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FIGURE 1. CDllc on NK cells 1s
up-regulated i MS in remassion. a,
PBMC from HS (n = 10) and MS pa
tients in remission (n = 25) were stamed
with anti-CD1lc-PE, -CD3-ECD, and
LCDS6-PCS mAb, and (Dllc expres
ston was measured on the CI1 1e” frac-
tion  gated within whole NK cells
(CD11e*CDACD56" cells) as mean
Nuorescence intensity ( MFT), Each dot
represents the data from individual pa-
tents. CD1IM* and CD11C™" groups
of patients are encircled as descnbed in
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the text. b, In parallel, CD1 ¢ expression
(MFI) was measured for the whole NK
cells  (CD3 CDS6"  cells), which
yielded a sumilar result. ¢, The propor-
tiowes of CI1e™ cells among whole NK
cells are ploned. No significam duffer-

ence was noted between HS and MS re-

d and ¢, Repr histo-
gram paems of CIM1c on NK cells
(closed histogram) from a smele healthy
subyect (HS) (d) and u patient corre-
sponding o CD11c™" MS (e). Open
histograms represent  isotype  conlrol
staining. Values represent proportions of
CDIle” fracton (S0 amd MFL for
CDe” cells. Mann-Whitney 17 test
was used for statistical analysis. Hori-
zomtal bars indicate the mean values, ¢,
P < 005 == p < 001
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remission {3). Although the mechanism for NK2 bias in MS re
mains to be further studied, up-regulation of GATA-3 has recently
been reported in the induction of NK2 cells in mice (17). To ea-
plore the possible difference in the functions of CD11c™*" and
CD1Ic™ NK cells, we isolated NK cells from CD11c™ or
CDIIE™ group of patients and measured the mRNA levels of
representative cytokines IFN-y and 1L-5 as well as corresponding
transcription factors T-bet and GATA-3. As shown in Fig. 3,
mRNA expression of both [L-5 and GATA-3 was significantly
higher in CD1 1™ MS compared with HS or CD1IM" MS.
indicating that NK2 bias thought to be characteristic of MS remis-
sion is restricted 1o CD1 '™ MS, In contrast, there were no dif-
ferences in mRNA expression of IFN-y and T-bet among these
three groups, Because NK cells from CD11¢"# patients expressed
HLA-DR most brightly, we speculate that NK2 bias associated
with CD11c"™ MS would attenuate when NK cells are further
activated or differentiated.

1.

NK cell stumulatory pr
regulation of CDI e

lory eviokines induce up-

We next attempted to explore the mechanism(s) for up-regulation
of CD1lc on NK cells in CD11cM#" MS. Because both NK cells
and CI4™ T cells overexpressed HLA-DR in CD11c™*", is it
probable that immune signals influencing both innate and acquired
immunity are operative. So we hypothesized that cytokine signals
that have been implicated in the pathogenesis of MS may play a
role. We cultured NK cells from HS in the presence or absence of
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cytokine(s) for 3 days. and evaluated the CDI 1c expression (MFI.
We focused our attention to 1L-12, IL-15, and IL-18, which are
known to stimulate NK cells with or without help of other cyto-
kines. Notably, they are reportedly elevated in the serum or blowd
lymphocytes of M$ patients as compared with HS (11-14, 18, 19),
and prior studics suggest that they may play an important role in
antoimmune diseases (20-24). As shown in Fig. 4, although [L-12
and IL-18 showed only a marginal effect on purified NK cells,
1115 consistently induced 2- 1o 3-fold up-regulation of CDlle
compared with control culture without addition of cytokines. As
11.-12 and I1.-18 were reported to synergistically work in various
settings (25, 26), we then examined whether combinations of these
cytokines may induce CD1le, Combination of [L-15 and 1L-12 or
of 11.-15 and 11.-18 did not augment the CD1lc expression 1o the
level higher than that could be induced by 1L-15 alone. However,
the combination of [1.-12 and 11.-18 did up-regulate CD11c on NK
cells. which was comparable to the effect of IL-15 alone (Table 1),
Additionally, we tested the effects of several cytokines involved in
differentiation of DC (TNF-r, GM-CSF, 11.-4) (27), or known to
up-regulate CD1lc in granulocytes (IL-8) as controls (28) in the
same assay. These cytokines showed no significant effect (Table 1)

CDI I MS relapsed earlier

Given the significant difference in activation status and cytokine
phenotype of NK cells as well as HLA-DR expression by CD4™ T
cells, it was particularly interesting to know whether CD 1™ and
CD1 ™ MS may follow a different clinical course. A new cohort of
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FIGURE 2. Proportions of HLA-

DR* NK cells increase in €D 1M 40
MS. a, CD69 and HLA-DR expres-
sion on NK cells (CD} CDS6"
cells), Data are expressed as propor-
tions (percent) of CDAS* cells (7 HS
and 16 MS patients in renussion) or
HLA-DR™ cells (10 HS and 25 MS
patients) within whole NK cells. The
Student 1 test was used for statistical
analysis. Horizontal bars indicate the
mean values. *, p < 0,05, b, Repre- b

cxp P of
HLA-DR vs (Dllc on NK cells HS
from a healthy subject (lgft), EL
Dl MS  (muddle), and !
CDHL™E MS (right).
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13 CDIC and 10 CD11M#" MS patients listed in Table I were
followed for up to 120 days. In this preliminary exploration. we set
the first episode of relapse after blood sampling as an end point.
When the neurologist prescribed corticosteroids without knowing
any information on the NK cell phenotype. the patient was con-
sidered as the dropout at that time point. Remission rale was cal-
culated as Kaplan-Meier survival rate. and statistical difference
between CD11e and CD1 1M MS was evaluated with the log-
rank test (Fig. 5a). At entry, there was no significant difference in
the age and discase duration between CD11¢™™ and CD11cM#"
MS (Table I1). On analyzing the collected data after completing the
study, we found that 8 patients developed a single relapse during
the obscrvation period and that the proportion of patients who have
had relapse during the follow-up period was greally higher n
CD11™™ MS (6 of 10, 60%) than in CD11c™ MS (2 of 13,
15.3%). Furthermore, the log-rank lest revealed that CD11c#"
MS relapsed significantly earlier than CD11¢" MS (p = 0.003),
suggesting a possible role of CD1lc as o temporal marker for
predicting relapse within months afler examination. We also ex-
plored whether the difference between CD1 1" and CD11™
could be influenced by sge or sex. When we selected a group of
patients younger than 38.5 years old (the mean age of all the pa-
tients). a significantly carlier relapse in CD1 1™ than CD11™™
MS was confirmed in this group of patients ( p = 0.0067. Fig. 5b).
In the rest of the patients (<<38.5 years old), the difference was less
clear and not significant (p = 0.095), In femuale patients.
CDI1c™ MS relapsed significantly earlier than CD1IC™™ MS
(p = 0,035, Fig. Sc). whereas this tendency was not statistically
significant in male patients (p = 0.083). By examuning the pa-
tients’ medical records, we also found that the duration from the
last relapse tended o be shorter in CDIE"® than CD1E™ MS

(14.7 = 12 moin CDIIC"™" v5 26,7 £ 24.3 mo in CD1 ™) and
that the mean number of relapses per year was higher in CD 11"
MS (0.9 + 0.6 in CD11c"™ vs 0.5 = 0.5 in CD11¢™™). These are
consistent with the postulate that CD11¢™#" MS might be immu-
nologically more active than CD1 1" MS (Table ).

Alteration of CDI11c expression in the course of MS

We previously described that NK cells may lose NK2 phenotype
during relapse (3). 1t 15 interesting to know whether the CD1 e
phenotype also changes in the course of MS. Duning the follow-up
period of 120 days, 8 patients developed a relapse. We were able
1o take blood samples at relapse before treatment with corticoste-
roid and then compared the relapse samples with the samples ob-
tained during rentission at initation of the study. As shown in Fig.
6, we saw an obvious tendency that the levels of CD11e expression
would decline duning relapse (p < 0.05). ITLA-DR expression on
NK cells was also reduced in some patients duning relapse. but the
difference between remission and relapse samples was not stalis-
tically significant.

Expression pattern of CD93 vs CD1le on NK cells in MS

In @ previous study, we showed that MS patients could be divided
into CDYS™M and CDISH™ necording to the frequency of CDIS’
cells among NK cells (4), Additionally, we examined whether ex-
pression of CDI e and CDOS may independently refleet the status
of MS. We found no significant comrelation between CD95 (%) and
CDI e (MFT) on NK cells in MS ir = 0.29, p = 0.16 with Spear-
mun's correlation coeflicient by rank test), indicating that expres
sion of CDYS and CD11c on NK cells may be regulated indepen-
dently. By setting the upper limits of CD95° (%) and CD11e MH
as (the average + 2 X SD) of [1S (CD95: 44.6%, CD11e: 5.04),
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FIGURE 3. LS and GATA-3 mRNA are in- & . N i
creased m CDLLC™ but not i CD1 ™™ MS, Total
RNAs were extracted from purified NK cells of HS 1 '
in = K1 CDIE™ (= 9), or COITEM MS 10 = e bl g e =~ o
81 mRNA expression of IL-S (a), GATA-3 (b,
[FN-v (¢), and T-bet () was evaluated by quantita- b: GATA-3 d: T-bet
tive PCR. The data are normalized to endogenous o 1000

f-acim expresuons o the same samples. ANOVA
was used for stanstical analysis. Honzontal hars in-
thcate the mean valves. =, p < 0,05, #+ p < 0.01 oo
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we then examined whether there is a conelation between CD1le
D95 phenotype and clinical conditions (Fig. 7). Naturally, all the
healthy subjects were plotted in the left lower quadram
(CDAS™™CD1 1), In contrast, MS patienis were plotied in all
the four guadrants with differental proportions of patients who
have no relapse during 120 days: CD9S“CD11c"™; 373 (100%),
CDOSCDIIC N, 1/2 (50%), CDOS™ICDI 1™, &10 (R0%),
CDYSHERCD] [ MEh: 27 (28,6%). Although the data for CDOS™™
subjects (lower left and lower right) need to be omitied due o the
limited sample size, we found that the difference between
CDIS™CD1 1™ and CDIS™HCD1 1™ in remission rate was
significant with log-rank test ( p = 0.028). Provided that CDa5™"

Coe

patients possessed an increased frequency of memory autoreactve
T cells (4), this result is consislent with the idea that when com-
parable numbers of autoimmune T cells are present in the peniph-
eral circulation, remisson of MS is more stable in paticnts with
CDLIE™™ NK cells.

