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Orphan nuclear receptor NR4A2 expressed
in T cells from multiple sclerosis mediates
production of inflammatory cytokines
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Multiple sclerosis (MS) is an autoimmune disease of the central
nervous system (CNS) mediated by Th17 and Th1 celis. DNA
microarray analysis previously showed that NR4AZ, an orphan
nuclear receptor, is strongly up-regulated in the peripheral blood
T cells of MS. Here, we report that NR4A2 plays a pivotal role for
mediating cytokine production from pathogenic T cells. In exper-
imental autoimmune encephalomyelitis (EAE), an animal model of
MS, NRAAZ, was selectively up-requlated in the T cells isolated from
the CNS. Strikingly, a forced expression of NR4A2 augmented
promoter activities of IL-17 and IFN-y genes, leading to an exces-
sive production of these cytokines. Conversely, treatment with
siRNA for NRAAZ, resulted in a significant reduction in the produc-
tion of IL-17 and IFN-y. Furthermore, treatment with NR4A2 siRNA
reduced the ability of encephalitogenic T cells to transfer EAE in
recipient mice. Thus, NR4A2 is an essential transcription factor for
triggering the inflammatory cascade of MS/EAE and may serve as
a therapeutic target.
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M ultiple sclerosis (MS) is a chronic disease of the central
nervous system (CNS), accompanying multiple foci of
inflammatory lesions. M5 is thought to have an auloimmune
pathogenesis, involving autoimmune T cells reactive 1o myelin
antigens (1). Development of the CNS inflammation is triggered
by proinflammatory cytokines produced by the autoimmune T
cells, which penetrate into the CNS parenchyma after being
activated in the periphery (2. 3). Although the precise mecha-
nism for the peripheral T cell activation remains obscure, studies
indicated possible roles for cross-reactive peptides, cytokines, or
superantigen (4).

Experimental autoimmune encephalomyelitis (EAE) is a pro-
totype autoimmune disease model (5) that can be induced in
laboratory animals by active immunization with myelin antigens
(mAg) or by passive transfer of mAg-specific T cells. Because
Th1 cell clones reactive to mAg are capable of inducing clinical
and pathological manifestations ol EAE in naive mice, it has long
been believed that Thi cells producing IFN-y play a central role
in the pathogenesis of EAE and MS. This postulate is also
supported by the past experience that clinical application of
[FN-v treatment for MS turned out to worsen the disease (6)
Furthermore, treatment with a peptide analogue of myelin basic
protein (MBP) resulted in disease exacerbation along with an
expansion of MBP-reactive Thi cells (7). These results have been
repeatedly mentioned to support the Thl-mediated pathogene-
sis of MS. However, this dogma has recently been challenged.
Namely, despite un obvious reduction of Th1 cells, mice deficient
for IFN-y or [FN-vy receptor (8) or for IL-12 signaling were
susceptible to EAE (9, 10). Subsequent studies have clarified that
IL-23 rather than IL-12 is essential for EAE induction. Lately,
the 11.-23-dependent pathogenic T cells were identified as Th17
cells, a novel helper T cells producing IL-17 (11, 12). Currently,
it is widely appreciated that Th17 cells are crucial in the
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development of autoimmune diseases cither independently or
collaboratively with Thl cells (13).

DNA microarray analysis revealed an up-regulation of IL-17
in the brain lesions of MS (14). More recently, a pathological
study has demonstrated that IL-17 secreting T cells are present
in active lesions of MS (15). Gene expression profiling provided
a number of potential candidate molecules that might be ap-
propriate as a therapeutic target (14, 16). We recently charac-
terized gene signature of peripheral blood T cells from Japanese
MS patients and found that a nuclear orphan receptor NR4A2
is most significantly overexpressed in MS (17). NR4A2 muta-
lions are reporied o cause familial Parkinson's disease, reflect-
ing its essential role in the development and survival of sub-
stanlia nigra neurons (18). In contrast, much less attention has
been paid onto its role in T cells. NR4A [amily members (NR4A1
and -3) were shown to mediate apoptotic processes of mature
(19,20) and immature T cells (21, 22). However, these studies do
not give insights into an overexpressed NR4A2 in MS, Here, we
report that NR4A2 is a transcription factor regulating the
expression of key cytokines in the pathogenesis of M5, including
IL-17. Furthermore, we revealed that silencing NR4AZ expres-
sion by specific siRNA effectively prevents the production of the
cytokines, thereby inhibiting their pathogenic potentials to
mediate EALL

Results

Up-Regulation of NR4AZ in Peripheral Blood T Cells of M5. Wc
analyzed gene expression profiles of peripheral blood T cells
from MS and control subjects (17, 23). Comparison of lhe
patients and healthy donors has revealed that 286 of 1,263 genes
are differentially expressed between MS and controls. Among
genes up-regulated in MS, NR4AZ was most significantly over-
expressed in MS in statistical P values and an increase ratio
(3.6-fold). To consolidate the overexpression of NR4AZ2 in MS,
we performed quantitative RT-PCR for NR4AZ expression,
using the same samples previously analyzed. Expression of
NR4AZ in T cells from MS increased =5-fold on average
compared with healthy donors (Fig. 1; P < 0.01).

T Cell Expression of NR4A2 in EAE. MR4AZ is a transcription factor
of steroid/ihyroid receptor [amily implicated in various cellular
responses such as steroidogenesis, neuronal development,
atherogenesis, and cell eyele regulation (24). However, its rolein
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Fig. 1. Quantitative analysis of NRAAZ trancription between M5 and con-
trols. CD3* T cells were solated from PEMC of 57 M5 patientsand of 19 healthy
donors, and total RNA was extracted. cDNA was synthesized and the expres-
sion levels of NRAAZ ipt were analyzed by quanti RT-PCR, Each
tample was normalized to GAPDH to adjust for variations. Open drcles, M5
patients; filled cirdes, healthy controls. Bars indicate mean values of each
group. The | diff e was d 1 by two-sided Student ¢ test
(==, P < 0.00).

T cell-mediated autoimmune discases is unknown. Therefore, we
explored the functional involvement of NR4A2 in EAE induced
in C57BLY6 (B6) mice by immunization with MOGas_ss. CD3"
T cells were isolated [rom SPL, dLN, and PBMC aller EAE
induction and the expression levels of NR4AZ gene were mea-
sured by quantitative RT-PCR (Fig 2a Right). NR4A2 expres-
sion was detectable in PBMC-T cells on days 14, 21, and 28,
showing a maximum value on day 21, which was well correlated
with the clinical severity of EAE (Fig. 2a Lefr). NR4A2 expres-
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Fig. 2. Kinetic analysis of NR4AZ expresion in the disease course of EAE. (a)
(Left) EAE was induced in B6 mice by immunization with MOGys 55 in CFA. Mice
were killed on days 7, 14, 21 and 28 after immunization, and T cells were
isclated from dLN, SPL, or PEMC, using anti-CD3 magnetic beads. (Righf) Total
RNAs were isolatad from the T cell popul and the expression levels of
NR4A2 were determined by quantitative RT-PCR. One representative data
from three independent experiments is shown, and data are expressed as
mean = SEM {n = 5 for each). (b} EAE induced in B6 mice with MOGyy .
Clinical scores were expressed as mean = SEM (n = 4). Here, we determined
NRAA2 expression in CD3* T cellsisolated by using EPICS ALTRA cell sorter, The
lymphoid cells (SPL, dLN, and CNS) were pooled from four mice on days 0, 9,
15, and 21 and used for cell sorting and RT-PCR analysis. The purity of the
CNS-derived CD3* T cells was >93%.
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Fig.3. Accumulation of IL-17 of IFN--produdng inflammatory T cells in the
CNS. Mononuclear cells were isolated from spleen or CNS on day 17 after
immunization and stimulated with PMA (20 ng/ml) and ionomydin (1 ug/milin
the presence of 2 mM monensun for 4 h. Production of IL-17 and IFN-y was
analyzed for the gated CD4* T cell population by intracellular cytokine
staining. Black line represents samples stained with either anti-IL-17 or anti-
1FN-y Ab, and the filled histog represents ples stained with isotype
control. Given values show the percentage of cytokine producding-T cells
present in each panal,

sion in SPL-T cells and dLLN-T cells was also correlated with the
severily of EAE, but only marginally.

In the covrse of EAE, mAg-primed T cells would accumulate
into the CNS and produce inflammatory cytokines, leading to
the formation of inflammatory lesions (25). We next examined
a kinetic change of NR4A2 in the T cells infiltrating into the
CNS. As assessed by quantitative RT-PCR, remarkable expres-
sion of NR4A2 was observed in the CNS-T cells on day 9, when
an early EAE sign became evident (Fig. 2b). The expression level
decreased gradually thereafter, but was still significant until day
2]. These results suggest thal the CNS-T cells also express
NR4A2, but the expression Kinetics significantly differed from
that of PBMC-T cells.

Accumulation of IL-17- and IFN-y-Producing T Cells in the CNS of EAE.
Th1 cells specific for mAg have long been thought to induce EAE
through their production of IFN-y. However, recent studies
indicate that Th17 rather than Thi cells may play a central role
(13). To make this point clear in our experimental setting, we
examined the ability of the CNS-T cells to produce IFN-v and
IL-17. Mononuclear cells were recovered from the CNS and SPL
on day 17, and stimulated with PMA and ionomycin (P/1). After
immunostaining, expression of IL-17 or [FN-y in the CD4" T
cells was analyzed by flow cylomelry. Major proportions of the
CNS-T cells were found to produce 1L-17 (21.7% of the cells) or
[FN-y(28.1%) after stimulation (Fig. 3). In contrast, spleen cells
contained a lower number of cells producing these cylokines.

iptional Up-Regulation of IL-17 and IFN- After Introduction of
NR4A2, The concomitant expression of inllammatory cytokines
and NR4AZ has guided us lo invesligate whether NR4A2
directly affects cytokine gene expression as a franscription
factor, using luciferase reporter plasmids containing the pro-
moter [ragment of IL-17, IFN-y, or IL-2. NR4A2 gene trans-
duction would result in a twofold augmentation of IL-17 pro-
moter activity and, for [FN-, an even higher (5-fold) induction
(Fig. 4a). A significant induction of IL-2 promoter activity was
also noted. Intriguingly, an introduction of NR4A2 plasmid
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Fig. 4. Promoter activities of cytokine genes in the presence of NR4AZ2, (a)
The effect of NRAAZ expression on IL-17, IFN-v, and IL-2 promoter activity, A
reporter plasmid containing promoter of cytokine gene (10 ug) and Renilla
luciferase plasmid (100 ng) were introduced into ELA cells by electroporation,
together with pcDNAS-NRAAZ or peDNAA-LacZ (10 jug). Cells were stimulated
for 18 h with P, Luciferase activity was determined for aach call lysate after
normalization to the Renills luciferase activity. One representative data from
three independent experiments is shown. Data are expressed as mean = 5D.
(b) The effect of NR4A2 expression on basal p activity of IL-17 gene.
ELA cells transfectod with pcDNAS-NRAA2 or pcONAL-LacZ together with IL-17
reporter plasmid and Renilla luciferase plasmid as desribed in a were cultured
for 18 h without stimulation. One representative data from three indepen-
dent experiments is shown. Data are expressed as mean £ 5D.

without P/ stimulation also augmented basal promoter activity
of 1L-17 genes in a dose dependent manner (Fig. 4b). Similarly,
basal promoter activity of IFN-y was promoted (data not
shown).

