stromal abnormality
resulting from lack of Aire, both of which affect central tolerance.
Unexpectedly. we found resistance to the development of overt dia-
betes in Aire-deficient NOD mice, and this resulted from a change in
the rarget cells atracked by the autoreacrive T cells: acinar cells rath-
er than P cell islets were the major targets of autoimmune destruc-
tion in Aire-deficient NOD mouse pancreas. Consistent with this
alteration of intra-pancreatic target-organ specificity, we identified
pancreas-specific protein disulfide isomerase (PDlp), a molecule
expressed predominantly by acinar cells (20, 21). as an autoantigen
recognized by Aire-deficient NOD mouse serum. Polvclonal B cell
activation in Aire-deficient NOD mice was another unexpected fea-
ture in light of the fact that both Aire deficiency and NOD mice
are considered to be models of organ-specific autoimmuniey rather
than systemic autoimmunity. Our studies with Aire-deficient mice
on an autoimnune-prone NOD mouse background highlight novel
aspects of Aire in the pathogenesis of autoimmune disease.

Results )

Augmented autoimunne phenotypes in NOD mice lacking Aire. We have
recently demonstrated that Aire-deficient mice devélop Sjogren syn-
drome-like pachological changes in their exocrine organs (14). With
the use of inbred Aire-deficient mouse strains, we have also demon-
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Figure 1

Growth abnormalities and pancreatic atrophy in Aire-deficient NOD
mice. (A) Body weights of individual female (circles) and male (squates)
Aire-sufficient (open symbols) and Aire-deficient (filled symbols) mice
after birth were plotted. Measurement for many Aire-deficient NOD
mice was terminated around 15-17 weeks after birth because of their
lethal phenotypes. (B) Growth retardation of Aire-deficient NOD mice.
Littermates of 7-week-old males are shown. (C) Pancreatic mass
was absent from many Aire-deficient NOD mice upon gross inspec-
tion. Instead, many small white patches were scattered throughout
the thin and lucent adipose tissues. The square areas marked with
white and black lines are enlarged and shown in the bottom left and
bottom right panels, respectively. An arrow (in the top right panel) indi-
cates an enlarged pancreatic lymph node. Original magnification, x1.2.
Ki, kidney: P, pancreas: Sp, spleen; St, stomach.

strated the presence of some addirional factor(s) that determines
the target-organ specificity of the autoimmune disease caused by
Aire deficiency; Aire-deficient BALB/¢ mice, but not Aire-deficient
C57BL/6 mice, additionallv show lymphaid cell infiltration in the
gastric mucosa (14). In rurn, we asked whether NOD mice lacking
Aire might develop augmented autoimmune phenotypes and/or
distinet target-organ specificity compared with NOD mice possess-
ing Aire. We backcrossed our original strain of Aire-deficient mice
to NOD mice for 6-9 generarions. Heterozygous Aire-deficientmice
were crossed to obrain homozygous Aire-deficient NOD offspring.
Offspring homozygous far Aire deficiency were recognized in pum-
bers slightly lower than expecred from the heterozygous crossing
when assessed 4 weeks after birth: Aire” ~/Alre ~/Aire- = = 64:111:44
(mice backcrossed onro NOD for 7-9 generations were subjecred to
the analysis). Remarkably, many Aire-deficient NOD mice exhibired
body-weight loss starting from 8-12 weeks after birth, as revealed by
monitoring of 1 group of licrermares chosen randomly (Figure 1A)
More strikingly, one-third of Aire-deficient NOD mice (11 of2
females and 8 of 30 males) demonstrared marked growth retar, ddrmn
from the neonatal stage (i.e..less than 50% of the body weighr of their
control littermates) with a gaunt appearance (Figure 1, A and B).
Upon gross inspection of the organs., we noticed reduction of pancre-
as size (including the far tissues surrounding the pancreas) in most
of the Aire-deficient NOD mice, or even almost complete loss of pan-
creatic mass in one-third of the animals (Figure 1C, rop righc pancl).
In the latter animals, we observed many white parches 1-2 mm
in size scattered throughour the thin and lucent adipose rissues
(Figure 1C, bottom panels). These parches consisted of 3 cell islets,
pancreatic ducts, and marked lymphoid cell infilerations (see below).
Pancreatic lymph nedes (Figure 1C, top right pancl) together with
other peripheral lymph nodes, such as submandibular and axillary
lymph nodes (data not shown), were enlarged in many animals.
Upon histological evaluation, we observed marked lymiphoid cell
infileration in various organs from Aire-deficient NOD mice. with 2
particular characteristics. First, the degree of lvmphoid cell infilera-
tion of the organs affected in the original {i.e.. Aire-sufficient) NOD
mice was much more severe in Aire-deficient NOI mice. Most pan-
creatic islets from many Aire-deficient NOD mice were surrounded
by massive lvmphoid cell infileration. as if the b cell islers were floar-
ingon a sea of lymphoid cells (Figure 2A, bottom left pancl). Fur-
thermore, in many cases, the massive lvmphoid cell infiltration com-
pletely destroved acinar strucrures, leaving relarively well-preserved
f3 cell islets together with pancreatic ducts densely surrounding the
{3 cellislers alone (Figure 2A, middle panels). The degree of lymphoid
cell infiltration in the salivary glands, which occurs in the original
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Figure 2

Augmented autoimmune phenotypes with altered intra-
pancreatic target-organ specificity in Aire-deficient NOD
mice. (A) Augmentation of existing autoimmune pheno-
types of NOD mice by abrogation of Aire. In Aire-deficient
NOD mice, lymphocytic infiltration in the pancreas was
much more severe than that in control littermates (left pan-
els). In many Aire-deficient NOD mice, acinar tissues were
completely destroyed by marked lymphocytic infiltration,
leaving relatively well-preserved p cell islets together with
pancreatic ducts densely surrounding the p cell islets alone
(middle panels). The 2 boxed panels are photographs
taken of the same sample with different magnifications.
Sialoadenitis was also much more severe in Aire-deficient
NOD mice (right panels). (B) Lymphoid cell infiltration in
the liver, lung, and thyroid gland fiom Aire-deficient NOD
mice. (C) NOD-scid mice transferred with mature T cells
purified from Aire-deficient NOD mice showed lymphocytic
infiltration predominantly in acinar tissues, and the struc-
ture of the p cell islets was relatively well preserved (middle.
and right panels). In contrast, NOD-scid mice transferied
with Aire-sufficient NOD mouse T cells showed lympho-
cytic infiltration into f cell islets, resulting in reduced size
and numbets of p cell islets (left panel). Artows indicate the
1 small {5 cell islet remaining. Original magnification, x100,
except where indicated.