Discussion

Blood examination of systemic autoimmunec discases such as sys-
temic lupus erythematosus usually exhibits measurable abnormal-
ities such as clevation of autoantibodics, which is useful for eval-
uating activity of discase. In contrast, patienis with MS do not
accompany such systermuc abnormalities in laboratory tests except

IL-15

FIGURE 4 CDllc expression on NK cells 15 up
regulated with addition of IL-15. a, Punfied NK cells
were cultured i the absence or presence of 1L-12,

as

fold ncreasy
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I.-18, or IL-15. Three days later, the cells were
stained  with anu-CD11e-PE. -CDMECD, and
CDS6-ICS mAb, (D1Ic expression on NK cells
(DA CD567 cells) 1s demonstrated as smgle hasto
gram. Values indicate CD1le MFI of CDILe" frac
tons. A representative of three independent exper-
ments s shown, b, Data are expressed as mean told
increase of CD1lc MFI (the MFI m the presence of
cytokmefthe MFT 0 the absence of cytokme) + SD
from three independent expenments. ANOVA was
used for stansical analysis. ==, p < (411
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Table 1. Effect of several cytokines on CD1le expression on NK cells

No Cytokine IL-12 IL-18 IL-15 IL-12 + IL-18 1L+ TNF GM-CSF IL-23 IL-#

Expt. 1 100y 1.19 1.57 .90 ND ND ND ND ND ND
Expr. 2 1.00 1.04 1.43 2.96 2.86 ND ND ND ND ND
Expt. 3 1.00 1.59 1.25 2353 A4 ND ND ND ND ND
Expt. 4 1.00 ND ND 2.62 ND 1.19 Lin 0,95 L4 ND
Expt. § 1.00 ND ND 281 ND 1.24 ND 105 105 1.00
Mean 1.00 L2 1.42 77 18 1.21 110 1.00 L1 1.00

D (.00 029 016 0.19 41 0 0.07 0.07

* Purifial NK cells were stimulated with cylokines. [Jala are eaprossad as folid increase of CD1 e ME) (the ML in the prasence of the indicated cytokines!the ML in the
ahscnce of cytokines) in the presence of indicated cytokines More than a 2.fold increase is highlighted (bold)

in unusual cases. [tis currently recognized that autoreactive T cells nutably, NK2 phenotype characterized by predominant 11-5 pro-
mught be activated and expanded to vanous degrees in the periph- duction was seen in CD11¢™™ patients, but not in CD 11" Con-
cral blood and peripheral lymphoid organs of MS even dunng sistently. the CD11c™" patients were found to be clinically more
remission (1-4). In fact, our previous work suggests that a higher active than CD11¢™™ as judged by the remission rate during the
number of memory autoreactive T cells is linked with unstable 120 days after examination. These results indicate that up-regula-
disease course (4), If we are able to accurately evaluate the im- tion of CDI1e on NK cells would reflect the temporal discase
mune status of cach patient with a relatively simple test, it should activity and therefore could be used to idenufy patents who are
be most helpful in treatment and management of MS. In this line, likely to exacerbate within months. It has been reported that
it s currently of parucular importance to identily measurable in- CDlle’ NK cells in mice could serve as APCs (6, 7). However,
dicalors which would serve: a5 clinically appropriate biomarkers i o o1 not reveal Ag presenting eapacity of human CD11e ™ NK
Mj\ @). cells (data not shown).
Ius study has clanfied for the first time to our knowledge that A ¥ - ;
CD1le expression on penipheral NK cells is sigmbicantly up-reg- Regarding lhv.n‘u‘f:hunﬁlmlnt iR Cnctus fhipan NI ogisjwes
o have found that in CD11c™™ patients. HLA-DR is concomitantly

ulated in a major proportion of patients with MS in remission. To % A :
-regulate th CD1 e on NK cells (Fig. 2), which suggests that
obtiin insights into the mechamisin and the hiological meamng of NpFreguinti with Lic.on NiCeellei(Fig, 2), which suggests tho

the NK cell expression of CD11c in autoimmune disease MS. we
have attempted to clarify the difference between CD11¢™™" and
CD11e™ patients regarding phenotypes of NK cells, eytokine

up-regulanon of CDIle may represent an activation-induced
change. After explonng the culture condition that may induce
CD1le on NK cells, we have tound that the addition of IL-15 or

profile, and temporal climeal acuvity. We also explored which combination of 1L-12 and [1.-18 would increase the expression
inflammatory cytokines might induce CD11c on NK cells. Accord- levels of CD1le on NK cells from healthy individuals. Because
ing to the NK cell expression of CD1le¢, we have classified the increased levels of these proinflammitory cytokines are dewected in

patients with MS in remission into CD 1™ and CD11E™™. Most the blood samples of MS (1113, 18, 19, 23), it is possible that in

Table II.  Informarion on the patients whose clinical courses were followed for up to 120 davs

Age [isease Period Total Number of Dhuraticn from the Laat Mean Numbers of
lentification No. G (yesrs) Sex ( Years) Relapses Relapus {1no) Relapse/Year

1 Low 17 - 2.6 2 N 0.2
2 Low 52 M 12.2 9 3 07
3 Low 1] F 6.2 13 7 21
4 Low 12 F 19 | L] 0.2
b Low 42 F 2.2 1 K 0.5
6 Luow 5 M 20 3 58 0.2
7 Low LY} M 8.5 3 S0 0.4
8 Low s ¥ 24 I 8 0.4
9 Low X6 F 4.8 2 {1 04
10 Low 26 F 1.5 ! 8 07
1 Low 41 M 5.5 1 M 0.2
12 Low 64 F 4.5 ] 5 0.4
12 Low 42 F 6.3 1 45 02
Mean + SD 69+ 120 67 + 50 Al +37 26,7 + 243 ns + 05
14 High w M 1.4 2 2 0.5
15 High Rl | 9.2 11 14 1.2
16 High 46 I T4 20" 2 ND
17 High 51 5 2.0 1 5 1.9
£ ] High 59 H 14 2 19 0.4
19 High 27 M 03 4 9 04
20 High A6 I 27 1 19 04
2} High A4 I 18 1 43 0.5
22 High 60 I 34 6 10 L&
23 High 21 I 1.8 2 4 1.1
40.6 + 134 49 + 28 38+ 31 14.7 + 12,0 0.9 + 0.6

* F, Female, M. male
* This valoe b climinated from caloulation of the thean

.I-H_



The Joumal of Immunology

o8 __r
255 e 'r
Eol ._r i
———
p2f — o~ Y
- === CDhriche e
00 2 ag L] L] 100 120
o ug perod (dars)
b &
- il v
I
o8 I S
——_——
L. ;b
B
83 | = cCOte= r
-——— D1 l
4
oo o A0 &0 80 100 leo
Sbgwe-up pancd days)
c a b6
v v
—r — .
" t L
— —
énn -T
i 8
24 .
- ==
02 (=R L
- === CDlche
uo o0 40 ] no 100 129
foBe U peTod (daye)

FIGURE 3. Rate of remussion 13 lower i CD 1™ MS. The first ep
sode of relapse after blood sampling was set as an end pomnt and climcal
course of each patient was followed for up to 120 days. The remussion rate
was calculated in all (a), the younger (b), or female () patients as Kaplan-
Meier survival gate, and statistical difference between CDJIC™ and
CD1Ic"™ MS was evalunted with log-rank test at day 120, « p < 0.05;
=, p < 0.0

vitro CD11c induction on NK cells may recapitulate the pheno-
typic alteration of NK cells in CD] 18" putients. Interestingly,
IL-18 is not only a cytokine able to facilitate [FN-y production by
NK cells in cooperation wath 1L-12 (25, 26) but is crucial in in-
ducing pathogenic autoimmune responses (21). Furthermore, au-
toimmune encephalitogenic T cells can induce more serious dis-
case upon adoptive transfer when they are preactivated in the
presence of 1L-12 and IL-18 (20). Taken together, these resulis
allow us to speculate that the proinflammatory cytokines may be
involved in the up-regulation of CD1lc on NK cells. Although the
relationship between serum cyiokine concentration and levels of
CD1 e expression on NK cells should be estimated in future stud-
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FIGURE 6. Down-regulation of CDIlc expression duning relapse. a,
Representanve CDlc hstogruns from the same patient in renmssion
ichosed) and relapse (open). Values indicate CD11c MFl of CD1 1" frac-
uons. b, Comparison of NK cells from remission and relapse from the same
patients (n = 6). The data obtained from the same pahents are connecied
with lines. Wilcoxon signed-ranks test was used for staustical analysis.
v, p < DS,

tes. a previous work (11, 29, 30) showing that a probable hink
between 1L-15 and temporal discase activity, indicates that NK cell
expression of CD1le is likely to correlate with the levels of
cytokines.

In the Th cell differentiation, specific ranscription [actors have
been identified that play a crucial role in inducing Th1 or Th2 cells.
Namely, Thl differentiation characterized by IFN-y induction re-
quires a transeripion factor T-bet, whereas GATA-3 and e-maf act
to promote Th2 eytokine production (31-33), Human NK cells
cultured in the presence of 1L-12 or [L-4 differentiate into NK1 or
NK2 populations, renuniscent of Thl and Th2 cells (5), Whereas
NKI1 cells produce IL-10 and [FN-y, NK2 cells would serve as
immune regulators by producing 11.-5 and 11.-13. Notably, up-reg-
ulation of GATA-3 has been reported 1n mouse NK2 cells (17),
raising a possibility that Th cells and NK cells might share the
same transcription factor for inducing the key cytokine. We have
previously reported that 11.-5 expression is one of the characteris-
nes of NK cells in the remission state of MS (3). However, il was
nol excluded that overexpression of [L-5 could be restricted 1o a
proportion of the patients. Here, we have addressed whether NK
cells from CD1 1™ and CD11c*™ may differ with regard to ex-
pression levels of IFN-y and 11.-5 and of their transcription factors
T-bet and GATA-3. By measuring the mRNAs, we found that
cxpression levels of 11-5 and GATA-3 are clevated in CD1 1"
MS but not in CDHIEM™ (Fig 3), Furthermore, we showed that
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FIGURE 7. Expression pamern of CD95 vs CD1lc on NK cells from
MS. PBMC from MS or HS were stamed with CDIS-FITC, CD11¢c-PE,
CDA-ECD, and CDS6-PCS. After determuning the proportion of CDY5*
cells among NK cells and CD11e expression (MFI) of CIM e, we plotted
each patient according 1o the obtained values. Dotied lines represent the
upper limuts of CDA5* cell (percent) and CD1 le MF1 for HS as (the av-
erage = Iwo limes SDy of HS. @, HS; ©, MS; &, MS patients who
relapsed during the 120 days follow-up period.

neither IFN-y nor T-bet was increased in CD1IE™M# MS. This
suggests that NK cells from CD11¢'" are NK2-biased but those
from CD11c"# are not, although MS in remission as a whole is
NK2-biased as compared with control subjects. Mote recently, we
have observed that stimulation with IL-15 or 1L-12 plus 11-18
would decrease IL-5 and GATA-3 mRNA 1 punfied NK cells
with reciprocal up-regulation of CD11e (data not shown). This
further supports a mode! that proinflammatory cytokines may play
a ¢rucial role in the absence of NK2 bias in CDI 1™ MS.