Retroviral Transduction of NR4A2 Gene Enhances Expression of In-
flammatory Cytokine in Primary T Cells. The resulls obtained in ELA4
lymphoma cells need to be verified in more physiological set-
tings. Next, we examined whether forced expression of NR4A2
may affect the expression of cytokines in primary rodent T cells.
Bicistronic retroviral vector containing NR4A2 gene fragment
(pMIG-NR4A2) or empty vector (pMIG) were used [or pro-
duetion of retroviruses (Fig. 5a). We infected the B6 T cells with
cither of the retroviruses as described in ref. 26 and compared
the ¢ytokine production between GFP-positive (infected) and
GFP-negative (uninfected) CD4* T cells by intracellular cyto-
kine staining (Fig. 5b Top). CD4* T cells infected with pMIG-
NR4AZ-introduced retrovirus showed a twofold enhancement
of TL-17 expression (8.4%) compared with those infected with
control retrovirus (4.1%) after stimulation with P/I. In contrast.
1L-17 production by uninfected T cells in either panel was almost
equivalent (Fig. 5b Middle). Furthermore, one-third of the CD4~
T cells infected with pMIG-NR4A2-introduced retrovirus
showed a massive IFFN-y expression (35.1%) compared with
control retrovirus (14.1%) (Fig. 5b Bottom).

Silencing of NR3A2 Gene Expression Results in a Reduced Production
of IL-17 and IFN-y. Reporter gene analysis and retroviral trans-
duction experiments demonstrated that T cell production of
IL-17 and IFN-y is controlled by NR4A2 (Figs. 4 and 5). We
further explored whether silencing of NR4A2 gene may affect
the production of inflammatory cytokines by CD4* T cells. An
NR4A2-specific siRNA was selected {rom three siRNAs based
on the inhibitory efficacy, The targeting sequence of the NR4A2
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Fig.5. The effect of retrovirally transduced NR4AZ on cytokine production
by primary murine CO4 < T cells. (2) DNA fragments encoding wild-type NRAA2
were doned into the pMIGIW) bidistronic retroviral vector. LTR, long terminal
repeat; IRES, internal ribosome entry site; eGFP, enhanced green fluorescence
protein b. (&) Splenic CDA* T cells were infected with retrovirus encoding
NRAAZ or control retrovirus, and COM * GFP~ T eellsand CDA~ GFP* T cellswere
gated as 1 and R2, respactively. Forced expression of NR4A2 increased the
number of CD4' T cells produding IL-17 or IFN-y. The histogram shows intra-
cellular cytokine staining on the gated cells (R1 or R2), Black line represents
cells in R2 gate (GFP + ) stained with either anti-IL-17 or anti-IFN-v Ab, and the
filled histogram represents cells in R1 gate (GFP-) stained with isotype con-
trol. Given values show the percentage of cytokine producing-T calls present

siRNA is completely conserved between mice and human.
Therefore, we could apply it to human T cells and study whether
NR4A2 could be s therapeulic largel in human MS. In a
preparatory experiment, using FITC-labeled siRNA, the trans-
fection efficiency was found Lo be 95%. We purified CD4* Tecells
from human PBMC and transfected them with the NR4A2
siRNA or control RNA, using nucleofector IL The cells were
stimulated with immobilized anti-CD3 Ab. As shown in Fig. 6a,
silencing NR4A2 gene expression resulted in a 50% reduction of
[1-17 and [FN-y production. However, production of TNF-r,
IL-4, or 1L-5 was not changed significantly after sSiRNA treat-
ment (Fig. 6b). Intriguingly, the siRNA treatment also induced
a modest reduction of [L-10 production. The molecular mech-
anism of this inhibition is not clarified yet. Because silencing of
NRA4A2 expression rather selectively inhibited the expression of
inflammatory cytokines, it is arguable that NR4A2 may be a
good targer for therapeutic intervention of MS. In this line, we
next examined whether the NR4A2 siRNA s effective [or
inhibiting a production of inflammatory cytokines in MS. For
this aim, C14* I cells were isolated from pairs of an MS patient
and an age- and sex-matched healthy donor and were stimulated
with anti-CD3 Ab after being transfected with the NR4A2
siRNA or control RNA. We found that the siRNA treatment
significantly reduced the production of 11-17 and IFN-y by ‘T
cells from MS or healthy donors [supporting information (S1)
Fig. 51]. Again we observed some reduction of IL-10 after
siRNA treatment. However, the siRNA showed little effect on
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Fig.6. Tha affect of NRAAZ gene silending on T cell cytokine production. (a)
Specific inhibition of T call production of IL-17 and IFN-y by siRNA treatment.
Human CD4* T cells derived from PBMC were transfected with sifNA oc
control RNA and stimulated by immobilized anti-CD3 Ab for 48 h. Cytokine
levelsin the culture supernatant were determined by ELISA or a CBA human
Th1/2 cytokine kit, Prolifaration rate was measured by 'H-TdR uptake. (b)
Effect of siRNA treatment for T cell production of TNF-a, IL-10, IL-5, and IL-4
after stimulation with i anth-CD3 Ab. The data are expressed as
mean = 50 (», P-< 0.05; v+, P < 0.01; Mann-Whitney U test),

production of TNF-a, IL-5, and IL~4 from T cells used for assays
(Table S1).

Amelioration of EAE by Silencing of NR4A2. Finally, we investigated
the therapeutic implication of the siRNA experiments in a model
of passively induced EAE, induced by adoptive transfer of
mAg-activaled LN cells. We prepared lymphoid cells from dLLN
of SJLJJ mice 10 days after immunization with PLPyp_15,. The
dLN cells were transfected with the NR4A2 siRNA or control
RNA and stimulated with PLP 3.5y in vitro, Three days later,
the cultured cells enriched in lymphoblasts were transferred to
irradiated naive SJLJJ mice. In addition to evaluating clinical
manifestations, histology was assessed by hematoxylin-eosin
(HE) and luxol fast blue (LFB) staining of paraffin-embedded
spinal cord sections. Notably, severity of clinical (Fig. Ta) and
histological EAE on day 31 (Fig. 7b) was significantly prevented
in siRNA-treated group compared with control RNA-treated
group (Fig. 7b). These resulls suggest that modulation of NR4A2
expression by specific siRNAs or other chemical compounds
might be a promising treatment for active M5 that are harboring
potent encephalitogenic T cells.

Discussion

Although mAg-specific T cell clones isolated from the peripheral
blood has been widely used to gain insights into the pathogenesis
of MS (27), analysis of polyclonal T cells has been undervalued
for a long time. However, it was recently demonstrated that
peripheral T cells from MS and healthy subjects significantly
differ in surface phenotype or gene expression profiling (17, 23,
28). Using ¢cDNA microarray, we have identified NR4A2 as a
gene most significantly up-regulated in the peripheral T cells of
MS (17). We conducted the present study to clarify the impli-
cation of this interesting observation. Inspired by the recent
discovery that retinoid-related orphan receptor 4t (RORW) is
essential for Th17 cell differentiation (29) and that retinoic acids
play a regulatory role in Th17 cell differentiation (30), we have
focused our efforts to explore the possible role of NR4AZ in
cytokine regulation. Reporter gene analysis and retroviral trans-
duction of NR4A2 clearly demonstrated that T cell production
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Fig.7. The effect of T cell silencing of NRGAZ expression on passive EAE. (a)
Inguinal and popliteal Ls cells were collected from female 51U/ mice 10 days
after immunization with PLPys 151, and were tramsfeced with siRNA for
NR4A2 or control RNA, using HVI-E vector kit. The cells were cultured in
complete media for B h. Then the media were replaced with fresh complete
media containing 35 ug/ml PLP) . g, and the cells were stimulated for an-
other 3 days. After ion, cells h dip. (5. 10%
cells per mouse) ino 3Gy-irradiated naive $J1U/) mica (n = 10) followed by Lp,
injection of PT. Mean = SEM clinical scores were indicated (s, P < 0.05 by
Mann-Whitney U test.) (b) Histological analyds of spinal cords removed on day
31 after adoptive transfer of PLPyya.y51-reactive T cells. Sections obtained from
cervical cord reglons were stained with HE or LFB. Infiltration of mononuclear
cells and demyelination of the cervical cord regions were analyzed for mice
injected with PLPyyg.y5-reactive T cells pretreated with control RNA or siRNA
for NRAAZ,

4 and transd:

of inflammatory cytokines, including IL-17 and IFN-y, is regu-
lated by NR4A2, whereas silencing of NR4A2 by a specific
siRNA prevents expression of these cytokines. Furthermore,
treatment with the siRNA reduced the ability of pathogenic T
cells to adoptively transfer EAE. These results have identified a
previously uncharacterized role for NR4AZ2 in the regulation of
T cell production of inflammatory cytokines.

NR4A2 is a member of the orphan nuclear NR4A subfamily
that consists of NR4A1 (also referred to as Nur77), NR4A2
(Nurrl), and NR4A3 (NOR-1) (24). The NR4A members share
a highly conserved zing finger DNA binding domain and a less
conserved putative ligand-binding domain. All these members
bind to the DNA sequence NBRE (AAAGGTCA) or NurRE to
activate target gene expression. NR4A1 and NR4A2 can also
heterodimerize with retinoic X receptor (RXR) and activate
gene expression through DR3 (24). They exert pleiotropic
functions and are classified as immediate early genes induced by
physiological and physical stimuli. Studies of gene-targeted mice
have shown that NR4A1 and NR4AD play a eritical role in T cell
apoptosis during the thymocyte development (20-22, 31). In
contrast, developing thymocytes in NR4AZ deficient mice ap-
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pear to be normal (21, 32), which distinguishes NR4A2 from
other NR4A members.