NOD mice, was also much more severe in Aire-deficient NOD mice
{(Figure 2A, ri ght pancls). Secondly. we observed lvmphoid cell infil
tration in many other organs of Aire-deficient NOD mice. including
liver, Jung, and thyreid gland (Figure 2B) and prostare and seminal
vesicle in males (Supplemental Table 1 and dara not shown; sup-
plemental material available online with this arricle: doi:10.1172/
1C126971DS1), in which we usually do not observe changes in the
original NOD mice. Thus. abrogation of Aire in NOD mice resulted
in expansion of the spectrum of targer organs destroyed by autoim-
mune attack rogether with an alteration of intra-pancreatic target-
organ specificity from p cell islets to acinar cells (see below). The
growth abnormalities seen in Aire-deficient NOD mice described
above might be partially explained by the digestive problems caused
by loss of the exocrine pancreas, which has also been suggesred ina
recent study of Aire-deficient NOD mice (22).

Total spleen cell numbers were indistinguishable between Aire-
deficient NOD mice and control littermates (i.c., Aire-sufficient
NOD mice). Flow-cytometric analysis showed similar expression
of B220, CD3, CD4. and CD8 in the spleen (data nor shown). Small
numbers of Aire-deficient NOD mice (i.e., 6 of 33 analyvzed) showed
1294

TheJournal of Clinical lavestigation

Bupe www jeioryg

%200

reduced numbers of total thymocytes together with reducrion of
CD4CD8" T cells to variable degrees. The pathological significance
of this phenomenon is currently unclear. Despite the augmented
auroimmune phenotypes in Aire-deficient NOD mice, the percent-
ages of Foxp3* Tregs from both thymus and spleen were not altered
in the absence of Aire (Figure 3A), as we and others have reported
for Aire-deficient mice on non-auroimmune-prone mouse back-
grounds (14, 18). Expression of other T cell surface markers, such
as CD25, CDG2L, and CD69, on splenic T cells was also unchanged
in Aire-deficient NOD mice {data not shown). In contrast, CID4ind
{memory/activated) and 1COS-expressing popularions of splenic
CD4 cells were increased in Aire-deficient NOD mice (Figure 3B).

Immunohistochemical analysis of the Aire-sufficient NOD thy-
mus demonstrated indistinguishable numbers and distriburtion pat-
tern of medullary TECs. as detected by Ulex enropaens agglutinin 1
(UEA-1) and ER-TRS mAb (14, 23), with patrerns of Aire nuclear dors
similar to those from wild-type CS7BL/6 and BALB/c thymus (Sup-
plemental Figure 1, Aand B, top panels): the subcellular distribution
of Aire nuclear dots within the cell was also unaltered. Abragation
of Aire in NOD mice did not cause anyabnormalities of TEC struc-
Number §
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Figure 3

Phenotypic analyses of lymphocytes from Aie-deficient NOD mice. (A) Production of Tregs was retained in Alte-deficient NOD mice. CD3* cells
from the thymus and spleen were gated and analyzed for the expression of CD4 and Foxp3. Percentages of CD4*Foxp3- cells are indicated.
in order to verify the specificity of the staining, spleen cells from control mice were stained with anti-Foxp3 mAb. Foxp3+ cells were delected
anly in the B220~ cell population, not in the B220* cell population. (B) Memory/Activated (CD44re") ICOS* cells were increased in the spleens
from Aire-deficient NOD mice compated with the spleens fiom control mice. Percentages of CD44MahCOS+ cells are indicated. CD4* cells were
gated and analyzed for CD44 and ICOS expiession. (C) Serum Ig levels were elevated in Aire-deficient NOD mice (filled citcles) compared with
Aire-sufficient NOD littermates (open citcles) except for IgG3. One mark cotresponds 10 1 mouse analyzed.

ture recognized by UEA-1 and ER-TRS (Supplemental Figure 1A,
bottom pancls). Expression of several, but not all. of the tissue-spe-
cific genes tested, including imsulin, in the TECs isolated from Aire-
deficient NOD mice was reduced, as previously observed in Aire-
deficient mice of non-autoimmune-prone mouse backgrounds
(Table 1) (13, 14, 16). RNAs extracted from the roral thymus of Aire-
deficient NOD mice showed similar reduced expression of tissue-
specific genes. including insulin (Supplemental Table 2).

Alteration of intra-pancreatic target-organ specificity in Aire-deficient NOD
mice. Aire-deficient NOD mice started to exhibit lymphoid cell infil-
tration into the pancreas between 2 and 3 weeks after birth: alchough
these changes were not observed at 1 week after birth (0 of 1 female
examinced), Aire-deficient NOD mice at'2 weeks (1 male of 1 fermale
and 1 male) and 3 weeks (2 of 2 males) showed peri-insular ympho-
avtic infileration (data not shown). In contrast. none of their control
litrermates showed those changes in the pancreas at less than 3 weeks
{0 of 2 females and 2 males). This result suggests that abrogation of
Aire in NOD mice not only augments the degree of pancreatic lesions
once developed, as described above, but also accelerates their onset.
Similarly, development of sialoadenitis was accelerated in Aire-defi-
cient NOD mice (S. Niki and M. Matsumoto, unpublished dara).