To clarify the clinical differences between CD11c™#" and
CD11¢"™, we followed up the clinical course of the patients after
blood sampling. Although there was no significant difference in
clinical par s al ex tion of NK cells, we have found that
CDIIc™s" MS showed a significantly earlier relapse than
CD11™™ MS. This is consistent with our assumption that the
bsence of NK2 bias in CD11c™*" MS should imply that regula-
tory NK cell functions arc defective in this group of panents. When
we reanalyzed the data regarding various clinical parameters, we
found that an carlier relapse in CD11¢™ than CD11¢™™ MS is
more remarkable in the younger group (<38.5 years old) or in
female patients. Furthermore. the duration from the last relapse
tended to be shorter and the mean number of relapses per year
higher in CD11c™™ MS, supporting that CD11¢™" MS is more
active than CD11c™™ MS.

When we analyzed expression of CD95 and CD11e on NK cells
simultaneously, we found that MS patients in remission could be
divided 1nto four subgroups (Fig. 7). When we compared clinical
course alter examination of NK cell phenotypes, we found that
CDOSMCD11™ MS  relapsed  significantly  earlier  than
CDYSTERCD 1™ MS (p = 0,028 with Jog-rank test). This result
indicates that CDYS™FCD] 1M MS may be most unstable sub-
group of MS, among the patients whose clinical state could be
judged us being in clinical remission,

In this study, we have demonstrated that MS patents differen-
tially express CIDM ¢ on peripheral blood NK cells and a higher
expression of CDI1 le on NK cells may reflect the temporal disease
activity as well as funcuonal alteration of regulatory NK cells. Our
results have a clinieal implication because of o lack of appropriate
biomarker to monitor the immunological status in MS atl present.
To venfy the reliability of this marker, longitudinal examination of

UP-REGULATION OF CD11C ON NK CELLS IN ACTIVE MS

CD11e expression on NK cells in the same patients should be
performed in the future study.
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Alteration of intra-pancreatic target-organ
specificity by abrogation of Aire in NOD mice

Shino Niki,' Kiyotaka Oshikawa,' Yasuhiro Mouri,! Fumiko Hirota,' Akemi Matsushima,’
Masashi Yano,' Hongwei Han,' Yoshimi Bando,? Keisuke |zumi,? Masaki Matsumoto,?#
Keiichi I. Nakayama,®* Noriyuki Kuroda,' and Mitsuru Matsumoto’

'Division of Molecular Immunology, Institute for Enzyme Research, University of Tokushima, Tokushima, Japan,
"Department of Molecular and Environmental Pathology, Institute of Health Biosciences. University of Tokushima Graduate School, Tokushima, Japan.
*Department of Molecular and Gellular Biology, Medical Institute of Bioregulation, Kyushu University, Fukuoka, Japan,
Core Research for Evolutional Science and Technology, Japan Science and Technology Corp., Saitama, Japan

Factors that determine the spectrum of target organs involved in autoimmune 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
gain insight into this issue, we have established NOD mice, an animal model of type 1 diaberes caused by auto-
immune attack against f} cell islets, in which Aire has been abrogated. Remarkably, acinar cells rather than f§
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 autoantibody against pancreas-spe-
cific protein disulfide isomerase (PDIp), an antigen expressed predominantly by acinar cells. Consistent with
this pathological change, the animals were resistant 1o the development of diabetes. The results suggest that
Aire not only is critical for the control of self-tolerance but is also a strong modifier of target-organ speaficity
through regulation of T cell repertoire diversification. We also demonstrated that transcriptional expression
of PDIp was retained in the Aire-deficient NOD thymus, further supporting the concept that Aire 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 pancreanc i cells (1, 2). The nature of immune dysregulation
leading to B cell destruction remains poorly understood, but it is
clearly influenced by muluple genetic, environmental, and immu-
nologacal facrors, The NOD mouse 1s awidely used amimal model of
IDDM, sharing major characteristics with the human disease (3, 4).
Multiple genetic loct that control disease suscepuibility have been
mapped (5). Expenmentally, defective central tolerance has been
implicated 1n at least part of the pathogenic process in NOD mice,
and this delective tolerance appears to be caused by an intrninsic
defect tn the apoptosis process in NOD thymocytes during negative
selection (6-8). However, since establishment of self-rolerance po-
marily depends on physical contact berween thymocytes and thy-
mic stroma (9), it is also important to charactenze stromal [actors
that might regulate the diabetic process in NOD mice.

Mutation of the autoimmune regulator (AIRE) gene 1s respensi-
ble for the development of an organ-gpecific auvtoimmune disease
{auroimmune polyendocrinopathy -candidiasis ectodermal dystro
phy [APECED]) that demonstrates monogenic autosomal recessive
inhentance (10, 11). Az expected, deletion of the Aire gene in mice also
results in the development of organ-specific autoimmune discase,
although rhere are differences in targer-organ specificy berween
human patents and Aire-deficient mice (12 14). Because medul-
lary thymic epithelial cells (I'ECSs) play pwvotal roles in the cross-
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talk between developing thymocytes and thymic stroma (15), and
Aure-deficient TECs show reduced transcription of a group of genes
encoding peripheral antigens (13, 14, 16), it 18 reasonable ro specu-
late that pathogemic autoreactive T cells escape negative seléction
because of reduced expression of the corresponding tanget antigens
inrhe Atre-dencent thymus (13, 17) However, other mechanisms of
Aire-dependent tolerance also remain possible. Indeed, we have dem-
onstrared thar Aire<deficient mice develop autoimmunity against a
transcriptionally unrepressed target antigen in the thymus (14). We
therefore speculated that Arre might additionally regulate the pro-
cessing and/or presentation of sell=proteins so that matunng T cells
can recognize self-antigens in a form capable of efficiently tnggenng
autoreactive T cells. This alternative view of the function of Aire in
the establishment of central tolerance has recently been supported by
astudy with transgenic mice expressing a model antigen under the
control ofatissue-specilfic promoter togetherwith a TCR specific for
the corresponding antigen in the absence of Aure (18).

An impertant aspect of the study of autoimmune disease is
target-organ specificity. Clearly, p cell islets are the predominant
target of autoimmune attack in NOD muce, although the exact

malecule(s) recognized by autoreactive T celly is still under debate

(19). Stmularly, autoimmune attack is mostly confined to the exo-
crine organs, such as salivary and lacrimal glands, 1n our Aire-defi-
cient mice, except for the additional development of gastnitis in
mice on a BALB/c background (14). It remains largely unknown
how targer-organ speaificity is defined by the NOD mouse back-
ground or by Awre deficiency in these amimals

In erder ro gain further insights into the contriburion of AIRE
to the establishment of central tolerance, as well as the pathogenic
roles of AIRE in regulating target-organ specificuty, we have estab-
lished NOD mice lacking Aire. Atre-deficient NOD mice demon-
strated both expected and unexpected autoimmune phenotypes. As
Number §
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expected, we found obviously augmented autoimmune disease with
early onser, 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 Asre-deficient NOD mice, and thus resulred from achange in
the target cells attacked by the autoreactive T cells; acinar cells rath-
er than P cell islets were the major targets of autoimmune destruc-
tion 1n Aire-deficient NOD mouse pancreas. Consistent with this
alteranion of intra-pancreatic target-organ specificity, we identified
pancreas-specific protein disulfide isomerase (PDIp), a molecule
expressed predominantly by acinar cells (20, 21), as an aurcantigen
recognized by Awre-defiaent NOD mouse serum. Polyclonal B cell
actwvation in Aire-deficient NOD mice was another unexpected fea-
ture in light of the fact that both Awre deficiency and NOD mice
are considered ro be models of organ-specific auroummunity rather
than systemic autoimmunity, Our studies with Aire-deficient mice
onan autoimmune-prone NOD mouse background highlight novel
aspects of Airein the pathogenesis of autoimmune disedse.

Results

Augmented autormmune phenotypes in NOD mice Lickmg Awe. We have
recently demonstrated that Arre-deficient muce develop Sjogren syn-
drome-like pathological changes in their exocrine organs (14). Wath
the use of inbred Aire-deficient mouse strains, we have also demon
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Figure 1

Growth abnormalilies and pancrealic atrophy in Aire-deficien! NOD
mice. (A) Body weights of individual female (circles) and male (squares)
Aire-sufficient (open symbols) and Aire-deficient (flled symbols) mice
after birth were plotted. Measurement for many Aire-deficient NOD
mice was lerminated around 15-17 weeks alter birth because of their
lethal phenotypes. (B) Growth retardation of Aire-delicient NOD mice.
Littermates of 7-week-old males are shown. (C) Pancrealic mass
was absent from many Aire-deficient NOD mice upon gross inspec-
tion. Instead, many small white palches were scaltered throughout
the thin and lucent adipose tissues, The square areas marked with
white and black lines are enlarged and shown in the botiom lelt and
bottom right panels, respectively. An arow (in the top right panel) indi-
cates an enlarged pancreatic lymph node. Original magnification, x1.2.
Ki, kdney; P, pancreas; Sp, spleen. St, stomach.