Involvement of orphan nuclear receptor in T cell differenti-
ation has recently artracted broad attention, because ROR¢, a
splice variant of ROR y, was found 1o play an essential role in the
development of Th17 cells (29). RORY/RORy were reported (o
play an essential function in survival of CD4*CD8* thymocytes
(33, 34) and in the generation of fetal lymphoid tissue inducer
(LTi) cells (35). It is particularly intriguing that the consensus
binding sequence for RORy [(AT)sAGGTCA] overlaps with
that for NR4A (NBRE; AAAGGTCA), which has encouraged
us to explore the functional role of NR4A2 in the production of
[[-17 and IFN-y. Although the molecular mechanism of cyto-
kine production through the induced expression of NR4A2 is not
clear yet, NR4A2 and RORyt may have an overlapping role in
regulating the development and effector functions of Th17 cells.

NR4A2 expression in the CNS-infiltrating T cells showed a
peak value al a very early phase of EAE (day 9-12) (Fig. 2b). We
speculate that this probably coincides with the entry of enceph-
alitogenic cells into the CNS (2, 3). Consistently, a similar kinetic
change was found in expression of T-bet and ROR+ in the
CNS-T cells (data not shown). In contrast, up-regulation of
NR4A2 in peripheral blood T cells was significantly delayed.
This is likely to result from a late activation of peripheral T cells
after peripheral recruitment of antigen presenting cells engulfing
myelin and/or peripheral dispersion of myelin protein or its
fragments.

By applying a specific siRNA, we showed that blocking
NR4A2 expression is effective for inhibiting production of 11-17
and IFN-y from T cells {rom healthy donors and MS patients.
Therapeutic implication was further demonstrated by using an
adoptive transfer EAE model. Because Th17 cells were identi-
fied as a major player in autoimmunity (12, 15), it is sometimes
argued that Th17 cells would be a sole potent inducer of
autoimmune inf{lammation. However, T-bet-deficient mice and
Stat4-deficient mice that obviously lack Thi cells would resist
against induction of EAE, although they maintain a large
number of Th17 cells (36, 37). This suggests that both Thl and
Th17 cells are required for induction of full-blown EAE (38). In
this context, the ability of the NR4A2 siRNA to inhibit produc-
tion of both 1L-17 and IFN-y suggests the advantage of NR4A2
targeting therapy in controlling autoimmune inflammation,

Materials and Methods
EAE Induction. Active EAE was induced with myelin oligodendrocyte glycop-

RT-PCR. DN. ted total RNAs were procewed for <DNA
qrnthui;. using random hexamer primers and SuperScipt || reverse tramcrip-
tase (Invitrogen). cDNAs were amplified by PCR on Light Cyder ST300 (Roche
Diagnostics) by wsing a Light Cycler-FastStart DNA Master SYBR Green | kit
(Roche). Values for each gene were normalized to thow of a housekeeping
gane GAPDH to adjust for variations between different samples. Forward
primar for amplitying human NRAAZ gene was 5'-CGACATTTCTGCCTTCTCC-3
and reverse primer 5-GGTAAAGTGTCCAGGAAAAG-3". Mouse NR4AZ for-
ward primer was designed as 5'-GCATACAGGTCCAACCCAGT-3" and reverse
primer 5. AATGCAGGAGAAGGLAGAAA-3'. To evaluate slencing efficacy of
NRAAZ-specific siRNAs, expression of NR4A2 gene was quantified by RT-PCR,
uting the primers to flank the siRNA target sequence (forward, 5'-
TGCCACCACTTCTCTCCCCA-3; reverse, 5 -GUGGCATCATCTCCTCAGAC-3Y).

Luciterase Assays. Ten million of EL4 thy moma cells suspended in 500 ul of cold
PBS and transfected with 4-20 jug of pcDNAS-NRAAZ or peDNAS-LacZ in the
= of 10 ug of rep: lasmid, 100 ng of Renilla luciferase plasmid,
and 5 g of DEAE-DEXTRAN (Sigima) by electroporation (250 V, 975 uF, time
constant = 3034 ms) with a GenePulser electroporator Il (Bio-Rad). Six hours
later, cells were stimulated with 20 ng/mi PMA and 1 ug/ml ionomycin for 24 b,
followed by analysis for luciferase activity. The data were normalized for
internal controls of Renilla ludferase activity.

Retroviral Infection. Mouse CD4 " T cells purified by AutoMACS using mouse
D4 T isolation kit (Miltenyl Biotec) were stimulated with Immeobilized anti-
D3 Ab and soluble anti-CD28 Ab in complete medium supplemented with
iL-2 (100 units/ml) for 24 -48 h before infection. The primed CD4* T cells were
infected twice with retroviruses produced by 293T cells cotransfectad with
phAIG retroviral vector and pCL-Eco packaging vector. The T cellswere cultured
in the presence of 30 units/ml of IL-2 for 3 days and were then subjected to
intracellular cytokine staining.

Silencing Effects of NR4A2 siRNA on Passive EAE, To evaluate an effect of NRAAZ
URNA, an adoptive tansfer EAE model in SILJ mice was applied, becausa
comsistent disease could be induced relatively easily, Female SJUJ mice (8-12
weeks old) (Charles River Laboratories) were | 4 3.c. with 100 g of
proteolipid protein (PLF) amino acids 139-151 (PLPiss.151; HSLGKWLGHPDKF)
and 1 mg of heat-killed M, tuberculosis H37RA in CFA. Inguinal and poplitesl
LNs harvested 10 days after immunization were transfected with siRNAg, using
hemaggultinating Virus of Japan envelope (HVI-E) vector kit (GENOMEONE;
Ishihara Sangyo). Eight hours later, the cells were stimulated with PLPy3s 15
peptide (35 ug/mi). After 3 days, collected cells were injected i.p. (5 = 10°cells
per body) into irradiated mice (3 Gy/body) with intrapelitoneal injection of PT.
For conventional histological analysis of EAE, paraffin-ambedded spinal cords
were stained with either HE or LFB.
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Jent £ test was used, P < 0 05 was consiclered statistically significant.
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limb paralysis 4, total hind limb paralysis; and 5, fore and hind limb paralysis.
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Aire controls the differentiation program
of thymic epithelial cells in the medulla
for the establishment of self-tolerance
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The roles of autoimmune regulator (Aire) in the expression of the diverse arrays of tissue-
restricted antigen (TRA) genes from thymic epithelial cells in the medulla (medullary thy-
mic epithelial cells [nTECs]) and in organization of the thymic microenvironment are
enigmatic. We approached this issue by creating a mouse strain in which the coding se-
quence of green fluorescent protein (GFP) was inserted into the Aire locus in a manner
allowing concomitant disruption of functional Aire protein expression. We found that Aire*
(i.e., GFP*) mTECs were the major cell types responsible for the expression of Aire-depen-
dent TRA genes such as insulin 2 and salivary protein 1, whereas Aire-independent TRA
genes such as C-reactive protein and glutamate decarboxylase 67 were expressed from
both Aire* and Aire~ mTECs. Remarkably, absence of Aire from mTECs caused morphologi-
cal changes together with altered distribution of mTECs committed to Aire expression.
Furthermore, we found that the numbers of mTECs that express involucrin, a marker for
terminal epidermal differentiation, were reduced in Aire-deficient mouse thymus, which
was associated with nearly an absence of Hassall's corpuscle-like structures in the medulla.
Our results suggest that Aire controls the differentiation program of mTECs, thereby orga-
nizing the global mTEC integrity that enables TRA expression from terminally differentiated
mTECs in the thymic microenvironment.

Autounmune diseases are meduted by sustuned
adaptive immune responses specitic for self-
antigens (Ags) through unknown pathogenic
mechanisms. Although breakdown of selt-tol-
erance is considered to be the key eventin the
disease process, the mechamsms that allow the
production of autoantibodies and/or autoreacuve
lymphocytes are largely enigmatic (1), Auto-
immune-polyendocrinopathy-candidiasis ecto-
dermal dystrophy (APECED; OMIM 240300)
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is a rather rare autommune disease atfecting
mainly the endocrne glands. Because mutation
of a single pene, avroimmune regulator (AIRE),
is solely responsible for the development of
APECED, understanding the relationship be-
tween AIRE gene malfunction and the break-
down of sell-tolerance promises to help unmvel
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the pathogenesis of not only APECED but also other types of
autoimmune discases (2, 3).

One of the most unportant aspects of AIRE in the context
of autoirnmunity s its limited tisue expression in medullary
thymic epithelial cells (mTEC) (4. 5). m TECs are believed 1o
play major roles in the establishment of self-tolerance by elim-
inating autoreactive T cells (negative selection) and/or by
producing immunoregulatory T cells, which together prevent
CD4" T cell-mediated organ-specific autounmune diseases
{6, 7). For this purpose, mTECs appear 1o express a set of selt-
Ags encompassing many or most of the self-Ags expressed by
parenchvmal organs. Supporting this hvpothesis, analysis of
gene expression in the thymie sroma has demonstrated that
mTECs are a specialized cell type m which promiscuous ex-
pression of a broad range of peripheral tissuc-restricted Ag
(TRA) genes (e, promiscuous gene expression) is an autor-
omous property (8). Aire in mTECs has been suggested to
regulate this promuscuous gene expression (9-11) through as
yet undetermined mechanisms.

Fram a mechanistic viewpoint, there are two possible mod-
¢ls to explan the function of Aire in the thymic organogenesis
required for the establishment of self-tolerance. First, Aire may
play a wlerogenic role within the types of m'TECs charcterized
by Aire expression. ln other words, the presence of’ Awre within
cells 18 necessary mi order for them to function normally as toler-
ance-establishing cells. Consistent with this idea, the current
prevailing view on the roles of Aire in establishing self-tolemnece
5 that Aire-posiive cells are the major cell types that show pro-
muscuous gene expression and that the lick of Atre protein
within cells impairs their tolerogenic function because of the re-
duced mranscription of TRA genes, although the developmental
process of mTECs is otherwise unaltered in the absence of Aire
(model 1), The second model hypothesizes that Aire is necessary
tor the developmental program of m TECs, including Aire-posi-
tive cefls themselves. In this case, we asume that what are called
Aire-positive mTECs and other Aire-dependent cell-types do
not develop normally in the alsence of Aire. Given that acquisi-
tion of the properties of promiscuous gene expression depends
on the manration status of mTECS (see Results and Discussion),
impaired promiscucus gene expression from Aire-deficient mice
can be associated with a defect of such an Aire-dependent devel-
opmental progrmm in mTECs (model 2). Although it s still con-
troversial whether reduced transeription of particular TRA genes
in Arre~deficient mTECs can account for the development of
autouninunity targeting the corresponding self-Ags in Aire-
deticient mice by itself (1 1-13), it is cninical to determine which
model provides a more appropriate explanation of Aire-depen-
dent promiscuous gene expression to further elucidate the
molecular aspects of Awre (16). Model 1 would direct research
toward the mechanisims underlving how a single Aire gene can
regulate a large number of target genes (i.e., TRA genes),
whereas model 2 would accelerate studies of the developmental
program of mTECs in which Aire plays a pivotal role. These
two models can be tested if we can monitor the developmental
process of mTECs committed to Aire expresion in both the
presence and absence of functional Aire protein.