The pancreas is unique in that it funcrions as both an endocrine
and an exocrine organ by secreting insulin as well as several digestive
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enzymes such as trypsinogen, amylase, and lipase. Careful histologi-
cal evaluation of the pancreatic lesions in Aire-deficient NOD mice
showed unique features of the pathological changes, as described
above. The initial change in the pancreas from Aire-deficient NOD
mice was perivascular lymphoid cell infileration near the f cell islers,
as observed in control littermates (Y. Bando er al., unpublished
data). In control mice, lymphoid cell infileration was directed into
{3 cell islets, eventually destroving them and leading to the complere
loss of insulin-producing cells (data not shown). In marked con-
trast, in Aire-deficient NOD mice. although lymphoid cell infiltra-
tion became more evident as the mice grew, the histological picrure
of f cell islets being progressively invaded by lymphoid cells was
barely apparent (Figurce 2A). Instead, acinar tissues surrounding
the [} cell islets were replaced by infilrating CD4', CD8”, and B220"
cells (Supplemental Figure 2). In addition to B220" cells (Supple-
mental Figure 2B, top panels), clusters of CD138" (syndecan-17)
cells expressing low levels of B220 were also observed (Supplemenral
Figure 2B, botrom panels). The outcome of this unusual immune
artack in Aire-deficient NOD mice was the complete disappear-
ance of acinar structures, leaving behind relarively well-preserved
{3 cell islets and pancreatic ducts densely surrounding the f} cell
islers, which, rogether with infilrating lymphoid cells, formed vis-
ible white patrches throughout the adipose tissues, as demonstraced
Volume 116 Number 8
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Table 1
Expression of tissue-specific genes from TECs in Aire-deficient NOD mice

Genotype Foxn1/Hprt lns/Hprt
++ 8.10 2.54 x 10~
-/~ 100 ub
Relative abundance {Aire KO/contral) 1.23 ND

SPi/Hprt FABP/Hprt CRP/Hprt GAD67Mprt  PDIp/Hmpt
6.52 6.98 455 30.8 191
up 9.27 x 102 8.63 53.2 159
ND 1/75.3 1.90 1.73 0.83

Real nme PCH ior Foxn7 and perlpheral tissue- specmc genes (Ins. insufin. SP1, saltvary prorem 1 FABP fatty acid-binding proteln CRP. C-reacrlve plo-

tein; GADB7. glutamic acid decarboxylase 67. PDIp} was performed using thymic-stroma BNAs rom control and Aire-deficient NOD mice. Hprt expression
level was used as an internal control. The relative abundance of each gene was caiculated from the ratio between the values from control NOD thymus and
those from Aire-deficient NOD thymus (e.g.. the insulin/Hprt value from Aire-deficient NOD mice was divided by the insulin/Hprt value from control NOD
mice). Pools of TECs isolated from 2 mice of each group were used for the analysis. Mice backerossed onto NOD mice for 6 generations were used. UD.

under the limit of detectior: ND. not determined.

above (Figures 1C and 2A). Thus, abrogation of Aire in NOD mice
resulted in the dramatic alteration of intra-pancreatic rarget-organ
specificity from endocrine cells roward exocrine cells.

Resistance to diabetes development in Aire-deficient NOD mice. Aire-defi-

cient NOD mice rarely survived more than 20 weeks (Figure 1A), -

probably because of the severe autoimmune phenotype. By the ages
of 12 and 22 weeks, respectively, 1 Aire” - female and 1 Aire* ~ female
had developed overr diabetes, our of 48 control mice (10 Aire™ -
females, 12 Aire” ~males, 17 Aire” - females, and 9 Aire* - males) moni-
tored for the development of diaberes. In contrast. none of the Aire-
deficient NOD mice (11 females and 12 males) developed overt dia-
betes during the same series of observations, which was a predicrable
consequence of the fact that Aire-deficient NOD mice demonstrated
immune attack predominantly against acinar cells rather than 3 cell
islets. Absence of hyperglycemia in Aire-deficient NOD mice was not
simply caused by feeding problems, since the stomachs of all the Aire-
deficient NOD mice were found to be full of food when the animals
were sacrificed (S. Niki and M. Marsumoro, unpublished dara).

In order to evaluate whether Aire-deficient NOD mice are intrinsi-
cally resistant to the development of diabetes, we used an induced-
dmbetcs model. We treared mice with cvclophosphamide (CY), an
immunosuppressive drug that accelerares diabetic processes in dia-
betes-prone mice (24, 25). Thirteen of 18 conrrol licrermares in a toral
of 3 experiments developed overt diaberes berween 11 and 27 days
{mean 19.2 days) after the initial injection of CY (Table 2). Although
9 of 11 Aire-deficient NOQD mice were unable to rolerate CY treat-
ment and died or were sacrificed between 7 and 22 days (mean 16.8
days) after the initial injection of CY,and only 2 Aire-deficient NOD
mice survived throughout this observation period, none of them
showed overt diabetes. This result supports the concepr thar abro-
gation of Aire in NOD mice results in resistance ro development of
diabetes, most probably because of alteration of intra-pancreatic tar-
get-organ specificity, and this h\'potlusn was further confirmed by
another experiment (see below). A glucose tolerance rest pcxfomwd
by i.p. injection of glucose (2 mg/g body weight) into 4 Aire-deficient
NOD mice (a 10-week-old male, a 14-week-old female, a 16-week-old
male, and a 20-week-old male) also revealed no diaberic pattern in
these animals (S. Niki and M. Matsumoto, unpublished dara).