strated the presence of some additional factor(s) thar determines
the target-organ specificity of the autoimmune disease caused by
Aire deficiency; Aire-deficient BALB/c mice, but not Arre-deficient
C57BL/6 mice, addionally show lymphowd cell infiltration in the
gastric mucosa (14). In turn, we asked whether NOD nuce lacking
Aire might develop augmented autoimmune phenotypes and/or
distinct target-organ specificity compared with NOD mice possess-
ing Aire. We backcrossed our onginal strain of Aire-deficient mice
to NOD mice [or 6-9 generations, Heterozygous Aire-deficient mice
were crossed to abrain homozygous Aire-deficient NOD offspring.
Offspring homozygous for Aire deficiency were recogmzed in num-
bers shghtly lower than expected from the heterozygous crossing
when assessed 4 weeks after birth: Aire”” [Aire™ [Aire~~ = 64:111:44
(mice backcrossed onto NOD for 7-9 generations were subjected to
the analysis). Remarkably, many Awre-deficient NOD muce exiubited
body-weight loss starting from 8-12 weeks after birth, as revealed by
monitonng of 1 group of littermates chosen randomly (Figure 1A).
More strikingly, one-third of Aire-deficient NOD mice (11 of 27
females and 8 o 30 males) demonstrated marked growth retardanon
fromthe neonaral stage (1., less than 50% of the body weight of their
control littermates) with a gaunr appearance (Figure |, A and B).
Upon gross inspection of the ongans, we noticed reduction of pancre-
as size (including the fat tissues surrounding the pancreas) in most
ofthe Aire-deficient NOD mice, or even almost complere loss of pan-
creatic mass in one-third of the amimals (Figure 1C, top right panel).
In the latter ammals, we observed many white patches 1-2 mm
in size scattered throughout the thin and lucent adipose tissues
(Figure 1C, bottom panels). These patches consisted of ) cell islets,
pancreatic ducrs, and marked lymphoud cell infiltratons (see below).
Pancreatic lymph nodes (Figure 1C, top nght panel) together with
other penpheral lymph nodes, such as submandibular and axillary
lymph nodes (data not shown), were enlarged in many ammals.
Upon histological evaluation, we observed marked lymphoid cell
infiltrarion in various organs from Awre-deficient NOD mice, with 2
particular characteristics, First, the degree of lymphoid cell infiltra-
tion of the organs affected in the onginal (i.e., Awre-sufTicient) NOD
mice was mnuch mere severe in Aire-deficient NOD muce. Most pan-
creatic islets from many Aire-defictent NOD muce were surrounded
by massive lymphoud cell infiltranion, as if the B cell islers were float-
ing on a sea of lymphoid cells (Figure 2A, bottom left panel). Fur-
thermore, in many cases, the massive lymphoid cell infiltration com-
pletely destroyed acinar structures, leaving relatwvely well-preserved
B cell islets together with pancreatic ducts densely surrounding the
p cell isleis alone (Figure 2A, middle panels). The degree of lymphoid
cell mfiltration in the salivary glands, which occurs in the onginal
Volume 116 1299
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NOD mice, was also much more severe in Aire-deficient NOD muce
(Figure 2A, right panels), Secondly, we observed lymphoid cell infil-
tration in many other organs of Aire-deficient NOD mice, including
liver, lung, and thyroid gland (Figure 2B) and prostate and seminal
vesicle in males (Supplemental Table | and data not shown; sup-
plemental material available online with this article; doi:10.1172/
JCI26971DS1), in which we usually do not observe changes in the
onginal NOD mice. Thus, abrogation of Asre in NOD muce resulted
in expansion of the spectrum ol target organs destroyed by autoim-
mune attack together with an alteration of intra-pancreatic target
organ specificity from f3 cell islers 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 excecrine pancreas, which has also been suggested ina
recent study of Aure-deficient NOD mace (22),

Total spleen cell numbers were indistinguishable between Aire-
deficient NOD mice and control littermates {i.e.. Aire-sutficient
NOD muce). Flow-cytometric analysis showed similar expression
wfB220,CD3, CD4, and CD& in the spleen (data not shown), Small
numbers of Aire-deficient NOD mice (1.¢,, 6 of 33 analyzed) showed
1204
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Figure 2

Augmented auloimmune phenotypes wilh allered intra-
pancrealic larget-organ specilicity in Aire-deficient NOD
mice. (A) Augmentation ol existing autoimmune pheno-
types of NOD mice by abrogation of Aire. In Aire-deficient
NOD mice, lymphocylic infiltration in the pancreas was
much mora severa than that in conlrol lilermaltes (left pan-
als). In many Aire-deficient NOD mice, acinar lissues wefe
completely destroyed by marked lymphocytic infillration,
leaving relatively well-preserved f cell islets together with
pancreatic ducts densely surrounding the ) cell islets alone
(middle panels). The 2 boxed panels are photographs
taken of the same sample with different magnifications
Slaloadenitis was also much maore severe in Aire-deficient
NOD mice (right panels), (B) Lymphoid cell infiltration in
the liver, lung, and thyroid gland from Aire-deficient NOD
mice. (C) NOD-scid mice transterred with mature T cells
purified from Aire-deficient NOD mice showed lymphocytic
infiltration predominantly in acinar lissues, and the struc-
ture of the f cell islels was relatively well preserved (middle
and right panels). In contrast, NOD-scid mice transfermed
wilh Aire-sulficient NOD mouse T calls showed lympho-
cytic infiltration into { cell islets, resulting in reduced size
and numbers of b cell islets (left panel). Arrows indicate the
1 smail p cell islet remaining. Original magnification, x100,
excepl where indicated.

reduced numbers of total thymocytes together with reduction of
CD4'CDS8" T cells ro vanable degrees. The pathological sigmificance
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-autoimmune-prone mouse back-
grounds (14, 18). Expression of other T cell surface markers, such
as CD25,CD62L, and CD6Y, on splenic T cells was also unchanged
in Aire-deficient NOD mice {dara nor shown). In contrast, CD44bigh
(memory/activated) and 1COS-expressing populations of splenic
CD4" cells were mncreased in Aire-deficient NOD mice (Figure 3B).

Immunchistochemical analysis of the Atre-sufficient NOD thy-
mus demonstrated indistinguishable numbers and distnbution par-
tern of medullary TECs, as detected by Ulex emrapaens agglutimin 1
(UEA-1)and ER-TRS mAb (14, 23), wath patterns of Aure nuclear dots
similar o those from wald-type C57BL/6 and BALB/c thymus (Sup-
plemental Figure 1, Aand B, top panels); the subcellular distribution
of Atre nuclear dots wathin the cell was also unaltered. Abrogation
Aire in NOD mice did not cause any abnormalities of TEC struc.
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Figure 3

Phenolypic analyses ol lymphocyles from Aire-deficient NOD mice. (A) Production of Tregs was relained in Aire-deficiant 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 indicaled.
In order lo veriy the specificity of the staining, spleen cells from conirol mice were stained with anli-Foxp3 mAb. Foxp3* cells were detected
only in the B220- cell population, not in the B220+ cell population. (B) Memory/Activaled (CD44™#) ICOS- cells were increased in the spleens
from Aire-deficient NOD mice compared with the spleens from control mice. Percentages of CD44™ICOS: celis are indicated. CD4- colls wara
galed and analyzed for CD44 and ICOS expression. (C) Serum Ig levels were elevated in Aire-deficient NOD mice (filled circles) compared with
Aire-sufficient NOD litermates (open circles) excepl for IgG3. One mark corresponds lo 1 mouse analyzed

ture recogmzed by UEA-1 and ER-TRS (Supplemental Figure 1A,
bottom panels). Expression of several, but not all, of the tssue-spe-
cific genes tested, including mudin, in the TECs 1solated from Aire-
deficient NOD muce was reduced, as previously observed in Aire-
deficient mice of non-autoimmune-prone mouse backgrounds
{lable 1) (13, 14, 16), RNAs extracted from the toral thymus of Aure-
deficient NOD mice showed similar reduced expression of tissue-
specific genes, including rsulin (Supplemental Table 2).

Alteration of tra-pancreatic target-organ specificity m Arre-deficrent NOD
mce. Aure-deficient NOD mice started to exlubit lymphoud cell infil-
tration into the pancreas between 2 and 3 weeks after birth; although
these changes were not observed ar 1 week alter birth (0 of | female
examned), Aire-deficient NOD mice ar 2 weeks (1 male of | female
and 1 male) and 3 weeks (2 of 2 males) showed pen-insular lympho-
oyric infiltration (data not shown). In contrast, none of their control
littermates showed those changes in the pancreas at lessthan 3 weeks
() of 2 ferales and 2 males). This result suggests thar abroganon of

Aure in NOD mice not only augments the degree of pancrearse lestons
once developed, as descnbed above, but also accelerates their onset
Simularly, development of sialoadenitis was accelerared in Awre-defs
cient NOD muce (8. Nik and M. Matsumoto, unpublished dara).
The pancreas is umique in that o functions 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 evaluanion 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 Awre-deficient NOD
mice was perivascular lymphoid cell infiltration near the 3 cell islets,
as observed in control litrermates (Y. Bando er al., unpublished
dara). In control mice, lymphoid cell infili ration was directed into
b cell islets, eventually dest roying them and leading to the complete
loss of insulin-producing cells (dara not shown). In marked con-
trast, in Aire-deficient NOD muce, although lymphoid cell infiltra
tion became more evident as the mice grew, the histological picture
of B cell islets being progressively invaded by lymphoid cells was
Lrarely apparent (Figure 2A). Instead, acinar ussues surrounding
the f cell islets were replaced by infiltrating C1)4*, CD8*, and B220*
cells (Supplemental Figure 2). In addition to B220° cells (Supple-
mental Figure 2B, top panels), clusters of CD138° (syndecan-1°)
cells expressing low levels ol B220) were also observed (Supplemental
Figure 2B, bottom panels). The outcome of thus unusual immune
artack in Aire-deficient NOD mice was the complete disappear-
ance of acinar structures, leaving behind relatively well-preserved
f cell 1slets and pancreanic ducts densely surrounding the § cell
islets, which, rogether with infiltrating lymphoid cells, formed vis
ible white patches throughout the adipose tissues, as demonstrated
Volume 1168 Number §
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Table 1
Expression of tissue-specific genes from TECs in Alre-deficient NOD mice

Genotype Foxn1Mprt Ins/Hprt SP1Hprt FABPHprt CRPMprt GAD67Mprt  PDIp/Hrpt
4 8.10 254 x 107! 652 698 455 308 19
- 100 up up 827 x 107 B&3 53.2 1.59
Relative abundance (Aire KO/control) 123 ND ND 11753 1.90 173 083

Real-time PCR for Faxnt and penpheral tissue-specilic genes (Ins. insulin, SP1. salivary protein 1, FABP, fatty acid-binding protein, CRP, C-reactive pro-
teir: GADEY, gltamic acid decarbaxylase 67, PDip) was patlormed using thyrmee-stroma ANAs from control and Alre-delicient NOD mice. Hprt expresson
laval was used as an internal control. The relative abundance of each gena was calculated from tha ratio between the valuas from control NOD thymus and
those from Aire-deficient NOD thymus (e.g., the insulin'Hpr value from Aire-deficiant NOD mice was divided by the insulin/Hprt value from control NOD
mica). Pocis of TECs isclated trom 2 mice of each group were usaed for the analysis, Mice backcroseed onto NOD mice for 6 generations were used, UD.

under the imit of datectian; ND, not daterminad

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

Resistance to disbetes develapment m Awre-deficient NOD mice. Awre<lefi-
aient NOD muce 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 Are”” female
had developed overt diaberes, our of 48 control mice (10 Amre™*

ments, 3 of § NOD-scid mice transferved with control mouse T cells
developed diabetesar 77,120, and 140 days after the transfer (Table 3,
experiment 1}; 1 NOD-scid mouse rransferred with Aire-sufTicient