2828

This issue reparding the roles of Aire in thymic organogen-
ests 15 also directly linked to the fundamental question of how
mTECs acquire their unique ability to express a broad range of
self-Ags (1.c., promiscuous gene expression). The terminal dif-
ferentiation model assumes that mTECs eventually acquure the
capacity for promiscuous gene expression by becoming differ-
entiated, more mature, and more promiscuous (7, 10), This
model suggests that mTECs, especully Atre-positive cells, are
specialized cell types that have acquired this ability through
differentiation. In ths context. it is noteworthy that the -
smpnnml marhmery necesary for PromuBscudLs gene expres-
sion other than Aire protein is comsidered to be acquired by
mTECs independent of Aire expression in this model. The
maodel suggests that the transcripional unit for promiscuous
gene expression becornes fully active when Aire starts to be
expressed in tenninally differentiated mTECs. In contrast, the
developmentil model considers that promiscuous gene expres-
sion 1 a reflection of the multipotency of wmmature mTECs
betare the developmental fate of particular cell types is deter-
mined (17). In this model, expression of a broad spectrum of
TRA genes i regulated by corserved developmenml programs
that are active in developing mTECs, and Atre and/or Aire!
cells control this proces (18). Accordingly, the developmentl
model considers that Aire acts at the eardy developmental stage
of mTEC differentiation, which is in marked contrast to the
timing of Aire expression proposed i the terminal differentia-
ton model. Thus, the terminal differentiation model and the
developmental model favor models 1 and 2, respectively, pro-
posed for the roles of Aire in promiscuous gene expresion and
selt-tolerance (19).

To investigate m more detail the roles of Aire in thymic
organogenesis, we have used a knock-in mouse strategy in
which the coding scquence of GFP was inserted into the Aire
gene locus in a manner allowmg concomitint disruption of
functional Aire proten expression. This stategy allowed us to
distinguish mTECs committed to expressing Aire from Aire-
nonexpressing m I'ECs, in both the presence and absence of
functional Aire protein. In addition. with the use of knock-in
mice in which thymic TRA (i.c., glutamate decarboxylase 67
[GADET]) expression can be momtored by GFP expression
we also examined the cell types of mTECs responsible for
promiscuous gene expression in situ. The results suggest thac
Aire promotes the differentiation program of m TECs and that
promiscuous gene expression is accomplshed in terminally
differentiated m TECs that have fully matured in the presence
of Aire protem.

RESULTS

Establishment of Aire/GFP knock-in mice

To examine the molecular and cellulir contribution of Aire
to thymic organogenesis, we established Aire/ GFP knock-
i mice i which expression of the GFP gene is under the
transcriptional control of the endogenous Aire gene. In this
strategy. modification of the Aire gene locus was minimized
by inserting a GFP-neomyein resistance (neo’) gene cassette
(gtp-nea) (20) between exon | and exon 2 (Fig. 1 A). After

AIRE CONTROLS WTEC DIFFEFENTIATION | Vane et al.
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cstablishing Aire* = mice, they were crossed with a general
deleter Cre recombinase-expressing tmansgemic line (21) to re-
move the neo’ gene cassette, which contans the Ik.']"]‘l.‘_\ sin-

plex virus thymidine kinase gene promoter tor efhcient neo’
gene expression. After confirming the removal of the neo® gene
cassette (Fig. 1 IY), mice were crossed with C57BL/6 muce 1o
select a line conmining the GFP knock-in allele but not the
Cre recombinase-expressing tmnsgenic allele. Aire®# mice
were then crossed to obtain Aire® e jnice, which have a null
muation for the Arre gene because of disruption of the Aire
gene by imsertion of the GFP gene (Fig. 1 B). As expected,
A8 puce, but not Aire* @ mice, showed no expression
of endogenous Aire in the thymus, as detected with poly-
clonal anti-Aire antibody (Ab) recognizing peptides located
within the proline-rich region of Aire (unpublished data).
Using immunochistochemistry, we first examined whether
GFP expression trom Aire™¥ mouse thymus reflects endoge-
nous Aire gene expression. Stromal cells showing variable ex-
tents of GFP expression in the cytoplasm and nucleus were
scattered throughout the thymic medulla (Fip. | C). The
medullary region was identified by stmining with Ulex euro
pacns agglutinin 1 (UEA-1) (Fig. 2 A), anti~epithelial cell ad
hesion molecule 1 (EpCAM) mAb (Fig. 2 B), or anti-keratin
5 (K5) Ab (Fig. S1 A, available at hrep:/ /fwww . jem.org/ o/
content/ full 4jem. 20080046/ DC1). GFP-expresing cells from
Aire*'® mouse thymus showed a dendntic to fibroblastic mor-
phology and were enriched at the cortico-medullary junction
(Fig. 1 C; Fig. 2, A and B; and Fig. $1 A). When doubly
stained with anti-Aire Ab, most of the GIP-expressing cells
contained variable amounts of Aire nuclear dots within their
nuclei (Fig. 1 C), indicating that GFP expression is under the
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transcriptional conwrol of the authentic Aire gene. However,
a few cells showed Aire nuclear dots without any detectable
GFP expression (Ig. 1 €, arrows) or expresed GFP withowt
obvious Aire nuclear dots (not depicted). As expected, At
mouse thymus showed no GFP signals (Fig. 2, A and B).
Notably, most of the CID 1 Le-positive DCs in the thymus were
GFP neganive (Fig. S1 B), supggesting that Awre expresion from
thymic DCs 15 negligible compared with that rom mTECs.

Altered thymic organization in Aire-deficient mice

We then examined the effect of Atre deficiency on thymic
organization in Aire™F mouse thymus sections, focusing on
the production of cells genetically marked with GFP and,
therefore, active in Aire gene ranscription bur lacking Imu -
tional Aire protein. There were many GFP* “Awre-less” T
within the medulla (Figs. 2, A and B; and Fig. 51 A}, indicat-
ing clearly that Aire protein itselt’is not necessary for the pro-
duction of particular m'TEC lineages committed to express
Aire. However, detiled inspection demonstrated that the
morphelogy and location of GFP* cells from Aire® e thymis
were altered compared with those of GFP* cells contamng
tunctional Aire protein from Aire*® mouse thymus. Fisst,
we noticed that the cell shape of GFP* mTECs lacking fune-
tional Aire protein was altered; iy Air™ %% thymus, more
GFP" cells exhibited a globular shape mnstead of 2 dendritic
(&) fihrn'hh,\nr morphology. compared with Aire*# thymus
(Fig. 2 C, arrows). The lower preponderance of o dendritic
shape of (.1 P Aire-less mTECs was verified by statstueal
amalysis, We calculated the level of cell shape complexity tor
‘Pt cell by dividing the length of the cellular periph-
ery by the cell area using a computer program (i.e., the higher
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Figure 1.
Sspl, Ssp/ restriction site. [8] Southern blot analysis of geromic
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the value, the more complex the cell shape). GFP* cells from

Aire™'® thymus showed lower values (i.e., less complexity
per cell) and a narrower distribunion of values (ie.. less het
" cell shape) than those from Aire

(Fig. 2 D). Because a gene-dosage effect has been noticed at

erogeneity «  thymus

the Aire gene locus (11), we carefully excluded the possibality
that the altered shape of GFP* cells from Aire®™ ' thymius was
due simply to higher GFP protein expression within each cell,
Le., inposing a potentially toxic burden on the cells. For this
purpose, we crossed Aire* Aire mice (12) to
establish Aire”*®* mice in which the gfp allele s single, as
@ mice (Fig. $2 A). Similarly to the Aire® " thymus
FI'* cells from Aire '™ thynus demonstrated less
complexity of cell shape than those from Awre* ™ thymus, as con-

* mice with

Aire*

analysis, €

Although we analyzed the thymic organization of Ajre™/e®
mice before the onset of au ey (Le., 46 wk
after barth), we also excluded the possinlity that the altered

nmune pat

cell shape of GFP* cells from A= thyinus was secondary to
the autommune phenotypes by establshing Aiwe™ &
pressung the OT-11 TCR tr

cell repertoire is absent (Fig. $3 A). Morphological

mice ex
amsgene in which the autoreac-
tive T
changes n GFP* cells were similarly observed in these mice
(Fig. 53 B), suggesting that the altered shape of GFP* cells Lick
ing Arre protein was independent of autoimmune phenotype
Second, we noticed that the dstnbution pattermn of m' I ECs
commutted to Aire expression was also affected in the absence
of functional Aire protein. In contrast with the ennchment of

GFP™ cells from Aire™ ™ thymus ar the cortico-medullary pung

tirnmed using the sume method of stanstical analysis (Fig. 52 B) ton, GFP* cells from Ame™ o thymus tended to be localized
A e +gip gte'gto Cc
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Figure 2,
[A and B) mTECs active in Aire gene transcription were visualized by immunohish
by staining with UEA-1 (A) or anti-EpCAM mAb (B; red]. Bars, 100 pm. One repres
1 the staining with anti-GFP Ab from A for demonstration of altered morph
maouse thymus. There were more GFP* celis with globular shapes [bottom, armo
thymus were enriched a (top), whereas GFP
medulla or even enriched at the center of the madulla (bo
(D) Morghological changes in the shape of GFP* cells from Alre
to the rela pmplexity of a single GFP* cell ca
cells from Alre¥™ and Alr by, respectively, were svaluated, Red |
results were obtained from a total of three repeats.

e cortico-medullary jun

rve cell shape o

5 e,
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Altered marphn{ogy and distribution of mTECs committed to express Aire in the :bun:e of functional Aire protein.

[greeni The medullary region was identified
enitative expenment from a total ve repeats s shown. (C] End

y and distribution of mIECs comm -'mj to express Aire in Aire? ™
) vmus than in Aire~#" thymus. GFP* cells f
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more uniformly within each medulla or even enriched ar the
medulla center (Fig. 2 C and Fig. 51 A). Altered distnbution
of GFP* Aire-less mTECGs was also evident in Aire™ ™ mice
(Fig. S2 A), as well as in Aire™ '™ mice expressing the nonau-
toreactive OT-11 TCR wransgene (Fig. S3 A). Collectively,
production of a particular mTEC lineage committed to ex-
press Aire is not determined by Aire protein alone. However,
Aire deficiency in these cells results in morphological changes
together with altered locaton within the medulla, suggesting

arole of Aire in the differentiation program of mTECs in a
cell-intnnsic manner.