Alteration of intra-pancreatic target-organ specificity accounts for the resis-
tance to development of diabetes in Aire-deficient NOD mice. In order to
confirm that Aire-deficient NOD mice are resistane to the develop-
ment of diabetes as a result of alteration of intra-pancreatic target-
organ specificicy, we cvaluated the disease process by transferring
mature T cells isolated from either control littermates or Airve-defi-
cient NOD mice into NOD-scid mice (26). In a first set of experi-
1296
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ments, 3 of 5§ NQD-scid mice transferred with control mouse T cells
developed diabetesat 77, 120,and 140 days after the transfer (Table 3,
experiment 1): I NOD-scid mouse rransferred with Aire-sufficient

Tabie 2
CY-induced diabetes

Genotype Sex Diabetes development
{onset from first dose)

Exp. 14 ++ M Yes {day 27)

++ M No

/- M Yes (day 11)

/- M No

wfe M . No

/- M ND {sacrificed on day 11)
Exp. 28 ++ M Yes (day 13)

++ M No

- - F Yes {day 13)

+/- F VYes {day 25)

+/~ M Yes (day 20)

= F ND (died on day 20)

—/- F ND (died on day 20)

-/~ M ND (sacrificed on day 20)
Exp. 3¢ ++ F Yes (day 11)

4+  F Yes {day 22)

+/+ M Yes (day 27)

++ M No

+/+ M No

- F Yes (day 14)

+f- F Yes {day 22)

/- F Yes (day 22)

+- F Yes (day 22)

+- M No

—/- F ND (died on day 7)

~/- F ND (died on day 22)

] F ND (died on day 22)

o M ND (died on day 7)

—/— M ND {died on day 22)

CY d:ssoived in PBS was m;ected [ p (0. 2 mg/o body welghl) |nto

mice on day 0 and day 14, Blood glucose levels were measured every
day. and mice were diagnosed as diabetic when blood giucose ievels
excesded 250 mg/dl. Observation was terminated 28 days after the

first CY injection. ANine-week-old mice backcrossed onto NOD nuce

for 6 generations were used for the experiment. HSeven-week-old mice
backcrossed onto NOD mice for 6 generations were used for the experi-
ment. “Nine-week-old mice backcrossed onto NOD mice for 8 and ¢
generations were used for the experiment. Exp.. experiment: ND. not
determined (reason described in parentheses).
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Table 3

Development of diabetes in NOD-scid mice transferred with mature T cells

Dener Diabetes development BW (g)
Exp. 14 ++ ND {sacrificed on day 51) 19.3
++ Yes {day 77) 22.1
+H+ Yes (day 120) 246
4+ Yes (day 140) 23.3
+f+ No 24.4
e ND (sacrificed on day 51) 124
—f ND (died on day 57) ND (not available)
—f No 18.4
-/~ No 17.2
-/~ No 17.6
Exp. 28 ++ Yes (day 77) 216
+l+ ND (sacrificed on day 95) 20.8
- ND (sacrificed on day 90) 15.4
—/- ND (sacrificed on day 95) 17.2
=/~ ND (sacrificed on day 95) 16.2

Thy‘l' cells purified from 7-week-old female mouse spleens of either 3 cor

Histology of pancreas

Peri-insular Loss of Atrophy
lymphacytic t cell of acinar
infiltration islets tissues
- - -
ot + -
++ ++ -

+ ++ -
- - -
++ + +

ND (not available) ND {not available)  ND (not available)
++ - ++
++ . - ++
++ - ++

+ ++ -
++ ++ -
++ - +
4 - +
++ + +

mtro! mice or 2 Aire-deficient NOD mice were injected i.v. into 8-week-old female

NOD-scid mice (4 » 10¢ cells per mouse). and development ot diabetes was monitored for 20 weeks. Blood glucose levels were measured every week. and
mice were diagnosed as diabetic when blood glucose levels exceeded 250 mardl. AMice backcrossed onto NOD mice for 6 generations were used. *Mice
backerossed onto NOD mice for 8 generations were used. BW. body weight. ++. severe: +. moderale: ~. not remarkable.

NOD mouse T cells was sacrificed ar day 51 for histolagical com-
parison with a NOD-scid mouse rransferred with Aire-deficient
NOD mouse T cells. In contrast, none of the NOD-scid mice trans-
ferred with Aire-deficient NOD mouse T cells developed diabetes:
we had to sacrifice 1 mouse at day 51 because of severe sickness, and
another mouse died during the observation period (Table 3, expers-
ment 1). All the mice transferred with Aire-deficient NOD mouse
T cells showed body-weight loss before sacrifice. It is important to
mention thar we used splenic T cells isolated from Aire-deficient
NOD mice before their body-weight loss had begun (i.e.. 7 wecks
old). Furthermore, flow-cytometric analysis of thymocytes and
splenocytes isolated from the Aire-deficient NOD mouse donors
used in this experiment showed no obvious changes compared with
those from conrrol mice {(data not shown). ’

Histalogical evaluation showed that the NOD-scid mice trans:
ferred with Aire-deficient NOD mouse T cells recapitulated the
pathological changes seen in untreated Aire-deficient NOD mice:
acinar tissues were severely destroyed by the infiltrating lvmphoid
cells, and only pancreatic ducts and relarively well-preserved f5 cell
islets remained (Figure 2C and Table 3). In contrast, reduced size
and numbers of p cell islets with lymphoid cell infiltration were the
predominant pathological features of NOD-scid mice transferred
with control mouse T cells, as seen in untreated Alre-sufficient NOD
mice (Figure 2. A and C). These results indicate that Aire-deficient
NOD mice are resistant to the development of diabetes as a result
of alteration of intra-pancreatic target-organ specificity from 3 cell
islets toward acinar cells. A second set of experiments with more
backerossed mice showed similar resules (Table 3, experiment 2).