Table 2
CY-induced diabetes

females, 12 Aire™* males, 17 Aire*” fomales, and 9 Aire males) moni- Genotype Sex Diabetes development
tored for the development of diabetes. In contrast, none of the Aire- (onset from tirst dose)
deficient NOD muce (11 females and 12 males) developed overt dia- Exp. 14 i M Yes (day 27)
beres during the same series ofobservations, which was a predictable +e M No
consequence of the fact that Aire-deficient NOD mice demonstrated ";_ : Yes (:ay h
immune attack predominantly against acinar cells rather than p cell ;: M N:

islets. Absence of hyperglycemia in Awre-deficient NOD |r_ucu wis not - M ND (sacrificed on day 11)
simply caused by feeding problems, since the stomachs ot'all the Aure- Exp. 2¢ o M Yes (day 13)
deficient NOD mice were found to be full of food when the anunals A M No

were sacrificed (5. Niki and M. Matsumoto, unpublished data). +- F Yes (day 13)

In order to evaluare whether Aire-deficient NOD mice are intrinsi- 4= F Yes (day 25)
cally resistant to the development of diabetes, we used an induced- - M Yes (day 20)
diabetes model. We treated mice with cyclophosphamide (CY), an = F ND (_‘j“’d on day 20)
immunosuppressive drug that accelerates diabetic processes in dia- s F ND {died on tiay 20)
betes-prone muce (24, 25). Thirteen of 18 control lttermates inatotal : ) M NO (scrificed on day 20)

e _ : : , Exp. 3 W F Yes (day 11)
of 3 expeniments developed overt diabetes between 11 and 27 days i F Yes (day 22)
[mr_.m 192 da}'.f:) after the imitial injection of CY (Table 2). Although il M Yes (day 27)

9 of 11 Aire-deficient NOD mice were unable to tolerate CY treat- ofs M No

ment and died or were sacrificed berween 7 and 22 days (mean 168 A M No

days) after the mitial injection of CY, and only 2 Aire-deficient NOD - F Yes (day 14)
mice survived throughout this observation period, none of them - F Yes (day 22)
showed overt diabetes, This result supports the concept that abro- - F Yes (day 22)
garion of Aire in NOD mice results in resistance to development of H- F Yes (day 22)
diabetes, most probably because of alteration of intra-pancreatic tar- - M No
get-organ specificity, and this hypothesis was further confirmed by ::: |F: NN: g‘:: nr': day???)
another experiment (see below). A glucose tolerance test performed - F ND{dled :n:::éé;
by Lp. injection of glucose (2 mg/g body weight) into 4 Aure-deficient e M ND (died on day 7)
NOD muce (a 10-week-old male, a 14-week-old female, a 16-week-old - M ND (died on day 22)

male, and a 20-week-old male) also revealed no diaberic pattern in
these animals (8. Niki and M. Matsumoto, unpublished data)
Alteratiom of mera-pancreatic targes-organ speaficity zcconnts for the resis-
tance to development of diabetes in Adre-deficient NOD mice, In order e
confirm that Atre-deficient NOD mice are resistant to the develop-
ment of diabetes as a result of alteranion of intra-pancreauc rarger-
organ specificity, we evaluated the disease process by transferring
mature T cells isolated from either control littermares or Aire-defi-
cient NOD mice into NOD-said imice (26), In a first set of expen-
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CY dissotved in PBS was injected | p. (0 2 mglg body weigh!) into

mice on day 0 and day 14. Blood glucose levels were measured every
dity, and mice were diagnosad as diabatic when blood glucosa leveis
axceaded 250 mg/dl. Observation was terminated 28 days aher the

lirst CY injection. *Nine-weak-old mice backcrossed onto NOD mice

for 6 generations were used for the expenman! BSeven-week-old mice
backerossed onto NOD mice Jor 8 genelations wara used for the axparn.
mant “Nina-weak-ald mice backcrossod onto NOD mice for 8 and 9
generalions were usad for the expariman! Exp.. expanimant: ND. not
dalarmined (reason described in parentheses)
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Histology of pancreas
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infiltration islets lissues
e N .
++ + -
33 H =
* L3 -
- = =
* & +
ND (not available) NO (not available)  ND (nol available)
Lad - ++
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Table 3
Development of diabetas in NOD-scid mice transtferred with mature T calls
Donor Diabetes development BW (g)
Exp. 1A o/ ND {sacrificed on day 51) 193
w4 Yes (day 77) 21
/4 Yes (day 120) 246
o+ Yes (day 140) 73
4 No 44
= ND (sacrificed on day 51) 124
= ND (died on day 57) ND (not available)
ife No 184
- No 17.2
= No 176
Exp. 2¢ s Yes (day 77) 216
e ND (sacrificed on day 95) 208
- ND (sacrificed on day 90) 154
/= ND {sacrificed on day 95) 172
== ND (sacrificed on day 95) 16.2

Thy1* cells punfied from 7-week-old lemale mouss spleens ol sither 3 control mice or 3 Are-dehicient NOD mice ware injected 1 v. into 8-week-old lamale
NOD-scid mica (& = 10# cells per mousa), and developmen! of diabetes was mondored for 20 wieks. Blood glucose levels were measured evary week. and
mice were diagnosed as diabetic when blood glucose levels exceeded 250 mg/dl *Mice backcrossed onto NOD mica for & generations were used. "Mice
backcrossad onto NOD mece for A genarations ware used BW. body waight ++. savera; +, modarate, -, not remarkable

NOD mouse |’ cells was sacrificed at day 51 for histological com-
parison with a NOD-scid mouse transferred with Avre-delicient
NOD mouse T cells. In contrast, none of the NOD-scid mice (rans-
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, expen-
ment 1} All the mice transferred with Aire-deficient NOD mouse
T cells showed body-weight loss before sacnifice. It 1s umportant to
mention that we used splenic T cells isolated from Asre-deficient
NOD mice before their body-weight loss had begun (i.e., 7 weeks
old), Furthermore, flow-cytometric analysis of thymocytes and
splenocytes isolated from the Atre-deficient NOD mouse donors
used inthis experiment showed no obvious changes compared with
those from control muce (data not shown).

Histological evaluarion showed rhat rhe NOD-said mice trans-
ferred with Aire-deficient NOD mouse T cells recapitulated the
pathological changes seen in untreated Aire-deficient NOD mice,
acinar ussues were severely destroyed by the infiltraring lymphod
cells, and only pancreatic ducts and relatively well-preserved b cell
islets remained (Figure 2C and Table 3), In contrast, reduced size
and numbers of f cell 1slers with lymphoid cell infiltration were the
predominant pathological features of NOD-scid muce transferred
with control mouse T cells, as seen in untreated Aire-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 specificaty from fi cell
1slets toward acinar cells, A second set of experiments with more
backcrossed mice showed similar results (Table 3, experiment 2).

Polyclomal B cell activation m Awre-deficient NOD mice. Serum IgM
and all subclasses of 1gG except for IgG3 were sigmficantly elevar
ed in Aire-deficient NOD mice (Figure 3C). These increased serum
Ig levels, together with augmented autoimmunity in Avre-deficient
NOD mice, as described above, were associated with the produc
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tion of auroantibodies against vanous organs, When serum from
Aire-deficient NOID muce was tested for reactiviry against pancreas,
stomach, kidney, and liver, all sera contained autoantibodies of the
IgG class against the broad spectrum of organs, as detected with
immunofluorescence (Supplemental Figure 3 and Supplemental
Table 3). Interestingly, autoantibodies from Aire-deficient NOD
mice reacted with acinar cells more strongly than with B cell islets
in the pancreas (Supplemental Figure 3, top right panel}, which s
conssstent with the predommant autoimmune attack against ac-
nar cells. In contrast, no such activities were observed in sera from
control littermates. These results suggest induction of polyclonal
B cell activation in Aire-deficient NOD muce, which has not been
observed either in Aire-deficient mice wath non-NOD backgrounds
(13, 14) orin the onginal NOD mice. This was unexpected, because
both Aire-delicient mice and NOD mice are considered ro be mod-
els of T cell-mediated organ-specific autosmmunity rather than
systemic autoimmunity. Serum cytokine levels, including those of
[PN-e, 1L-2, IL-4, and IL-6, 11 Arre-deficient NOD mauce were below
the limir of derection, as wath control littermares. Expression of B
cell surface markers, such as CD40, CDB0, CD86, and B7-relared
protein 1 (B7RP-1), on splenic B cells was also unchanged in Aire-
deficient NOD mice (S. Niks et al., unpublished dara).
Identsfication of PDIp as an astoantigen recognazed by Aire deficent NOD
mase serum. Preferential recognition of acinar cells by Aure-deficient
NOD mouse serum with immunofluorescence prompted us to iden-
tify targer anngen(s) thar mught be associated with an alteration of
intra-pancreatic targer-crgan specificity, We first charactenzed tar-
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 discrete band of approximately 65 kDa,
and this was observed in all the Aire-deficient NOD mouse sera test-
ed (10 of 10), Aband of the same size was also observed from the pro-
tetn extracted trom the stomach. Afrer N-glycosidase I treatment,
WVolume 116 1267
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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 Western blot analysis using Aire-deficient NOD mouse serum, The same blot was probed with anti-actin Ab (bottom panel),
S, stomach: T, thymus; H, heart; Lu, lung; Li, liver; P, pancreas; S, spleen; Ki, kidney; Tec, mouse thymic epithelial cell line. (B) The target
anfigen is present as a glycoprotein in both the pancreas and the stomach. After N~g!ymsidasa F treatment (marked as *+"), both bands similarly
migrated to lower positions (indicated by an arrow). Western blot analysis with Aire-deficient NOD serum was used for the detection.
P, pancreas; Si, slomach. (C) Purification of autnanngan by anion-exchange chromatography. Each fraction eluted with increasing concentra-
tions of NaCl was tested lof the p of aule by W 1 blot analysis. T, lotal cell lysate; F, flow-through raction. (D) Idenlification
of auloantigen by 2- dh‘mnslonal gel electrophoresis "Proteins from fraction 5 shown in C were subjected o 2-dimensional gel slectrophoresis
(top panel). Weslern blot analysis identified a discrete signal (boltom panel), and the corresponding spot in the gel was subjected o mass spec-