Analysis of embryonic thymus demonstrated that GFP*
cells were absent at embryonic day 13.5, but clearly present at
embryomic day 16.5 in both Aire**® and A ® mice (Fg
S1 €). Although the effect of absence of Aire protein on the
location of GFP* cells from Aire® & mice at the embryonic
and early P1 (posmeonatal) stages was difficult to evaluate be-
cause of the less organized thymic structure together with rela-
tvely small numbers of GFP* cells at those stages, morphological
alteranon of cach mTEC committed to Aire expression was
alrcady evident at the nconatal stage (PL; Fig. 54 A), as con-
firmed by the same statstcal analyss applied to Fig. 2 D (Fig
54 B). The properties of GFP™ (iLe., Aire nonexpressing)
mTECs as evaluated by immunolustochemstry with UEA-1,
anti-EpCAM Ab (Fig. 2, A and B), anti-K5 Ab (Fig. S1 A).
ER-TRS Ab, anu—claudin 3/4 Abs, and MTSI0 Ab {(not de-
picted) showed no obwious difference between Aire®™ and
Airee e gdult thyini,

In addinon to the hstwlogical evaluation of mTECs based
on Aire/GFP expression, another possibility that Aire controls
the differentianon program of m'TECs has emerged from stud-
ies tocusing on the cell differentaton markers expressed by
mTECs. In the skin, mvolucrin expression is restricted to post
mitotic epithelial cells and serves us a marker of epidermal and
follicular terminal differentiation (22). Interestingly, immuno
histochemistry of the human thymus using anti-involucrin Ab
stains characteristic swirled epithelial structures known as 1as-
sall's corpuscles (23), which 15 consistent with the fact that
Hassall's corpuscles are composed of terminally diferennared
mTECs (24). When thymus sections from Aire-sutficient mice
were stained with anti-involucrin Ab, involucrin-expressing
cells were scattered within the EpCAM' thymic medulla
(Fig. 3 A). The number of involucrin-expressing cells was age
dependent and dechined between 8 and 11 wk (Fig. 3 B and
Table $1, available ar http:/ /www jem.org/cg/content/ full/
jem.20080046/DC1). In addition, we occasionally found
larger imvolucnn-expressing structures with a hyvalinized
degenerated core in the thymic medulla from Are-sufficent
mice, which is remniniscent of Hassall's corpuscles in human
thvius (Fig. 3 C). Remarkably, the numbers of mTECs ex-
pressing involucrin in Aire-deficient mice were sipmficandy
lower than those in Aire-sufficient mice, especially at 4 and
B wk of age (Fig. 3 B). Furthermore, we observed no typical
Hassall's corpuscle-like structures in the thymus of Aire-deti

age, which is in contrast to those seen in
ient mice (Table S1). These results further support

c1ent me

Aire-suffic

IERA VDL 208 Hoveniber 24, 7

the notion that lack of Aire in mTECs alters their differenna
ton program, thereby altemng mTEC mtegnty

MNext, we used How cytomerric analysis to examme GI-P
expressing cells from the thymus, Thymic stromal cells were
released enzymatically from adult thymi and stamed with
anti-CD45 mAb and UEA-1, together with antu-CID80 and
anti-MHC class [ mAbs, Aire*’® thvmus contained +.5%
UEA-1*GFP’ (L.c., Aire') cells (from here on simply desig-
nated GFP* cells) in the populaton of CID45 stromil cells
(Fig. 4 A}. When forwand scatter (FSC) and side scatter (S5C)
parameters were compared between GFP* cells and UEA-
1'GFP~ cells (from here on simply designated GFP™ cells),
GFP' cells were larger and more broadly distributed com
pared with GFP cells (Fig. 4 B, left), suggesting a distinct
cellular morphology of Aire* cells among mTECs. Aind®'s
thymus also contined GFP* cells in the population of C45°
stromal cells (Fig. 4 A). as already observed by immuno
histochemical analysis (Figs. 2 and $1). Interestingly, the
proportion of GFP* cells in Aine®'# thymus was consistently

A Involucrin EpCAM
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- B} »r 5
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Figure 3. Reduced numbers of terminally differentiated mTECs in
the absence of Aire. [A) Involucrin-expressing mTECs (green) were scat
tered within the thymic medulla (red; stained with anti-EpCAM Ab) of
Aire-sufficient mice, Bar, 50 um. (B) Numbers of involucrin-expressing
mTECs were reduced in Aire-deficient mice at 4 (leftl and 8 (middle) wk of
age. Numbers of invalucrin-expressing mTECs in Aire-sufficient mice de-
clined at 11 wk of age {nightl. Each circle corresponds to the mean num-
ber of imvolucrin-expressing mTECs per saction examined in individual
mice Detailed information for the mice examined from a total of fis
experiments s presented in Table 51 {available at hitp:
46/0C1). (€)
e thymus stained with anti-invalucrin Ab
pCAM Ab (red), Mhese discrete and larger

ures were scarcely detectable in Aire-deficient

ffwowiwe jem

content/fullljem IF's corpuscle-like struc
seen in Aire-suth
ether v

ExXpressing str

vith &

motse thymius, Bar, 20 um One representative experiment from a tot

five repeats is shown
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30— hgher than in Aire™ e thymus (Fig. 4 A). Conse-
quently, the rato of GFP* cells to GFP™ cells was higher in
Aire® & thyinus (~1:5) compared with that in Aire* 2 thymus
(~1:10). Although the difference in FSC/55C parameters
between GFP* and GFP™ cells observed for Aire* ® mice was
also seen i Aire™ @ muce (Fig. 4 B, nght), FSC/SSC plots of
GFP* cells from Ains%'e mice showed a more condensed
profile over a narower region compared with GFP* cells from
Aire* = mice (Fig. 4 B. top). which might reflect the mor-
phological changes in GFP* mTECs observed by immuno-
lustochemistry (Fig. 2 C). We recorded no GFP expression
from CD45* hematopoietic cells (not depicted) or from
CD45 UEA-1" thymic sromal cells from either Aire* ' or
Airs?'® mice (Fig, 4 A).

We then analyzed the expression of CD80 and MHC
class 11 from each of the populations separated on the basis of
GFP expression and UEA-1 binding, GFP* cells from A&
mice expressed both CD80 and MHC class 11 at hugh levels
(CD80%/chss 11%), whereas GFP™ cells from the same animals
expressed intermediate to low levels of both CD80 and MHC
class 11 (Fig. 4 C, left). GFP* cells from Aire® e thymus were
also CDB0%/class 11" (Fig. 4 C, right), indicating that expres-
sion of these Ag presentation-related molecules was Aire
independent. Indeed, expression levels of both CD80 and

UEA-1
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MHC class 11 from GFP* cells were alimoest indistingushable
between Atre* ' and Air®™ @ mice when the two flow cyto-
metric profiles were merged (Fig. 4 D, lett). However, al-
though difference was small, expression of both CD80 and
MHIC class 1] from GFP™ cells from Aire® 'S mice was con-
sistently lower than that from Aire™ ™ mice (Fig. 4 D, right)
This result may indicare that the absence of normal Aire-
expressing cells from the medulla & accompanied by pheno-
typic alteration of Aire-nonexpressing mTECs, which was
not evident with the immunohistochemical analysis with the
commonly used medullary epithelial cell markers (Fig. 2,
A and B; and Fig. S1 A). Collectuvely, the results suggest that
Aire deficiency results in a global alteration of the thymic
microenvironment that involves not anly mTECs committed
to express Aire but also the Aire-nonexpressing mTECs that
surround Aire* cells.

Aire-dependent TRA gene expression

Although Aire has been suggested to regulate promiscuous
gene expression in mTECs (2, 10), demonstration that Aire*
cells are the major source of promiscuous gene expression
from mTECs is still mcomplete in the absence of appropriate
cell markers tor Aire-expressing cell hneages. Existing data
for promiscuous gene expression from mTECs were obtained
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Figure 4. Global alteration of mTEC phenotypes in the absence of Aire. A) Detection of GFP-expressing cells from thymic stroma by flow cyto-
metric analysis CD45° thymic stromal cells were anabyzed for the expression of GFP together with binding of UEA-1. Percentages of cells from each frac-
tion are indicated below. (B) mTECs committed to express Aire were Larger than mTECs noncommitted to express Aire, irrespective of the presence of Aire
protein. FSCISSC profiles of mTECs committed 1o express Alre were altered in the absence of functional Aire protein (topl. Each FSC/SSC profile was ob-
tained by back gating the corresponding fractions from A based on the expression of GFF and UEA-1. (C) CD80 and MHC class Il expression levels were
higher in mTECs committed to express Aire than In mTECs noncommitted to express Alre, irrespective of the presence of functional Alre protein Filled
profiles in green and gray are from GFP* and GFP~ mTECs, respectively, |D) CD80 and MHC class || expression from mTECs committed to express Aire were
indistinguishable between Aire* % and Aire™¥® mice [left] but were reduced in mTECs noncommitled lo express Aire in the absence of functional Aire
protein (right). Filled profiles in gray and green lines are from Aire~" and Aire?** mice, respectively. Flow cytometric profiles from C were merged for
comparisen. One representative result from a total of more than five repsats is shown,
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by flow cytometric sorting using surrogate Aire’ cell markers
such as CD80 and MHC elass I, As a result, it is not ver clear
which population of mTECs (i.e., Aire-expressing or Aire-
nonexpressing i TECs) is deficient in promiscuous gene ex-
pression as a result of absence of functional Aire protem. Lo
answer this question, we separated GFP' and GFP~ mTECs
trom both Aire* s and Aire® & mice and examined the ex-
pression of several TRA genes, induding both Aire-dependent
(i.e.. imsulin 2 and salivary protein 1 [SAP1]) and Aire-inde-

pendent (C-reactive protein [CRP]) TRA genes; expression of

the forimer and the latter gene clases has been demonstrated
to be reduced or unchanged, respectively, m CDB0"/class 11
Aire-deticient mTECs (9, 10). GFP* mTECs from Aire*®
mice showed the highest expression of insulin 2 and SAP1,
and expression of those genes was much lower m GFP™ mTECs
from the same ammals (Ig. 3). Remarkably, both GFP® and
GFP™ mTECs from Aine™ & mice expressed almost none of the
Aire~dependent TRA genes imsulin 2 and SAPL. mTECs de-
tined by UEA-1 binding from Aire™* mice, which includes
both Aire' and Aire cells, showed intermediate expression
of those genes. These results clearly indicate two unportint
features of promiscuous gene expression in m'TECs, First,
Awre’ mTECs are the major cell types responsible for the
expresion of Aire-dependent TRA genes. Second, m'I'ECs
cannot express Aire-dependent TRA genes in the absence of
tunctional Are protein, even though the lineage commitment
to express Aire and the expression of Ag presentation-relared
molecules, such as CD30 and MHC class 11, are preserved
(Fig. 4 C). It is important to emphasize that the larter obsenva-
tion does not necesanly mean that Aire acts on the already exist-
ing ranscriptional machinery required for TRA gene expresion
within established terminally differentated m TECs. Rather,
the light of the fact that GFP* Arre-less mTECs show detective
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Figure 5. TRA gene expression from mTECs assessed by real-time PCR.
Expression of insulin 2, 34P1, CRP, and Aire was examined from each
fraction of mTECs sorted on the basis of the flow cytometric profile dem
onstrated in Fig 4 A Color bars conesponding to each fraction are indi-
cated on the right. Aire* mTECs were the major cell types responsible for
the expression of Aire-dependent TRA genes (insulin 2 and SAPT), whereas
an Aire-independent TRA gene [CRP) was expressed fram both Aire” and
Aire~ mTECs Aire expression was assessed to verity the proper sorting of
each mTEC fraction. Numbers are relative gene expression level compared
with that of the Hort gene. Results are expressed as the mean + SEM for
triplicate wells of one representative experiment from a total of three
repeat experiments.
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development, as indicated by their altered morphology and dis-
mbution, we suggest thar Aire* mTECs acquire their unique
machinery for promiscuous gene expression only when they
have fully achieved maturation with the help of Aire protein (see
Dscussion and see Fig, 8)