Polyclonal B cell activation in Aire-deficient NOD mice. Serum 1gM
and all subclasses of 1gG except for 1gG3 were significantly elevat-
ed in Aire-deficient NOD mice (Figure 3C). These increased serum
Ig levels, together with augmented autoimmunity in Aire-deficient
NOD mice, as deseribed above, were associated with the produc-
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tion of auteantibodies against various organs. When serum from
Aire-deficient NOD mice was tested for reacrivity against pancreas.
stomach, kidney, and liver, all sera contained autoantibodies of the
1gG class against the broad spectrum of organs, as derected with
immunofluorescence (Supplemental Figure 3 and Supplemental
Table 3). Interestingly, autoantibodies from Aire-deficient NOD
mice reacted with acinar cells more strongly than with P cell islets
in the pancreas (Supplemental Figure 3, top right panel), which is
consistent with the predominant autoimmune artack against aci-
nar cells. In contrast, no such activities were observed in sera from
control littermates. These resules suggest induction of polyclonal
B cell activation in Aire-deficient NOD mice, which has not been
abserved either in Aire-deficient mice with non-NOD backgrounds
(13, 14) or in the original NOD mice. This was unexpected. because
both Aire-deficient mice and NQOD mice are considered to be mod-
cls of T cell-mediated organ-specific aurolmmunicy rather than
systemic autoimmunity. Serum cyrokine levels, including those of
IFN-w, 1L-2, 1L-4, and IL-6, in Aire-deficient NOD mice were below
the limit of detection, as with control littermates. Expression of B
cell surface markers, such as CD40, CD80, CD86, and B7-relared
protein 1 (B7RP-1), on splenic B cells was also unchanged in Aire-
deficient NOD mice (5. Niki et al., unpublished dara).

Identification of PDIp as an antoantigen recognized by Aire-deficient NOD
monse serum. Preferential recognition of acinar cells by Aire-deficient
NOD mouse serum with immunofluorescence prompted us to iden-
tify target antigen(s) thar might be associated with an alterarion of
intra-pancrearic targer-organ specificity. We first characterized car-
get antigen(s) by Western blot analysis using proteins extracted from
the pancreas as well as other tissues (Figure 4A). Protein extracted
from the pancreas showed a discrere band of approximarely 65 kDa,
and this was observed in all the Aire-deficient NOID mouse sera test-
ed (10 of 10). A band of the same size was also observed from the pro-
tein extracted from the stomach. After N-glycosidase FF rrearment,
Volume 116 Numhber S
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Figure 4

Identification of PDIp as an autoantigen recognized by Aire-deficient NOD mouse serum. (A) Detection of autoantigen from the stomach and
pancreas with Westein blot analysis using Aire-deficient NOD mouse serum. The same blot was probed with anti-actin Ab (bottom panel).
St, stomach; T, thymus: H. heart: Lu, lung: Li, liver: P, pancreas;: S, spleen; Ki, kidney; Tec. mouse thymic epithelial cell line. (B) The target
antigen is present as a glycoprotein in both the pancreas and the stomach. After N-glycosidase F reatment (marked as “+7), both bands similarly
migrated 1o lower positions (indicated by an arrow). Western blot analysis with Aire-deficient NOD mouse serum was used for the detection.
P, pancieas; S, stomach. (C) Purification of autoantigen by anion-exchange chromatography. Each fraction eluted with increasing concentra-
tions of NaCl was tested for the presence of autoantigen by Western blot analysis. T, total cell lysate; F, flow-through fraction. (D) Identification
of autoantigen by 2-dimensional gel electrophotesis. Proteins from fiaction 5 shown in C were subjected to 2-dimensional gel electrophoresis
(top panel). Western blot analysis identified a discrete signal (bottom panel), and the corresponding spot in the gel was subjected to mass spec-

trometry (indicated by an arrow in the top panel). pl. iscelectric point.

bath bands similarly migrated to lower positions, suggesting that
the target antigen is a glycoprotein present in both the pancreas and
the stomach (Figure 4B). Because epithelial cells from the stomach
were easicr to obrain and handle, we attempred rto isolate the tar
get antigen from these cells. After purification by anion-exchange
chromatography, the targer antigen was found to be present most
abundantly in the fraction elured with 0.15 M NaCl {Figure 4C,
fraction 5). and therefore this fracrion was further subjected to 2-
dimensional gel electrophoresis (Figure 4D, top pancl). Western blot
analysis of the 2-dimensional gel revealed a discrere sport (Figure 4D,
botrom panel), which was identified as PDIp by mass spectrome-
try. The change in the molecular weight of the rarger antigen after
N-glvcosidase F rrearment (Figure 4B) was consistent with the char-
acreristics of PDIp (20, 21). Furthermore, Aire-deficient NOI mouse
serum, but not control mouse serum, showed reactivity against bac-
terially expressed glutathione-S-transferase-PDIp fusion protein, but
not against glurathione-S-transferase alone (Supplemental Figure 4).
Although PDIp was originally reported to be pancreas-specific in
humans. we detected PDIp expression in the mouse stomach by
Northern blot analysis (daca not shown) and in fact identified PDIp
as an autoantigen using proreins extracred from the stomach, as
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described above. More importantly, it has been reported that PDIp s
restricted to acinar cells in the pancreas, at least in humans (20, 21).
Despite the development of auroinumunity against PDIp, transcrip-
rional expression of PDIp was retained in TECs (Table 1) ar total
thvmus (Supplemental Table 2) of Aire-deficient NOD mice.