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

both bands similarly migrated to lower positions, suggesting that
the targer antigen 1s a glycoprotein present in both the pancreas and
the stomach (Figure 4B), Because epithelial cells from the stomach
were easier to obtain and handle, we atrempted ro isolate the rar-
get antigen from these cells, After purificaton by amon-exchange
chromatography, the targer antigen was found to be present most
abundantly in the fraction eluted with 0.15 M NaCl {Figure 4C,
fraction 5}, and therefore this fraction was further subjected to 2-
dimensional gel electrophoresis (Figure 4D, top panel), Western blot
analysis of the 2-dimensional gel revealed a discrete spot (Figure 4D,
bortom panel), which was identified as PDIp by mass spectrome-
try. The change in the molecular weighr of the targer antigen after
N-glycosidase F treatment (Figure 4B) was conststent with the char
acteristics of PDIp (20, 21). Furthermore, Aire-deficient NOD mouse
serum, but not control mouse serum, showed reactivity against bac-
terially expressed glutathione-S-transferase PDIp fusion protein, but
not against glutathione-S-transferase alone (Supplemental Figure 4).
Although PDIp was onginally reported to be pancreas-specific in
humans, we detected PDIp expression in the mouse stomach by
Northern blor analysis (data not shown) and in fac dentified PDIp
a5 an autoantigen using proteins extracted from the stomach, as
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described above, More unportantly, it has been reported that PDIpis
restricted to acinar cells in the pancreas, at least in humans (20,21).
Despite the development of autoimmumnity against PDIp, transcrip-
tional expression of PDIp was rerained in TECs (Table 1) or toral
thymus (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 cenrral tolerance, we have established NOD muce lacking
Arre. We specifically chose NOD mice because of their well-established
intrinsic defect in thymocyte apoptosts during negative selection (6-8),
hoping that the role of Aire as a stromal factor in central tolerance
mught be better mvestigated by combination with a defective reapre-
cal factor {i.e., pathogenic NOD thymocyres). The results highlighted
umque features of Aure that control target-organ speaficiy. Although
there are many examples of gene-targeted mice in which distinet tar-
get organs are involved 1n autoimmune destruction depending on
the genetic background of the animal, as we have alse reported for
Aire-deficient mice (14), the results presented in this studyare striking
in that deletion of a single gene, Aire, altered a discrete target-organ
specificity of NOD mice on a fixed genetic background.
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Aire in TECs has been suggested to regulate promiscuous gene
expression, thereby controlling avtoimmumity (13). In fact, TECs
1solared from Aire-deficient NOD mice showed reduced expres.
sien of several tissue-specific genes, including mualin, as observed
1N non-auvtounmune-prone mouse backgrounds (13, 14, 16). Given
that insulin 1s a prime targer antigen recognized by autoreactive
T cells in NOD muce (19), the finding that p cell islets were relatively
less aifected by autoimmune attack in Aire-deficient NOD mice,
despite repressed sundin expression in their TECs (Table 1), does not
support the concept that Aire-dependent transcriptional control of
ussue-speaific antugen genes in TECs accounts for Aire-dependent
autoimmumty. Furthermore, thymic expression of PDIp, atissue-
specific anugen recognized by Aire-deficient NOD mouse serum,
was not downregulated, as demonstrated in this study (Table 1 and
Supplemental Table 2), Thus, there is still a lack of experimental
evidence to connect the postulared roles of Aire in the transcrip-
tional regulation of ussue-specific antigen expression with efficient
elimination of autoreactive T cells. We currently favor the idea thar
Aire may regulate the processing and /or presentation of sell-pro-
tewns in order forautoreactive T cells to be approprately elimmated
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 to developing thymocytes to enforce self-tolerance (27). It
is therefore possible thar loss of AIRE function in medullary TECs
may result in insufficient uprake of self-proreins from medullary
TECs by DCs necessary for cross-presentation.

Civen that Tregs anse from relatvely high-avidity interactions
with sell-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 Foxpad* Tregs were not changed 1in Asre-deficient mice even
on an autoimmune-prone NOD 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 [1.-2 neutralization (31); che effecr of in vivo [1.-2 neutralization
has mainly been attnbuted to the loss of homeostatic maintenance
of Tregs. In contrast 1o the Aire-deficient NOD muce described 1n
the present study, NOD mice deplered of Tregs showed early onser
of diabetes (31). Furthermore, NOD mice depleted of Tregs demon-
strated target-ongan speaficity, such as neuritis, different from thar
seen in Aire-deficient NOD mice. Thus, although it rémains pos-
sible that in vivoe 1L-2 neutralization does more than deplete Tregs,
the phenotypes of Aire-deficient NOD muce are different from those
seen in NOD mice deficient in Tregs, suggesting that Aire does not
play major roles in the regulation of Treg-mediated autoimmunity.

Numerous factors have been reported to modulate the diabetic
process in NOD muce, many of which affect T cell function and/
or cormmunication between APCs and T cells, both mainly in the
periphery (3, 32). Among these, one recent report merits attention
(33). NOD mice deficient in programmed cell death 1 (PD-1), an
immunoinhibitory receptor belonging to the CD28/CT L-associ-
ated antigen-4 famuly, extubited accelerated and augmented insu-
litss compared with PD-1-sufficient NOD mice. Staloadenitis was
also accelerated i PD-1-deficient NOD mice. Ofunportance, other
ergans have never been reported to be alTected by the absence of PI>-1
despite the severe lesions of pancreas and salivary glands, suggest
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ing that target-organ speafiaty was maintained 1n NOD mice defi-
cient in PD- 1. [n contrast, alteration ofintra-pancreanc rarget-organ
specificity rogether with an expansion of targer-organ spectrum was
observed in Aire-deficient NOD muce, The different elTeas of abro-
gation of PD-1 or Aire underscore the existence of autoimmune
modulators with umque actions. PD-1 may be a general regulator of
the autoimmune process without governing target -organ specific-
ity, at least on the NOD background (33), whereas Aire additionally
controls rarget-organ specificiy 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
auroantbedy in the alteration of intra-pancreatic target-organ
specificity remain to be studied. Because NOD-sad mice inocu-
lated wath Aire-deficient NOD mouse T cells alone developed pan-
creanc lesions quite similar to those of untreated Aire-deficient
NOD mice, production of ant+-PDIp autoantibody may not be
relevant to the disease process but could be secondary to the mas-
swve destruction of acinar cells, Nevertheless, as Aire-deficient NOD
mice developed autoimmuniry against PDIp, and PDIp expression
is restricted to acinar cells (20, 21), Aure clearly plays a significant
role in the alteration of intra-pancreatic target-organ specificity
demonstrated in this study. Furthermore, identification of this tis-
sue-specific antigen as an autoantgen recogmzed by Awe-deficient
NOD mice helped us to strengrhen our current model of Aire func-
tion described above, because a-fodnn, which we imtially identi-
fied as an autoantigen that was not downregulared in Aire-deficient
thymus, 1s a ubiquurous, but not ussue-specific, antigen (14),

It remains unexplained why the abrogation of Aire resulted in the
alteration of intra-pancreatic target-organ speafiaty from B cell
1slets o acinar cells. Even though abroganion of Aire could addsi-
tionally impair the presentarion of pancreatic acinar-cell anrigen(s),
thereby provoking autoimmunity against these cells by a mecha-
nism such as proposed above, autoreactivity against f cell slets (or
possibly insulin) should still remain, and we would expect to see the
development of diabetes in Aire-deficient NOD mice with ar least
a similar frequency to that in Awre-sulficient NOD mice, However,
Arre-deficient NOD muce demonstrated resistance to the develop-
ment of diabetes, both 1n their natural history and in 2 models of
induced diabetes (CY injection and T cell transfer into NOD-scid
mice). One possible explanation for this alteration of intra-pancreat-
1¢ target-organ specificiry is that establishment of self-tolerance for
Pcell-islet antigren(s) and establishment of self-tolerance for acinar-
cell annigen(s) are not independent processes in the negative selec-
tion niche in the thymus; impaired neganve selechion against acinar-
cell antigen(s) by loss of Aure could, by an unknown mechanism,
have relieved abnormal negative selection against B cell antigen(s).
Alternatively, the capacity for autoimmune attack aganst fi cell
islets might have been exhausted by mobilization of immune cells
toward the destruction of a better target in the form of neighbor-
ing acinar cells. The reasoming behind both these explanations may
be much too sumplistic, and better understanding of the nature of
target-organ specificity as well as of the primary function of AIRE
requires new expenmental systems to approach these issues.

The finding thar abrogation of Aire in NOD mice, even rthough it
was achieved by a mechanism involving alteration of intra-pancre-
atic rarget-organ specificity, did not accelerate the development of
diabetes is obviously inconsistent with the extremely early onset of
diabetes in Asre-deficient double-transgenic mice with model anti-
gens expressed in the thymus together with TCRs recogmizing the
corresponding antigens (18, 34). However, this discrepancy between
Number § 1209
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the present study and the transgenuc studies does nol argue against
an essential role of Aire in the prevention of autoimmune disease.
Rather, we think that the difference 1s ssmply due to the uniqueness
of each model, in which Aire might exert different roles in the disease
process. The funcrion of Aire in controlling target-organ specificity
was recogmzable only in the present study. in which clonal diversi-
fication of thymocytes was possible during the course of negative
selection, In contrast, prevention of an auroimmune process of fixed
target-oryan specificity (Le., progression [rom innecuous insulitis
to overt diabetes) was the predominant feature of Aire observed n
the transgenic studies because of the predefined TCR specificities in
which rlonal diversification was not available (18, 34),

Because both Awre-deficient and NOD mice demonstrate organ-
speafic autoimmune pathology rather than a systemic autoimmu-
nity such as SLE, the polyclonal B cell acuvation i Awre-deficient
NOLD mice was unexpected. Local Ig production by the CD 138" cell
clusters in the pancreas might be responsible for the elevarion of
serum Ig levels (Supplemental Figure 2B). In this respect, it 15 pos-
sible to speculate that an Aire-deficient thymic microenvironment
will produce more T cells of a certamn subset(s) that promotes B cell
maturation into plasma cells, in a manner similar to that in which
follicular Th cells help to produce tigh titers of autcanubodies
consistent with polyclonal B cell activarion (35). In fact, Mow-cyto-
metric analyses of splenic T cells from Aire-deficient NOD mice
have demonstrated increased percentages of the CD44Mb[COS!
population (Figure 3B). Interestingly, a gene-chip analysis of genes
whose expression levels differed berween Aire-deficient and con-
trol medullary TECs identified several genes that might affect T
cell funetion and/for differennacon into distinet 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 that could be relevant to the autoimmune phe-
notypes seen in NOD mace (36). Although NOD thym have been
shown by Western blot analysis to express Aire proten at nonmal
levels, and the size and shape of the Aire nuclear dots from NOD
thymus resembled the pattern seen in control thymus, as we have
also observed (Supplemental Figure 1B}, it was reported thar Aure”
cells from NOD mice contained large intranuclear vacuales that
seemed to displace the Aire protein to the periphery of the nucles,
suggesting that abnormal funcrions of Aire andjor Aire* cells in
TECs may contribute to the development of the autoimmune
phenorypes of NOD mice (36). Our present study, however, clearly
demonstrated that abrogation of Aire in NOD mice modulated
the autoimmune phenotypes of NOD mice, suggesting that Aure
and/or Aire® cells in NOD mice are funcrionally comperent.