In marked contrast to Aire-dependent TRA genes, ex-
pression of an Aire-independent TR A gene, CRP, from GFP
mTECs was indistinguishable between Aire o and Airee®'oF
mice. CRP expression from GFP™ mTECs was detectable, al-
though the levels were lower than from GFP* mTECs, and
was also similar between Aire” ™ and Aire™ = mice (Fig. 5)
As expected, the Aire gene was highly expressed from GFP*
mTECs of Aire* 2 mice, although a low level of Aire gene
expression was detected from GFP™ mTECs, which 1 possi-
bly a result of slight contaminauon by cells expressing a trace
amount of GFP (i.e., Aire) in this fracton. Expression of the
Aire gene from both GFP* and GFP cells of Aned & mice
was at background levels.

Aire-independent TRA gene expression in situ from mTECs
The results in the previous section suggest dat individual mTECs
do not expres a broad amay of TRA genes. Rather, each mTEC
seerns to express a different spectrum ot TRA genes. Some THA
genes, suchas isulin 2and SA P (previously recognized as Aire-
dependent genes; references Y, 10), were predominantly ex-
pressed from cells of the Aire' mTEC lineage only when Aire
protein was present within the cells, and other TRA genes, such
as CIRP (previously recognized as an Awre-independent gene:
references 9, 10), were expressed from both Awe® and Aire”
m'T'ECs irrespective of the presence of Aure protemn. The lamer
situation was further investgated with the use of GADG7/GFP
knock-in mice ((2AD675® mice). GAD67, an Awre-ndepen
dent TRA gene that is expressed in the brain and pancreas, is

A GAD&T Alre

Merge

B  GAD&7

(n=152}

Figure 6. Exp of the Aire-independent TRA gene GADE7
and of Aire from mTECs in situ. (A} Expression of the GADET gene
and Aire was detected by immunohistochemistry with anti-GFP Ab
lgreen) and anti-Aire Ab [red), respectively, in thymus sections from
GADSTIGFP knock-in mice. Bar, 20 pm. (B) Results obtained as described
for & were calculated for a total of 152 mTECs expressing the GAD&?
gene andlor Aire, One representative experiment from a total of three
repeats is shown
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also active in mTECs from GAD6ET* =

mice (23), Using
pression of GADGT
nus sections. 1here

immunochistochemistry, we examined the

together with Aire in GA D6 7% mowse th
were three tvpes of TECs GADGT *Aire™ (45.4%), GADGT " Aire
(2.s d GAD67 ~Aire* (21.7%) (Fig. 6, A and B). Among
the GADGT' mTECs, 42.0% expresed Aire and the rest did not

(Fig. 6 B), comsistent with the Awre-independent nmature of

GAD67 pene expresion (9, 10). Convenscly, among the Aire*
mMTECS, 60.2% expresed GAD67 and the rest did not, suggest-
g that Aure expression is not sufficient for TRA expression, at
least for this Aire-independent TRA gene

Expression of Aire and Aire-independent TRA genes

by nonproliferating mTECs

Previous studies suggested that Aire s predominandy ex-
pressed by termminally differentiated cells on the basis of their
poor incorporation of BrdU (26, 27). We confirmed this find-
ing by injecting BrdU into .4ire**® mice. BrdU incorpora-
tion was scarce i GFP* mTEGs (Fig. 7 A, top). We similarly
examined which type of mTECs, immature proliferating or
mature nonproliferating, express GAD67 by ijecong BrdU
mto GAD67/GIP knock-in mice. We tound that GFP*
mTECs incorporated BrdU only weakly (Fig. 7 A, bottom),
suggesting that expression of this Aire-independent TRA gene

Alre/GFP-KI

is also imposed on terminally differentiated cells rather on
mmature proliferatng mTECs

p6H3 1s srongly expressed in epithelial stem cells of the thy
mus and specifically functions to muintain therr extraordinary
proliferative capacity (28). To examine whether mTECs

expressing the Aireand GADET genes have this lgh prolifera-

tive capacity, we examined p63 expression from thymi of

Aire/GFP knock-m and CAD67/GFP knock-mn adult mice.
mTECs expressing GFP from both mouse struns showed litle
p63 expresion by unmunohstochemustry (g, 7 B), suggest-
ing that neither of these genes is expressed in mTECs with
hagh proliferative capacity. Instead, Aire seems to function
within mTECs in the later stages of differentation, when the
cells are also responsible for TRA gene expresion

DISCUSSION

In the present study, we addressed fundamental questions re-
garding how mTECs acquire the capacity for promiscuous
gene exprassion with the participation of Aire, with the hope
that undenstanding the roles of Aire in thymic organogenesis
will help to unravel the molecular mechanisms responsible for
expression of immunological self in the thymic microenviron-
ment, The issues include the following: first, whether Aire
wtself is necessary for the production and/or ditfferentiation

GFP Brau Merge

. -- -

Aire/GFP-KI

GFP 1% ] Marge

il - - -

Figure 7. Expression of the Aire and GAD&7 genes by nonproliferating mTECs. (A

evaluated 4 h after ip. in 1 of BrdU V> and (

mice, respectively. Thi mus

worparaton by Aire- and GAL

tions were stained with ant

the Arre and GADGT genes Igreen Bars, 40 um One representative ea-

‘Ge Aenuer uo Bio ssasdni'wel woyj peprojumMoQ

B



Pubiished Novembaer 17, 2008

program of Aire* cell lineages; second, whether Aire' mTECs
are necessary for the structural and/or functional organizanoen
of other types of InTECS; third, to what extent Aire* mTECs
contribute to the expression of TRA genes; and fourth, the
nature of the maturation status of m'TECs that express Aire
and are responsible for TRA expresion. Hecause Aire-spe-
afic Ab cannot be used to investigate the ditferentiation pro
cess of MTECs comunitted to express Aire in the absence of
Aire protein, we established Aire/GFP knock-in mice in
which the GFP marker gene was inserted into the Aire gene
locus in a manner allowing concomitant disruption of func-
tional Aire protein expresion. In Aire* @ mice, this strategy
also enables us to distinguish Asre-expressing cells from Aure-
nonexpressing cells without introducing any cell markers
ncompletely unique to Aire-expressing cells. Accordingly,
mTECs committed to Aire expression were taithfully GFP
marked with this strategy; mTECs marsenpnonally acuve for
the Aire pene were mostly positive for staning with anti-Aire
Ab by mmunchistochemistry. ‘['here were, however. small
numbers of cells that were cither positive for Aire stamning
but negative for Alire gene manseription (te., GFP ) or, con-
versely, positive for Aire gene tanscription (Le., GFP*) but
negative for Aire stumng. The tonner cell type could result
trom different halt-lives of the two proteins (GFP vs. Aire),
whereas the latter cell type could result from Aire protein
being present as a diffuse nucleoplasmic form (more duficult
to recognize) instead of the typical nuclear-dot form (29). Alter-
matively, these discrepancies could simply be accounted for by
differences in detection sensitvity, Indeed, RT-PCR analysis of
flow cytometry—sorted cell fractions showed the expected pat-
terns of Aire gene expression.

With Aire/GFP knock-in mice, we have clearly demon-
strated that Aire' mTEGCs are the major cell types responsible
for the expression of so-called Aire-dependent TRA genes
such as insulin 2 and SAPT (9. 10). These genes were almost
exclusively expressed from GFP* mTECs of Aire™ ' mice but
not of Ain & mice. In contrast, expression of Aire-indepen-
dent genes, such as CRP, was not atfected by the absence of
Aire. CRP expression from GFP' cells was similar between
Aire* @ and Air® % mice. CRP expression, although at lower
levels, was also observed from GFP~ cells and, again, was in-
distinguishable between Aire* ' and Aires™ % mice. Expres-
sion of GADAGT inan Are-independent manner (2, 10) was
also supported by inmunohistochemistry of GADGK7/GFP
knock-in thymus, demonstrating GAD6 T expression irrespec-
uve of the presence of Aire protein in each mTEC, We specu-
Lite that the Aire dependency of TRAs reflects, in part, the cell
types in which TR.As are expressed; expression of Aire~depen-
dent genes is contined to Aire’ mTECs, whereas expression of
Aire-independent genes occurs from both Aire' and Awre”
mTECs. It & of note that mTECs do not uniformly express
the overlapping spectrum of TRAs, as exemplified by the scat-
tered expression of the CAD6T gene in GADGT/GFP knock-
in mouse thymus. Similarly, although Aire® mTECs are the
major cell types responsible for the expression of Aire-depen-
dent TRA genes. this does not mean that all Aire' m [ ECs
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expres Aire-dependent TRA genes uniformly. Indeed, single-
cell analysis has demonstrated that expression of Aire inmTECs
is not sufficient for simultaneous coexpresion of Awre-depen-
dent TRA genes (17). Thus, we favor the notion that pro-
muscuous gene expression reflects the thymus-wide summation
of expression of 2 sinall number of self-Ags by individual
mTECs rather than expression of the complete spectnun of
sclf-Ags by each cell (17, 18).