Discussion
In order to gain further insight into the roles of AIRE in the estab-
lishment of central tolerance, we have established NOD mice lacking
Aire. We specifically chose NOD mice because of their well-established
intrinsic defect in thymocyte apoptosis during negarive selection (6-8),
hoping that the role of Aire as a stromal facror in central tolerance
might be betrer investigated by combination with a defective recipro-
cal factor (i.e., pathogenic NOD thymocytes). The results highlighted
unique fearures of Aire that control target-organ specificity. Although
there are many examples of genc-targeted mice in which distinct tar-
get organs are involved in auroimmune destruction depending on
the genetic background of the animal, as we have also reported for
Aire-deficient mice (14), the results presented in this study are striking
in that deletion of a single gene, Aire, altered a discrere target-organ
specificity of NOD mice on a fixed genetic background.
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Aire in TECs has been suggested ro regulate promiscuous gene
expression, thereby controlling autoimmunity (13). In fact, TECs
isolated from Aire-deficient NOD mice showed reduced expres-
sion of several tissue-specific genes, including insulin, as observed
in non-autoimmune-prone mouse backgrounds (13, 14, 16). Given
thar insulin is a prime target antigen recognized by autoreactive
T cellsin NOD mice {(19), the finding that § cell islets were relatively
less affected by autoimmune actack in Aire-deficient NOD mice,
despite repressed insulin expression in their TECs (Table 1), does not
support the concept that Aire-dependent transcriptional control of

tissue-specific antigen genes in TECs accounts for Aire-dependent .

autoimmunirty. Furthermore, thymic expression of PDIp, a tissue-
specific antigen recognized by Aire-deficient NOD mouse serum,
was not downregulated, as demonstrated in thisstudy (Table 1 and
Supplemental Table 2). Thus, there is still a lack of experimental
evidence to connect the postulated roles of Aire in the transcrip-
tional regulation of tissue-specific antigen expression with efficient
elimination of autereactive T cells. We currently favor the idea that
Aire may regulate the processing and/or presentation of self-pro-
teins in order for autoreactive T cells to be appropriately eliminared
within the thymus (14, 18). In this regard, it is also noteworthy that
bone marrow-derived cells, most likely DCs, in the thymus can
acquire self-antigens presented by medullary TECs and cross-pres-
ent them ro developing thymocytes to enforce self-tolerance (27). 1t
is therefore possible that loss of AIRE function in medullary TECs
may result in insufficient uptake of self-proteins from medullary
TECs by DCs necessary for cross-presentation.

Given that Tregs arise from relatively high-avidity interactions
with self-peptide-MHC complexes just below the threshold for
negative selection (28-30), it was somewhar unexpected that Aire
deficiency had no major impact on the production as well as the
suppressive function of Tregs in non-autoimmune-prone mouse
backgrounds (14, 18). Similarly, we have demonstrated that the num-
bers of Foxp3® Tregs were not changed in Aire-deficient mice even
on an autoimmune-prone NOI mouse background (Figure 3A).
This lack of a major impact of Aire on the production and/or func-
tion of Tregs appears to be supported by a recent report describing
the phenotypes of NOD mice in which Tregs were depleted by in
vivo IL-2 neutralization (31); the effect of in vivo IL-2 neutralization
has mainly been ateribured to the loss of homeostatic maintenance
of Tregs. In contrast to the Aire-deficient NOD mice described in
the present study, NOD mice depleted of Tregs showed early onset
of diaberes (31). Furthermore, NOD mice depleted of Tregs demon-
strated target-organ specificity, such as neuritis, different from ehat
seen in Aire-deficient NOD mice. Thus, although it remains pos-
sible that in vivo 1L-2 neutralization dees more than deplete Tregs.
the phenotypes of Aire-deficient NOD mice are different from those
seen in NOD mice deficient in Tregs, suggesring that Aire does not
play major roles in the regulation of Treg-mediated avroimmuniry.

Numerous factors have been reported to modulate the diaberic
process in NOD mice, many of which affect T cell funcrion and/
or communication berween APCs and T cells. both mainly in the
periphery (3, 32). Among these, one recent report IMCrItS atrention
(33). NOD miice deficient in programmed cell death 1 (PD-1), an
immunoinhibitory recepror belonging to the CD28/CTL-associ-
ated antigen-4 family. exhibited accelerated and augmented insu-
litis compared with PD-1-sufficient NOI mice. Sialoadenitis was
also accelerared in PD-1-deficient NOD mice. Of imporrance, other
organs have never been reported to be affecred by the absence of PI-1
despite the severe lesions of pancreas and salivary glands, suggest-

The Journal of Clinical lavestigation

Brepeswwwijeiorg

ing that target-organ specificity was maintained in NOD mice defi-
cient in PD-1.In contrast, alteration of intra-pancreatic target-organ
specificity together with an expansion of targer-organ spectrum was
observed in Aire-deficient NOD mice. The different effects of abro-
gation of PD-1 or Aire underscore the existence of autoimmune
modulators with unique actions. PD-1 may be a general regularor of
the autoimmune process without governing target-organ specific-
ity, at least on the NOD background (33), whereas Aire additionally
controls target-organ specificity on the same background.

We have identified PDIp as an autoantigen recognized by serum
from Aire-deficient NOD mice. The pathogenic roles of anti-PDIp
autoantibady in the alterarion of intra-pancreatic target-organ
specificity remain to be studied. Because NOD-scid mice inocu-
lated with Aire-deficient NOD mouse T cells alone developed pan-
creatic lesions quite similar to those of untreated Aire-deficient
NOD mice, production of anti-PDIp autoantibody may not be
relevant to the disease process but could be secondary to the mas-
sive destruction of acinar cells. Nevertheless, as Aire-deficient NOD
mice developed autoimmunirty against PDIp, and PDIp expression
is restricted to acinar cells (20, 21), Aire clearly plays a significant
role in the alteration of intra-pancreatic targer-organ specificity
demonstrated in this study. Furthermore, identification of this tis-
sue-specific antigen asan autoantigen recognized by Aire-deficient.
NQD mice helped us to strengthen our current model of Aire func-
tion described above, because a-fodrin, which we injually identi-
fied as an autoantigen that was not downregulared in Aire-deficient
thymus, is a ubiquitous, but not tissue-specific, antigen (14).