In conclusion, our present study has provided umique insights into
the roles of Aure in the pathogenesis of organ-speaific autoimmune
disease through combinanion wath the autoimmune-prone NOD
mouse model. In turn, we have obtained novel perspectives on the
autoimmune process in NOI mice through loss of the fundamental
stromal function of Aire. More generally, we belisve that understand-
ing the relationstup between AIRE gene malfunction and the break-
down of'self-tolerance promises to help unravel the pathogenesis nor
only of APECED burt also of other types of autohinmune disease,

Methods
Mice. NOD/Shu Jic muce and NOD Shi-said Jic mice wire purchased from

CLEA Japan Inc., and Rag2-deficienr muce on a BALB/c background wese
from Taconic. Awre-deficient mice of mixed background (H-24% x H-2%)

1300
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were generated as previously reported (14) The mice were mumtained
under pathogen-free conditions and were handled in accordance with
the Guidelines for Amimal Experimentation of University of Tokusluma
Schoot of Medicine. All ammal experiments were approvad by the Ammal
Experimentation Committee of Tokushima University

Pathulogy. Formalin-fixed nssue sections were subjected to H&E staming,
and 2 pathologusts independently evaluated the histology wathourt being
informed of the demilad condinien of the individual mouse.

Flouscytometric anabyms, Thymus and spleen cell suspensions were stained
with the following mAbs: anu-CD45R/B220, ana-CD3, ann-CD4, anu-
CD8, ann-CD44, and anti-Foxp 3 {eBiosaence). Staiming lor Foap3-express
ing cells was performed according ro the manufacurer’s instrucrions

Immuinobigtuchemstry. Immunchistochemical analysis of the thymus wath
ER-TRS (37) and UEA-1-FITC (Vecror Laboratonies) was performed as
previously described (23), Polyclonal ann-Aire Abwas produced by immu-
nization of rabbits with pepuides corresponding o the COOH-terminal
purtion of mouse Aite, and Alexa 488-conjugared donkey anu-rabbit IgG
(Invitrogen Corp.) was used as 4 secondary Ab for detection For thedetec
non Of lu"t‘lﬂ“wlf‘. MMISE Serm wis !l]l.'l-ll-'l}(fl' with varous olgans
obtaned from Ragl-deficent mice FITC-conjugated anu-mouse IgG Ab
[Southern Biotechnology Assoviates Inc.) was usad for decection (23),

TEC prepuration. 1ECs were prepared as descnbed previously (1), Briefly,
thymiclobesweressolated from 2 mice for each group and cutimro small preces
The fragmenes were gently rotatad in RPMI 1640 madium (Invirrogen Corp )
supplemented with 10% heatanactvated FCS (Inatrogen Corp ), 20mM
HEPES. 100 U/ml peruaillin, 100 pg/ml strepromyan, and 50 pM 2-mer-
caproethanol ar 4°C for 30 minutes, and dispersed further with pipetung
1o remave the majonty of thymocytes. The resulting thymic fragmenis were
digesred with 0.125% collagenase D (Roche Molecular Biochemicals) and
10 U/ml DNase [ (Roche Molecular Biochemicals) in RPMI 1640 ar 37°C
for 18 munutes The supernatants, contairnng dissociated TECs, were saved,
and the remaining thymic fragments were further digested with collagenase
D and DNase I This step was repeated twice, and the remaming thymac
fragments were digested wirh 0.125% collagenase/dispase (Roche Applied
Science) and DNase | at 37°C for 30 minutes. The supernatants from this
digest were combined with the supernatants from the collagenase digests,
and the nuxture was centrifuged for S munutes at 450 g The cells were sus-
pended in PRS contawrung 5 mM EDTA and 0.5% FCS and kepr on ice for
10 minutes, CDA5- thymic siromal cells were then punified by deplenon
of CD45* cells with MACS CD45 MicroBeads (Milteny Biotec) according
to the manufacturer's instructions. The resuluny preparations contained
approximately 60% epithelial cell adhesion molecule-positive cells and less
than 10% thymocytes (Le., CD4/CDB single-positive and CD4/CD8 double-
pesinve cells) as determined by flow-cyrometric analysis.

Rral-time PCE RINA was extraceed from TECs wath the High Pure RNA
Isolation Kit (Roche Applied Science) and made inwo cDNA with the cDNA
Cycle Kt {Inarrogen Corp.) according to the manufacturer’s instructions,
Real-time PCR for quantificanion of tissue-speific antigen genes wis car-
ried our as previously described (14), The primers and the probe for PLlp
were as fellows: primers, 5-AGGUCAAAATAATTCAGCACATG-3 and
S TTTOTGAACCAGACACTAGCTCAAC- 3': probe. 5" FAM-TCCACCAT-

TACGAACAACACCTGOCCY

CYandnced diabetes. CY (Sigma-Aldrich) dissolved i PBS was injected i
(0.2 ing/g body weaight) into mice on day 0 and day 14, Mice were diagnosed
as diaberic when blood glucose levels exceeded 250 mg/dl Observanon was
teemisiated 28 days alter the first CY mjection

Transfer of peripberal T cells it NOD-scid mice. Thyl* cells were isolated from
the spleen. ss previously described (38). In brief, the spleen cell suspensions
wrre depletad of rbes by esmotic lysis.and their Thyl* cells were punfied wath
CL90 (Thyi.2) MicroBeads (Miltenyi Biotec). The resulung preparations con-
Mumber 5
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tamed approamately 35% Thy 1* cells. The punfied Thyl” cells were ingectad
1w (4% 10° cells per mouse), and dewlopment of diaberes was monirored for
20 weeks. Duagnoss of duabetes was performed as desnbed above
Measmrement of seewm Ig levels. The concentrations of Ig in the sera were
measured by a sandwich ELISA using a clonotyping system with HRP
(Southern Biotechnology Assocate Inc ), as previcusly descanbed (38)
ldentification of antoantigen. Gasenic epathelial cells were recoverad by serarch-
ing of the surface of the glandular stomach from BALB/c mice wath micro-
scope shides. The cells were lysed in buffer conraming 1% NP-40, 10 mM Tns-
HCl (pH 74), 0.4 mM EDTA, 0.15 M NaCl, 10 pg/ml aprownun, 10 pp/ml
leupeptin, and 1 mM phenyimethylsulfonyl Muonide, and the mumure was then
centrifirged for 10 minutes at 20,000 g The supernatant was applied roDES2
resin (Whatman) that had been equilibrared with buffer contmmng 50 mM
Tris-HCl (pH 8.0), hereafter referred o as buffer A Proteins were elurad
from the column stepwise with buffer A supplemented with 0.05-0.5 M
NaCl. Fracuens contamng autoantugen were determined by Western blot
analysis. One milliliter of the fracuon containing auroanugen (ve., the frac:
tion eluted with 0.15 M NaCl) was concentrated and then applied ro an
Immobiline DryStrip (GE Healtheare) (pl 3-10) using Brean IPGphor 1{GE
Healthcare). After isoelecnc focusing electrophoresis, protemns were separar
ed by SDS-PAGE on a 9% gel and stainad with Coomassie brilliant blue. The
stainad spot corresponding to the autoantigen determined by Western blot
analysis was exased from the gel. The protein was subjected to in-gel reduc
tien, S-carhboxyandomethylanon, and digesnon wath nrypsin. The resilang
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peptides were analyzed by LCQ 1on-trap mass specirometry (Thermo Blec-
ron Corp.) (39). N-glycosadase F treatment (Roche Molecular Biochemicals)
was then camed out at 377 C for 24 hours

Statistics. Sranisrics were analyzed with 2-railed Srudent's  test, Pvalues

less than 0.05 were considered sgrificant
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Selective COX-2 inhibitor celecoxib prevents
experimental autoimmune encephalomyelitis
through COX-2-independent pathway
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Cyclooxygenase (COX) is a key enzyme of arachidonic acid metabolism and exists as two distinct isoforms.
COX-1 is constitutively expressed in most tissues, whereas COX-2 is inducibly expressed at the site ofinflam-
mation. Selective inhibitors of COX-2 have been developed and have been used as anti-inflammatory agents.
Here, we show that a new-generation COX-2 inhibitor, celecoxib, inhibited experimental autoimmune ence-
phalomyelitis (EAE). Celecoxib, but not other COX-2 inhibitors such as nimesulid, prevented myelin oligoden-
drocyte glycoprotein (MOG) induced EAE when administrated orally on the day of disease induction. Moreover,
celecoxib inhibited EAE in COX-2-deficient mice, indicating that celecoxib inhibited EAE in a COX-2-
ind d " . In celecoxib-treated mice, interferon-y (IFN-y) production from MOG-specific T cells
was reduced and MOG-specific IgG| was elevated compared with vehicle-treated mice. Infiltration of inflam-
matory cells into the central nervous system and the expression of adhesion molecules, P-selectin and inter-
cellular adhesion molecule-1 (ICAM-1), and a chemokine, monocyte chemoattractant peptide-| (MCP-1), were
inhibited when mice were treated with celecoxib. These results suggest that celecoxib may be useful as a new
additional therapeutic agent for multiple scderosis.

Keywords: COX-2 inhibitor; celecoxib; experimental autoimmune encephalomyelitis; multiple sclerosis

Abbreviations: CMC = carboxymethylcellulose; COX = cyclooxygenase; EAN = experimental autoimmune neuritis;
EAE = experimental autoimmune encephalomyelitis; ELISA = enzyme-linked immunosorbent assay; ICAM-| = intercellular
adhesion molecule-1; IFN = interferon; IL = interleukin; LN = lymph node; MCP-| = monocyte chemoattractant peptide-|;
MOG = myelin oligodendrocyte glycoprotein; PBS = phosphate-buffered saline
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Introduction

Cyclooxygenase (COX) catalyses the conversion of arachido-
nic acid to prostaglandins and has two isoforms, COX-1 and
COX-2 (Vane ef al, 1994; Warner and Mitchell, 2004).
COX-1 is constitutively expressed in most tissues and pro-
duces prostaglandins involved in maintenance of the gastric
mucosa, regulation of renal blood flow and platelet aggrega
tion. On the other hand, COX-2 is inducibly expressed in
cells involved in inflammation and in neoplastic tissues by
proinflammatory and mitogenic stimuli, and is primanly
responsible for the synthesis of prostanoids involved in
acute and chronic inflammation (Xie et al., 1997). COX-2

therelore appears to be a suitable target for the anti
inflammatory effects of non-steroidal anti inflammatory
drugs. These findings have provided the rationale for the
development of selective inhibitors of COX-2