Because expression of transcription factors associted wath
developmental plastiaty of progenitor cells (Le., Nanog, (x4
and Sex2) 18 Aure-dependent in mTECs (18), the develop-
mental model predicts that Aire acts eardy in the development
of mTECs. The developmental model abo sujgpests that pro-
NUSCUONS gene expression represents coordinated gene expres-
sion relecting an altermate program of epithelial differentiation
among actively proliferatng m TECs at therr progenitor or im-
mature stages (19). However, accumnulating data together wath
the results of the present study do not support such a view (26,
27). Rather, it is likely that Aire is acting at the Lte differentia-
ton stapes of mTECs. Accordingly, Awre-dependent processes
for achicving promiscuous gene expression might also be
active at the ke differentution stages of mTECs (see the sub-
sequent paragraph). Clearly, this does notinvolve mTECs
gaining the ability to express CD80 from CD80* precursors
(30) because GFP' m T ECs from Aire®® inice demonstrated
normal levels of CD80 expression. It is necessary to dissect the
developmental process of mTECs, thereby precuely wdentfy-
ing the Aire-dependent steps of mTEC differentiation,

Given that Aire-expressing cells are tenminally differenti-
ated, the demonstranion that Aire* mTECs are the major cell
types responsible for expression of TRA genes, at least for
Aire-dependent genes, apparendy favors the wenminal differ-
entution model for Aire-dependent promscuons gene expres-
sion from mTEGs (7. 10, 11). However. our results do support
a key aspect of 4 role for Aire in the developmentd model
(17-19): absence of Aire in mTECs causes morphological
changes together with altered distribution of mTECs com-
nutted to express Aire, Indeed, the ditference in appearance
of GFP-expressing cells was disanct enough to allow discnimi-
mation between Airet® and Air®™ @ mouse sections by blind
analysis, Interestingly, Gillard et al. (18) noted that globular
mTECs without visible cellular projections were more prom-
inent in Aire-deficient thymus, which could represent the
GFP' globular mTECs we observed in Aire™ mice, Fur-
thermore, expression of tunctional molecules, such as CD20
and MHC cluss 11 from mTECs noncommitted to express Aire,
was also affected by the absence of Awre, suggesting that Aire
and/or Awre' mTECs inluence the orginization of mTECs
beyond simply controlling promiscuous gene expression within
Aire-expressing cell lineages. We do not believe that the dem-
onstration that rerminally differentiated Arre-expressing cells
are the major source of promiscuous gene expression (appar-
ently favoring the terminal diferenniation model) and the
demonstration that Aire and/or Aire* cells controls thymnic
onganogenests (consistent with the developmental model: refer-
ence |8 and present study) are mutually exclusive. Instead,
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Aire could both promote the differentiation program of mTECs
committed to express Aire, ensuring that they become tully
equipped with the necessary machinery for promiscuous gene
expression, and be an efficient driver of promiscuous gene
expression in such cells. Thus, promiscuous gene expression
seems to be accomplished m tennmally differennated mTECs
that have matured in the prasence of Aire proten (Fig, 8), Alter-
natively, Atre might be necessary tor mamntenance of a termi-
rally differentiated state in which m TECs manitest a dendritic
shape with fully competent promiscuous gene expresion.
We found that the numbers of mTECs expresing wivo-
lucrin, 2 marker of epidennal differentiation (22), were reduced
in Aire-deficient mouse thymus. It was noteworthy that
mvoluain-expressing mTECs themselves were negative for
Aire expression with immunohistochemistry (unpublished data),
thus making it unlikely that imoluain gene expresion inmTECs

i under direct transcriptional control by Aire as a part of

IRA gene expression. Sumilardy, 1t s unknown whether 1m-
paired involucrin expression is specific to mTECs committed
to Aire expression or whether lack of Aire’ mTECs affects
the ditferentianion of other rype(s) of mTECs thar would oth-
erwise express involucrin at their terminally ditferentiated
stages. Based on the fact that GFP* Are-less mTECs showed
alteranons in their morphology as well as disrribunion, we
assine that the former possibility s more likely. Interestingly.
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Figure 8. Schematic representation of the roles of Aire in mTEC
differentiation and TRA gene expression. Aire-cxpressing cell lineages
develop from mTEC progenitor cells through concomitant expression of
claudin (26). Ex of Aire-dependant TRA genes, such as insulin 2
and SAP1, can be accomplished in terminally differentiated mTECs show-
ing a dendritic to fibroblastic morphology that have fully matured with
the help of Aire protein (marked as Aire-sufficient), Lack of Aire in mTECs
results in premature termination of differentiation, although ¢laudin®
Aire-expressing cell lineages can still develop and pass the CD80-express-
ing maturation stage (marked as Aire-deficient]. These CD80" Aire-less
mTECs have a more globular cell shape and lack transcriptional machinery
for Aire-dependent TRA genes. Because Aire-independent TRA genes, such
35 CRP and GADE7, can be expressad before the terminal differentiation
stages, lack of Aire has little impact on their expression, The possibility
also remains that Aire is necessary for the maintenance of a terminally
differentiated state, in which mTECs manifest a dendritic shape with fully
compelent promiscuous gene expression,
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we toiund that reduction of mvoluarin-expressing mTECs
Aire-deficient mice was associated with a nearly absence of
Hassall's corpuscle-like structures, although the exact relevance
of this phenotype to the breakdown of central tolerance in
Aire-deficient mice remains unknown (31). Together with
the fact that formanon of thymic cysts is a predominant fea-
ture of Aire-deficient mice (18, 26), it seems likely that Aire
exerts more global control of the differentanion program of
mTECs than was initially thought,

Finally, although we have demonstrated that Aire orga-
nizes the global mTEC mntegnty that faclitates promuscuous
gene expression in the thymic micoenvironment, the exact
nature of the mTEC differentianon program under the control
of Awre protetn snll remains unknown. We have demonserated
that both 4w and an Arre-independent TRA gene, GADET,
are predominantly expressed by nonproliferative cells, although
we cannot completely exclude the possibility that expression of
these penes is associated with unmature cells that turn over
dowly and, thus, would be poorly hibeled by BrdU. The re-
sults promipt us to propose a fascnating hypothesis that promis-
cuous gene expression 18 achieved by inducnion of heterogeneiry
among terminally differentiated mTECs rather than by multi-
potentulity of m TEC progenitors. We speculate that Aire may
contribute to m TEC heterogeneity by acting on m I'ECs at the
late differentiation stages and that lack of Awre may result in
failure to create this heterogeneity. According to this scerario,
additional mechanmisms tor the development of Aire-dependent
autommmunity might be possible beyond reduced TRA ex-
pression from Aire-deficient mTECS, for instance, altered Ag
processing and/or presentation capacity by Aire-dehcient
mTECs (12) and/or altered T cell development atffecting
establishment of the complete T cell repertome, Study of the
mechanisms underlying the Awre-dependent production of
heterogenety among mature m'TECs might be a rewarding
approach to eluadating the nature of the negative selection
niche in the thymus,

MATERIALS AND METHODS

Mice. Aires GFP knock-in mice (RIKEN Center for Developmnental Biol-
ogv accension No, CIYBOISAR) were generated by gene Srgeting w de-
icribed previowly (32). In brcl, the trgeting vector war comtructed by
replacing the genomic Aie locus starting from exon 1 (immeditely afier the
Kok sequence) to exen 2 with 3 GFP-neomycin rethuance (neo) gete
camseite (20), The neo” gene cassette harbon loxP sites at both ends. The as-
geilng vector was introduced lnto TT2 embryonic xem cells (33), and the
homologouws recombinant clones were fint identified by PCR and con-
firmed by Southermn blot analysis. Atier the targeted celb had been injected
Into morula-stage embryos, the resulting chimeric male mice were mated
with C57BL/6 temales (CLEA) to establish germi-line vt
mice were cromed with Ayl -Cre mice (21}, a genenal deleter Cre recombi-
nasc-expressing tansgenic ine, to remove the neo’ genr casctte. Alter con-
firming removal of the neo’ gene cassette, mice were cromed with C57BL/
mice to select the line contining the GFP knock-in allele but not the Cre
F K F Ave*® mice were then cromed to obtain
Awer=# mice, which have the null muration for the Aim gene. GADOT/GFP
knock-in mice were heterozygous for GADST-GFP (Aneo) as described pre-
viously (34). OT-lI tmnsgenk mke (35) were purchased from The Jackson
Libomtory. The mice were maintained under pathogen-free conditiont

recambin

AIRE CONTROLS WTET DIFFEPENTLATION | Vane et ol

6002 's2 Aenuer uo Bio sseudni wel waoyj papeoiumog




Published Novembe: 17, 2008

The protocols used in this study were in accordance with the Guidelines
fur Animal Exy ntation of Tokushima University Sthool of Medicine
and were conducted with the approval of the RIKEN Kobe Animal Exper-
ment Committer,

Immunohistochemistry. Mice were killed and the thymus timur were
fixed a deseribed previowly (25, 36). Iinmunahistochemical analyds of the
thymus with UEA-1 (Vector Labontories), rat anti-EpCAM mAb (BD),
and nbbit polyclonal anti-K5 Ab (Covance) war performed as described
previously (37). Rabbit polycloml anti-Aire Ab was produced as described
previously (13). Goat polyclonal anti-GFP Ab (Novus Blologicals) and rab-
bit polyclonal anti-GFP Ab (Invitrogen) were wed for the detecton of
GFP-expressing cells, BrdU incorporation by mTECs was examited 4 h af-
ter Lp. injection of | mg BrdU/mouse, and the detecton of BrdU incorpo-
ration was performed with anti-BrdU Ab (BIY), as descdbed previowly (26).
Rabbit polycloual anti-p63 Ab was purchased from Sania Cruz Biotechnol-
ogy. Inc. The level of cell thape complexity for each GFP* cell was caleu-
lated by dividing the length of the cellular periphery by the cell area (i.e..
peripherysarea ¥ 1/4w) measured by the WinR OOF program (Mitani Cor-
pontion). Afier obtalning photos of the thymus sections salned with ami-GFP
Ab, the photos were subjected to analysis with the software. Immunohisto-
chemistry of the thymus sections and satistical analysis of cell shape complexdiry
from diffe genotype of mice for ¢ were processed mimultane-
oudly in the same st of expeniment to minimize variability between the ai-
ays, NMumber of involucrin-expressing mTECs were assesed after staining
the thymu sections with nbbit polvclona Ab againn mouse invelucdn
(Covance). Well developed EpCAM® thymic medullis were examined for
the presence of involucrin-expressing cells from several thymus sections ob-
wned from individual mice,

TEC preparation and flow cy i bysis. TECs were prepared
a deseribed previously (12). In brief, thymic lobes were bolated from mice
and cut into small piccer. The tgments were gently rotited in RPMI 1640
medium (Iuvitrogen) supplemented with 10% heat-inactivated FCS (Invi-
rogen), 20 mM Hepes, 100 U/ml penicillin, 100 pg/ml arey yein, and
50 WM 2-ME at 4°C for 30 min and dispered turcher with pipetting to re-
mave the majority of thymocytes. The resulting thymic fngments were di-
gested with 0.125% collagenase D (Roche) and 10 Usinl DNase | (Roche)
In RPMI 1640 at 37°C for 15 min. The supernatants, containing disociated
TECGs, were saved. and the remaining thymic fragments were funther di-
gested with collagenase [ and [DNase [ This step was repeated twice, and
the remaining thymic fragments were digesed with 0.125% collagenase/ dis-
pase (Roche) and DNase [ at 37°C for 30 min, The supemiatants lrom this
digest were combined with the ants from the collagenase dipents,
and the mixture was centrituged for 5 min at 450 p. The cells were sus-
pended In PBS. containing 5 mM EDTA snd 0.5% PCS. and kept on ice
until the staining. The cells were stained with anti-CD45 mAk (BD) and
UEA-1 and subjected 1o flow cytometric cell sorting with a FACS Vantage
(BD). Flow cytometric analysis was pertormed atter staining the cells with
anti-CD45 mAb, UEA-1, anti-1-A* {eBicacience), and anti-CD80 (eBiosci-
ence) mAbs with 2 FACSCalibur (B13) as deseribed previously (13, 57)