It remains unexplained why the abrogation of Aire resulted in the
alteration of intra-pancreatic target-organ specificity from b cell
islets to acinar cells. Even though abrogation of Aire could addi-
tionally impair the presentation of pancreatic acinar-cell antigen(s),
thereby provoking autoimmunity againse these cells by a mecha-
nism such as proposed aboye, autoreactivity against f5 cell islets (or
possibly insulin) should still remain, and we would expect to see the
development of diabetes in Aire-deficient NOD mice with at least
a similar frequency to that in Aire-sufficient NOD mice. However,
Aire-deficient NOD mice demonstrared resistance to the develop-
ment of diabetes, both in their narural history and in 2 models of
induced diabetes (CY injecrion and T cell rransfer into NOD-scid
mice). One possible explanation for this alteration of intra-pancreat-
ic target-organ specificity is that establishment of self-rolerance for
f-cell-islet antigen(s) and establishment of self-tolerance for acinar-
cell antigen(s) are not independent processes in the negative sclec-
tion niche in the thymus: impaired negarive selection against acinar-
cell antigen(s) by loss of Aire could, by an unknown mechanism,
have relieved abnormal negative sclection against B cell antigen(s).
Alternatively, the capacity for auroimmune artack againse  cell
islets might have been exhausted by mobilization of immune cells
roward the destruction of a better targer in the form of neighbor-
ing acinar cells. The reasoning behind borh these explanations may
be much too simplistic, and betrer understanding of the nature of

* target-organ specificity as well as of the primary function of AIRE

requires new experimental systems to approach these issues.

The finding that abrogation of Aire in NOD mice. even though it
was achieved by a mechanism involving alteration of intra-pancre-
atic target-organ specificity, did not accelerate the development of
diabetes is obviously inconsistent with the extremely carly onser of
diabetes in Aire-deficient double-transgenic mice with model anti-
gens expressed in the thymus rogether with TCRs recognizing the
corresponding antigens (18, 34). However, this discrepancy berween
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the present study and the transgenic studies does nor argue against
an essential role of Aire in the prevention of autoimmune disease.
Rather, we think that the difference is simply due to the uniqueness
of each model, in which Aire might exert different roles in the disease
process. The function of Aire in controlling target-organ specificity
was recognizable onlv in the present study, in which clonal diversi-
fication of thymocytes was possible during the course of negarive
selection. In contrast. prevention of an autoimmune process of fixed
target-organ specificity (i.e., progression from innocuous insulitis
to overt diaberes) was the predominant fearure of Aire observed in
the transgenic studies because of the predefined TCR specificitiesin
which clonal diversification was not available (18, 34).

Because both Aire-deficient and NOD mice demonstrate organ-
specific auroimimune pathology rather than a systemic autoimmu-
nity such as SLE. the polvclonal B cell activarion in Aire-deficient
NOD mice was unexpected. Local Ig producrion by the CD 138" cell
clusters in the pancreas might be responsible for the elevation of
serum Ig levels (Supplemental Figure 2B). In this respect, it is pos-
sible to speculate that an Aire-deficient chymic microenvironment
will produce more T cells of a certain subset(s) that promotes B cell
maturation into plasma cells, in a manner similar to that in which
follicular Th cells help to produce high titers of autcantibodies
consistent with polyclonal B cell activarion (35). In facr, flow-cyto-
metric analyses of splenic T cells from Aire-deficient NOD mice
have demonstrated increased percentages of the CD44heh]COS-
popularion (Figure 3B). Interestingly, a gene-chip analysis of genes
whose expression levels differed berween Aire-deficient and con-
trol medullary TECs idenrified several genes that mighr affect T
cell funcrion and/or differentiation into distinct T cell subrypes,
including genes involved in antigen processing and/or presenta-
tion and genes coding for chemokines (18).

Finally, a single report has suggested altered functions of Aire
and/or Aire” cells thar could be relevant to the autoimmune phe-
notypes seen in NOD mice (36). Alchough NOD thymi have been
shown by Western blot analysis to express Aire protein at normal
levels, and the size and shape of the Aire nuclear dos from NOD
thymus resembled the patrern seen in control thymus, as we have
also observed (Supplemental Figure 1B), it was reported thar Ajre*
cells from NOD mice conrained large intranuclear vacuoles that
seemed to displace the Aire protein to the periphery of the nuclei,
suggesting that abnormal funcrions of Aire and/or Aire® cells in
TECs may contribute to the development of the auroimmune
phenotypes of NOD mice (36). Our present study, however, clearly
demonstrated that abrogation of Aire in NOD mice modulated
the autoimmune phenotypes of NOD miice, suggesting that Aire
and/or Aire” cells in NOD mice are funcrionally competent.

In conclusion, our present study has provided unique insights into”

the roles of Aire in the pathogenesis of organ-specific autoimmune
disease through combinarion wirth the autoimmune-prone NOD
mouse model. In turn, we have obrained novel perspectives on the
autoimmune process in NOD mice through loss of the fundamental
stromal function of Aire. More generally, we believe that understand-
ing the relationship berween AIRE gene malfunction and the break-
down of self-tolerance promises to help unravel the parhogenesis not
only of APECED but also of other types of auroimmune disease.

Methods )

Mice. NOD/Shi Jic mice and NQD/Shi-scid Jic mice were purchased from
CLEA Japan Inc., and Rag2-deficient mice on a BALB/c background were
from Taconic. Aire-deficient mice of mixed background (H-2vk x H-2%)
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were generated as previously reported (14). The mice were maintained
under pathogen-free conditions and were handled in accordance with
the Guidelines for Animal Experimentarion of Universiry of Tokushima
School of Medicine. All animal experiments were approved by the Animal
Experimentation Commirtee of Tokushima Universiry.

FPathology. Formalin-fixed rissue secrions were subjecred to H&E staining,
and 2 pathologists independently evaluated the histology withour being
informed of the derailed condition of the individual mouse.

Flow-gytomctric analysis. Thymus and spleen cell suspensions were stained
with the following mAbs: anti-CD45R/B220, anti-CD3, anti-CD4, anti-
CDS8, anti-CD44, and anti-Foxp3 (eBioscience). Staining for Foxp3-express-
ing cells was performed according to the manufacrurer’s instructions.