Celecoxib is a new generation of highly specific COX-2
inhibitors that have been approved for the treatment of
rheumatoid arthritis and other inflammatory diseases. The
selectivity of COX-2 inhibition 15 much higher than tradi-
tional COX-2 inhibitors (Penning et al, 1997). Furthermore,
celecoxib has been shown 1o exent a potent anti-tumour
cifect. Interestingly, the anti-tumour effect by celecoxib
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Celecoxib prevents EAE

has been reported via both COX-2-dependent and COX-2-
mechamsms 001). For
example, cell cycle arrest and apoptosis of vanous kinds
of cells induced by celecoxib appeared to be COX-2-
independent effects (Hsu er al, 2000; Arico er al, 200;
Liu et al, 2004},

Experimental autoimmune encephalomyelitis (EAE) is a
widely used animal model for multiple sclerosis that can he
mmduced by immunization with myelin antigens such as mye-
lin oligodendrocyte glycoprotein (MOG). EAE is mediated
primarily by CD4" Thi T cells producing interferon-y (IFN-v)
and tumour necrosis factor-a (TNF-a) (Nicholson and
Kuchroo, 1996: Kumar et al, 1997; Zhang et al. 1997).
COX-2 is expressed in neurons and endothelial cells in
healthy brain. In rats with EAE, the expression of COX-2
was reported 1o be upregulated in endothelial cells in inflam-
matory lesions. In addition, non-selective COX-2 inhibitors
have been reported to moderately ameliorate EAE (Prosiegel
et al., 1989; Weber er al, 1991; Simmons et al., 1992), sug-
gesung that COX-2 may have an imporant role in the
pathogenesis of EAE (Deininger and Schluescner, 1999).
Furthermore, we recently demonstrated that COX-2 inhibi-
tors suppress expenimental autoimmune neunus (EAN), a
model of Guillain-Barré syndrome, which is also character-
ized as a CD4'-Th1 T-cell-mediated autoimmune neurolo
gical disease model similar to EAE (Miyamoto et al, 1998,
1999, 2002). These findings led us to investigate the effect of
COX-2 inhibitors on EAE.

In the present study, we found that celecoxib greatly sup-
pressed EAE in comparison with traditional COX-2 inhibi-
tors. Furthermore, we have demonstrated that celecoxib
inhibited EAE by inhibiting Th1 response of autoreactive
T cells and that this inhibition was COX-2-independent.
Finally, we demonsirated that celecoxib prevented cell
entry into the CNS in association with the inhibition of the
expression of P-selectin, intercellular adhesion molecule-1
(ICAM-1) and monocyte chemoattractant peptide-1 (MCP-1).
These results highlighted the COX-2-independent therapeu-
tic potential of celecoxib for multiple sclerosis.

independent (Grosch et al,

Material and methods

Mouse

Wild-type C57BL/6 (B6) mice were purchased from Clea Japan
(Tokyo, Japan). COX-2-deficient mice (COX-2 =) have been
hackcrossed to B6 background for more than five generations
and were purchased from Taconic (Germantown, NY, USA)
These mice specific  pathogen-free
conditions.

were  maintained  under

Induction of EAE

For induction of EAE, mice were immunized (5-10 mice per group)
subcutaneously in flanks with 100 pg of MOGy. s peptide (MEVG-
WYRSPFSRVVHLYRNGK) in 0.1 ml phosphate-buffered saline
(PBS) and 0.1 ml complete Freund’s adjuvant (CFA) containing
I mg Myeobacrerium tuberculosis H37Ra (Difco  Laboratories,
Detroit, M1, USA) and were injected intravenously with 200 ng
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of pertussis toxin (List Biological Laboratories, Campbell, CA,
USA) on the day of immunization and 2 days later,

Clinical assessment of EAE

EAE was scored on the following scale: 01 = no chinical signs; 1 =
partial foss of tail tonicity; 2 = completely imp tail and abnormal
gait: 3 = partial hindlimb parmlysis; 4 = complete hindlimb paralysis;
and 5 = fore- and hindlimb paralysis or moribund state.

Treatment with COX-2 inhibitors

Mice were orally administered 5 pg/g of COX-2 inhibitor, celecoxib
{Searle, St Louis, MO, USA) (Penning ef al, 1997), nimesulid
{Nakarai Tesque, Kyoto, Japan) {Nakatsuji er al, 199), or indo-
methacin (Nakarai Tesquel in 0.5% carboxymethyleellulose (CMC)
via a feeding cannula every 2 days. Control mice were orally admi-
mistered vehicle (0.5% CMC) alone,

Measurement of MOG;g_ss-specific 1gGl and
1gG2a titres

Enzyme-linked immunosorbent assay (ELISA) plates (Sumitomo,
Takyo, Japan) were coated with 10 pg/ml MOGy.. ; in PBS over-
night at 4°C. After blocking with 29 bovine serum albumin (BSA)
in PBS, different dilutions of the serum [rom animals at Day 30 after
immunization, or normal mice or PBS were added 1o the plate,
MOG 5 54 -specific antibodies were detected using biotin-labelled
anti-1gGl and anti-1gG2a antibodies (Vector Laboratories, Burlin-
game, CA. USA) After adding streptavidin-peroxidase (BD Bios-
ciences, San Jose, CA, USA) and a substrate, plates were read at
Oy, values.

MOG;s_ss-specific T-cell proliferation assay

On Day 11 after immunization with MOGys g5, draining lymph
nodes (LN) were harvested and single cell suspensions were pre-
pared. Cells were cultured in RPMII640 medium (Gibeo,
Grand Island, NY, USA) supplemented with 5 x 107 M
2-mercaptocthanol, 2 mM L-glutamine, 100 U/ml penicillin and
streptomycin and 196 autologous mouse serum, and seeded onto
96-well fat-battom plates (1 # 10" cellsiwell). The cells were sti-
mutlated with peptide for 72 h at 37°C in a humidified air condition
with 5% CO.. To measure cellular proliferation, ["H]-thymidine
was added (1 pCi/well) and uptake of the radioisotope during the
final 18 h of culture was counted with a beta-1205 counter
(Pharmacia, Uppsala, Sweden). To evaluate proliferative responses
of LN cells w peptide, we determined the Ac.p.m. value for cells in
cach well by subtracting the background c.p.m.

Detection of cytokines and chemokine

LN cells frum the MOG;; 55-immunized mice were cullured in the
standard medium in 96-well flat-bottom plates at 1 = 10%well for
48 h in the presence of the different concentranons of MOG e ss.
The concentrations of [FN-vy, interleukin-4 (IL-4) and IL-10 in the
supernalants were measured by using a sandwich ELISA following
the protocol provided by RD Biosciences. A chemokine, MCP-1, in
the serum from mice on 1Jay 7, 10 and 14 after induction of EAE
was alko measured by using a sandwich ELISA following the
protocol provided by BI Biosciences. All reagents, including
recombinant mouse cytokines, chemokine and antibodies were pur-
chased from BD Bioscienves.
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Analysis of infiltrating cells isolated from CNS
Mice were anaesthetized with diethyl ether on Day 14 alter induc-
tion of EAE. After perfusion with PBS, brain and spinal cord were
removed and homogenized. After washing with PES, mononuclear
cells were isolated using Ficoll gradient (Amersham Biosciences,
Piscataway, NJ, USA) (Krakowski er al, 1997), The cells were
stained with APC-labelled anti-CD3 antibody, fluorvisothiocyanate
(FITC) labelled anti-CD4 or CD8 or CDI9 antibody (BD
Biosciences) and were analysed by flow cytometer (BD FACS Cali-
bur). Apoptosis of lymphocytes was analysed by using Annexin-5
apoptosis kit (BD Biosciences).

Pathological analysis

The brain and spinal cord were removed on Day 7, 10 and 14 after
induction of EAE. Ten-micrometre frozen sections were fixed with
acctone and stained with hacmatoxylin and cosin (HE], Luxol fast
hlue or antibodies of adhesion molecule ICAM-1 (CI254), vascular
cell adhesion molecule-1 (VCAM-1: CI2106), E-selectin (CDG2E}
and P-selectin (CD62P) (BD Biosciences), following the prowocol
provided by BD Biosciences.
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Statistics

For statistic analysis, non-parametric Mann—Whitney L'test was
used to caleulate significant levels for all measurements. Values
of P < 0.05 were considered statistically significant.

Results

Celecoxib inhibits EAE

To examine the effect of celecoxib on the development of
FEAE, we [irst administered at the time of
immunization with MOGj;_s5. Oral administration of cel
ecoxib reduced the inadence of disease and suppressed max-
imum EAE score and cumulative score compared with the
control group (Fig. 1A, Table 1). Histological comparison
between the thoracic region of the spinal cord demonstrated
reduced monocyte infiltration  and  demyelination  in
cerecoxib-treated  mice compared with  vehicle-treated
mice (Fig. 2A-D). Celecoxib was also effective in reducing
the severity of discase when administered at Day &

celecoxib

B
4

35

clinical score

16
Days after immunization

1013 19 22 25 28

Fig. | Effect of celecoxib on actively induced EAE. EAE was induced in female B6 mice by immunization with MOGg gy in CFA as described
in Material and methods. (A) Mice were orally administered 5 pg/g (closed circles) or 10 pg/g (open diamond) of celecoxib starting from the
day of the immunization, or with 5 pg/g of celecoxib swrting from B days after the immunization (open circles). Control mice were
administered vehicle alone (closed squares). Statistical analysis is shown in Table |. (B) Mice were orally administered 5 pgfg of celecoxib
(closed circles) or mimesulid (open triangle) or indomethacin (crosses) every 1 days from the day of EAE inducuon. Control mice were
administered vehicle alone (closed squares). Statsucal analysis is shown in Table 2. One represenmuve experiment of two independent
experiments is expressed as mean L SEM

Table | Clinical scores of EAE treated with celecoxib

Max. scare Day of onset Incidence (%) Cumulative score
Caentrol (CMC) 350 = 0.20 12,50 = 1.56 100 (10/10) 33.00 £ 5.05
Celecoxib 10 pglg 0.14 » 0.05* 17.50 £ 050 200 (2/10) 0.42 & 0.04*
Celecoxib 5 pg/g 0.40 = 0.40° 17.00 = 0.00 200 (2/10) 3.80 = 380"
Celecoxib 5 pg/g (from Day B) 241 = 057 14.20 + 183 B33 (10/12) 2017 £ 522

Four groups of mice were immunized with MOGy;_s4 peptide for inducton of EAE. The conwol CMC soluton, 5 or 10 pg/g of celecoxib
diluted in CMC, was orally injected via a cannula every 2 days starting from Day 0 or 8 after induction of EAE. Mean 1 SEM of the
following parameters are shown: maximum score of EAE (Max. score), the days of EAE onset, incidence of paralysed mice among
sensitized mice (Incidence) and summation of the clinical scores fram Day 0 to 30 (Cumulative score). *P < 0.05 versus control