Real-time PCR. RNA was extncted from soned mTECs with RNeasy
Mini kits ((QUAGEN) and inade inta cIINA with ¢ DNA Cyele kit (Invitra-
gen) sceording to the manufaciurer’s instructions. Real-time PCR tor quan-
tificadon of the mmilin 2, SAPIL. CRF, and Hpae genes was performed at de-
wribed previewly (12, 13), The pramer anid the probes are an lollows: milin
2 primens, 5 -ACACCATCAGCAAGCAGCTC-3 and 5" -CTCCTG-
CACCAC ATCCAC-Y; immlin 2 probe, 5" -FAM-CCCCCCAGAAC-
COTCGOQCATT-¥; SAP1 pimen, 5 -ACTCCTTGTCTTGCTTGGTG-
TTT-¥ and 3'-TCCACTCAATCAGAGCGAATCAACT
5 -FAM-TTCACCAGCAGAATCAGCAGTTCCAGAA!
S-TACTCTIGETGUCCTTUTGATCATGA-Y and 5'-C
GCACTCTGCTTCCA-Y  CRPprobe, 5 -FAM-CAGCTTCTCTCGGA-
CTTTTGOCTCATGA-Y; Hpnt primeny, 3'-TCAACGAGCTACTGTANT-
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GATCACTCAAC-Y and 5 -ACCAACCTTGCAACCTTAACCA-Y, and
Hpet probe, 5 -FAM-TCCTTTCCCTGOTTAAGCAGTACAGCCC-Y

Statistical analysis. All results are expressed a5 mean £ SEM, Sntisical
analysis was petormed wing Student’s two-tailed unpaired ¢ test for comi-
parisons between two groups. Differences were comidered significant if
p-values were 0,05 or less.

Online supplemental materials. Fig 51 shows Aire-expresing cells in
adult and embryonic thymii. Fig 52 shows altered morphelogy together with
the distribwtion of GFP* Aire-less inTECs in Aiw ‘& mice. Fig. S} showy al-
tered phology together with the dintril of GFP* Alre-less mTECs
in Ain" ™ mice expresting the nonautoreactive OT-11 TCR transgene. Fig.
54 shows aliered morphology of GFP? Aire-less mTECs in A mice
neonatal stage P1. Table 51 shows detailed informution for mice analyzed for
involucrn-expresing mTECs. Ouline supplemental material is available at
huepes dwww jem. org/c g /come nt fulljem. 20080040/ DC L
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Molecular network analysis of T-cell
transcriptome suggests aberrant regulation of
gene expression by NF-+<B as a biomarker for
relapse of multiple sclerosis

Jun-ichi Satoh®b*, Tamako Misawa®, Hiroko Tabunoki® and Takashi Yamamura®
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Abstract. Molecular mechanisms responsible for acute relapse of multiple sclerosis (MS) remain currently unknown. The aim
of this study is to identify the relapse-specific biomarker genes in T lymphocytes of relapsing-remitting MS (RRMS). Total RNA
of CD3™ T cells isolated from six RRMS patients taken at the peak of acute relapse and at the point of complele remission
was processed for DNA microarray analysis. We identified a set of 43 differentially expressed genes (DEG) between acute
relapse and complete remission. By using 43 DEG as a discriminator, hierarchical clustering separated the cluster of relapse
from that of remission. The molecular network of 43 DEG investigated by KeyMolnet, a bioinformatics tool for analyzing
molecular interaction on the curated knowledge database, showed the most significant relationship with aberrant regulation of
gene expression by the nuclear factor-kappa B (NF-xB) in T cells during MS relapse. These results support the logical hypothesis
that NF-xB plays a central role in triggering molecular events in T cells responsible for induction of acute relapse of MS, and
suggest that aberrant gene regulation by NF-xB on T-cell transcriptome might serve as a molecular biomarker for monitoring the
clinical disease acuvity of MS.

Keywords: KeyMolnet, multiple sclerosis, nuclear factor-kappa B, relapse, T cells

1. Introduction

Multiple sclerosis (MS) is an inflammatory demyeli-
nating disease of the central nervous system (CNS)
white matter mediated by an autoimmune process trig-
gered by a complex interplay of both genetic and envi-
ronmental factors [1]. The great majority of MS patients
show a relapsing-remitting (RR) clinical course. In-
travenous administration of interferon-gamma (IFN~)
to MS patients provoked acute relapses accompanied
by activation of the systemic immune response, in-

*Corresponding author: Prof. Dr. Jun-ichi Satoh, Department of
Bioinformatics and Molecular Neuropathology, Meiji Pharmaceu-
tical University, 2-522-1 Noshio, Kiyose, Tokyo 204-B588, Japan.
Tel /Fax: +81 42 495 8678; E-mail: satoj@my-pharm.ac.jp.

dicating a pivotal role of proinflammatory T helper
type 1 (Thl) lymphocytes in the immunopathogene-
sis of RRMS [2]. More recent studies proposed the
pathogenic role of Th17 lymphocytes in sustained tis-
sue damage in MS [3]. Several studies showed an eti-
ological implication of viral infections for induction of
acute relapse of MS [4]. However, the involvement
of any viruses in MS relapse is not fully validated. A
recent study showed that a methylprednisolone pulse
therapy immediately reduces the levels of activated p65
subunit of the nuclear factor-kappa B (NF-kB) in lym-
phocytes of MS patients, suggesting a key role of NF-
kB in induction of acute relapse of MS [5]. Further-
more, IFN+ is identified as one of NF-xB target genes,
while IFN treatment attenuates proinflammatory re-
sponses in T cells by inhibiting the NF-xB activity [6,
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7). At present, the precise molecular mechanism un-
derlying MS relapse remains almost unknown, If the
molecular biomarkers for MS relapse are identified,
we could predict the timing of relapses, being highly
valuable to start the earliest preventive intervention,
DNA microarray technology is a novel approach that
allows us to systematically monitor the expression of a
large number of genes in disease-affected tissues and
cells. It has given new insights into molecular mecha-
nisms promoting the autoimmune process in MS, and
has made it possible 1o identify biomarkers for mon-
itoring the clinical outcome [8]. The comprehensive
gene expression profiling of MS brain tissues and pe-
ripheral blood lymphocytes identified a battery of genes
deregulated in MS, whose role has not been previous-
ly predicted in its pathogenesis [9-12]. By microar-
ray analysis, we recently identified a set of interferon-
responsive genes expressed in highly purified periph-
eral blood CD3* T cells of RRMS patients receiving
treatment with interferon-beta (IFNG) [13]. IFN/ im-
mediately induces a burst of expression of chemokine
genes with potential relevance to IFNG-related early
adverse effects in MS [14]. The majority of differen-
tially expressed genes in CD3* T cells between un-
treated MS patients and healthy subjects were catego-
rized into apoptosis signaling regulators [15]. Further-
more, we found that T-cell gene expression profiling
classifies a heterogeneous population of Japanese MS
patients into four distinct subgroups that differ in the
disease activity and therapeutic response to IFN3 [16].
In the present study, to identify MS relapse-specific
biomarker genes, we conducted DNA microarray anal-
ysis of peripheral blood CD3* T cells isolated from
RRMS patients taken at the peak of acute relapse and at
the point of complete remission of the identical patients.
We focused highly purified CD3* T cells because au-
toreactive pathogenic and regulatory cells, which po-
tentially play a major role in MS relapse and remission,
might be enriched in this fraction. Since microamray
analysis usually produces a large amount of gene ex-
pression data at one time, it is often difficult to find out
the meaningful relationship between gene expression
profile and biological implications from such a large
quantity of available data. To overcome this difficulty,
we have made a breakthrough to identify the molecular
network most closely associated with DNA microar-
ray data by a novel data-mining tool of bicinformatics
named KeyMolnet.

J.-i. Saroh et al. / Molecular network analysis of T-cell transcriptome suggesis aberran: regulation

2. Subjects and methods
2.1. Blood samples

The present study included 6 Japanese women pre-
senting with clinically active RRMS, diagnosed by
certified neurologists of Department of Neurology,
Musashi Hospital, National Institute of Neuroscience,
National Center of Neurology and Psychiatry (NCNP),
according to the established criteria [17]. Written in-
formed consent was obtained from all the patients. The
Ethics Committee of NCNP approved the present study.
The patients showed the mean age of 41 £ 12 years
and the mean Expanded Disability Status Scale (EDSS)
score of 1.8 £ 0.5 (Fig. 1). None of the patients received
treatment with glatiramer acetate, mitoxantrone or oth-
er immunosuppressants at any time in the entire clinical
course. None of them were given methylprednisolone
or interferons at least for three weeks before the time
point of blood sampling. Blood samples of individual
patients taken at two time points were compared, one
at the point of complete remission and the other at the
peak of acute relapse, usually on the day of onset or one
day after acute relapse, just before starting treatment
with intravenous methylprednisolone pulse (IVMP) or
oral administration of high dose prednisolone (Fig. 1).
The comprehensive clinical and neuroradiological eval-
uation on each case satisfied characteristics of either
relapse or remission of MS.

2.2. Microarray analysis

The present study utilized a custom microarray
containing duplicate spots of 1,258 ¢DNA, which
were carefully designed by excluding any cross-
hybridization, generated by PCR, and immobilized ona
poly-L-lysine-coated slide glass (Hitachi Life Science,
Kawagoe, Saitama, Japan) [13-16). The array contains
well-annotated biologically important human genes of
various functional classes, which cover a wide range
of cytokines/growth factors and their receptors, apop-
tosis regulators, oncogenes, transcription factors, sig-
nal transducers, cell cycle regulators and housekeep-
ing genes (see the reference [14] for the complete gene
list).

Peripheral blood mononuclear cells (PBMC) were
isolated from 30 ml of heparinized blood by centrifu-
gation on a Ficoll density gradient. They were labeled
with anti-CD3 antibody-coated magnetic microbeads
(Miltenyi Biotec, Auburn, CA), and CD3* T cells were
separated by AutoMACS (Miltenyi Biotec). The puri-