Immunohistochemistiy. Immunohistochemical analysis of the thymus with
ER-TRS (37) and UEA-1-FITC (Vector Laboratories) was performed as
previously described (23). Polyclonal anti-Aire Ab was produced by immu-
nizarion of rabbits with peprides corresponding ro the COOH-terminal
portion of mouse Aire, and Alexa 488-conjugared donkey anri-rabbit IgG
(Invitrogen Corp.) was used as a sccondary Ab for detection. For the derec-
tion of auroantibodies, mouse serum was incubared with various organs
obrained from Rag2-deficient mice. FITC-conjugated anti-mouse 1gG Ab
(Southern Biotechnology Associates Inc.) was used for derection (23),

TEC preparation. TECs were prepared as described previously (14). Briefly,
thymiclobes were isolated from 2 mice forvach groupand cutinio small pieces.
The fragments were gently rorated in RPMI 1640 medium (Invitrogen Corp.)
supplemenred with 10% heat-inacuvated FCS (Invitrogen Corp.), 20 mM
HEPES, 100 U/ml penicillin, 100 pg/mli strepromyein, and 50 pM 2-mer-
caproerhanol at 4 C for 30 minutes, and dispersed further with pipetring
to remove the majority of thymocytes. The resulting chymic fragments were
digested wirh 0.125% collagenase D (Roche Molecular Biochemicals) and
10 U/ml DNase I (Roche Melecular Biochemicals) in RPMI 1640 a1 37¢C
for 15 minutes. The supernatants, conraining dissociared TECs. were saved,
and the remaining thymic fragments were further digested with collagenase
D and DNase L. This step was repeated rwice, and the remaining thymic
fragments were digested wirh 0.125% collagenase /dispase (Roche Applied
Science) and DNase § ar 37°C for 30 minutes. The supernatams from rhis
digest were combined with the supernatants from the collagenase digests,
and the mixrure was cenrrifuged for § minures at 450 g. The cells were sus-
pended in PBS containing § mM EDTA and 0.5% FCS and kepr on ice for
10 minures. CD45° chymic scromal cells were then purified by deplerion
of CD45" cells with MACS CD435 MicroBeads (Miltenyi Biotec) according
to the manufacturer’s instrucrions. The resulting preparations contained
approximately 60% epirhelial cell adhesion molecule- positve cells and less
than 10% thymocytes (i.c., CD4/CDS single-positive and CD4/CD8 double-
positive cells) as determined by flow-cytomerric analvsis.

Realtime PCR. RNA was extracted from TECs with the High Pure RNA
Isolarion Kir (Roche Applied Science) and made imo ¢DNA with the ¢DNA
Cycle Kit (Invitrogen Corp.) according o the manufacrurer’s instructions,
Real-time PCR for quantification of tissue-specific antigen genes was car-
ried out as previously described (14). The primers and the probe for 1Dip
were as follows: primers, $“AGGCCAAAATAATTCAGCACATG-3 and
S TTTGTGAACCAGACACTAGCTCAAC-3'; probe, §-FAM-TCCACCA'T-
TACGAACAACACCTGCCC-3.

CY-induced diabetes. CY (Sigma-Aldrich) dissolved in PBS was injected i.p.
(0.2 mg/g body weight) into mice on day 0 and day 14. Mice were diagnosed
as diabetic when blood glucose levels exceeded 250 mg/dl Observation was

“terminated 28 days after the first CY injection.

Tiunsfer of peripheral T cdlls into NOD-scid mice. Thyl™ cells were isolated from
the spleen, as previously described (38). In brief| the spleen cell suspensions
were depleted of rhes by osmortic lysis, and their Thy1 cells were purified with
CDY0 (Thyl.2) MicroBeads (Miltenyi Biotec). The resulting preparations con-
Namber 5
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tained approximarely 95% Thy1" cells. The purified Thy1* cells were injected
iv. (4 x 100 cells per mouse), and development of diaberes was monitored for
20 weeks. Diagnosis of diaberes was performed as described above.
Measurement of sevum Ig levels. The concenrrarions of Ig in the sera were
measured by a sandwich ELISA using a clonoryping system with HRP
(Sourhern Biotechnology Assodiates Inc.), as previously described (38).
ldewtification of amtoantigen. Gastric epichelial cells were recovered by seratch-
ing of the surface of the glandular stomach from BALB/c mice with micro-
scopeslides. The cells were lysed in buffer containing 1% NP-40, 10 mM Tris-
HCI (pH 7.4), 0.4 mM EDTA, 0.15 M NaCl, 10 pg/ml aprotinin, 10 jig/ml
leupeprin, and 1 mM phenyvimethylsulfonyl fluoride, and che mixture was then
centrifuged for 10 minutes at 20,000 g. The supernarant was applied ro DES2
resin (Whatman) that had been equilibrated with buffer containing 30 mM
Tris-HCI (pH 8.0), hereafter referred to as buffer A. Proteins were eluted
from the column srepwise with buffer A sc.lpplcmeﬁrcd with 0.05-0.5 M
NaCl. Fractions containing autoantigen were determined by Western blot
analysis. One milliliter of the fracrion containing auroantigen (i.e., the frac-
tion clured with 0.15 M NaCl) was concentrated and then applied 1o an
Immobiline DryStrip (GE Healthcare) (pl 3~ 10} using Erran IPGphor U (GE
Healtheare). Afrerisoelectric focusing electrophoresis, proteins were separat-
ed by SDS-PAGE on a 9% gel and stained with Coomassie brilliant blue. The
stained spot corresponding o the aurcantigen determined by Western blot
analysis was excised from the gel. The protein was subjecred o in-gel reduc-
tion, S-carboxyamidomethylation, and digestion with trypsin, The resulring

peptides were analyzed by LCQ jon-trap mass spectromertry (Thermo Elec-
tron Corp.) (39). N-glycosidase F treatment (Roche Molecular Biochemicals)
was then carried out at 37°C for 24 hours.

Statistics. Staristics were analvzed with 2-railed Student’s £ tesu; P values
less than 0.05 were considered significant.
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