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KEYWORDS Abstract  To test our hypothesis that diesel exhaust particle (DEP)-induced oxidative stress and host
Nrf2; antioxidant responses play a key role in the development of DEP-induced airway inflammatory
Diesel exhaust particle; diseases, C57BL/6 nuclear erythroid 2 P45-related factor 2 (Nrf2) knockout (Nrf2™" ) and wild-type
Cytokine; mice were exposed to low-dose DEP for 7 h/day, 5 days/week, for 8 weeks. NrfZ '~ mice exposed to
Airway low-dose DEP showed significantly increased airway hyperresponsiveness and counts of lymphocytes
hyperresponsiveness; and easinophils, together with increased concentrations of IL-12 and IL-13, and thymus and activation-
Eosinophils; regulated chemokine (TARC), in BAL fluid than wild-type mice. In contrast, expression of antioxidant
Mouse model enzyme genes was significantly higher in wild-type mice than in Nrf2 '~ mice. We have first

demonstrated that disruption of Nrf2 enhances susceptibility to airway inflammatory responses
induced by inhalation of low-dose DEP in mice. These results strongly suggest that DEP-induced
oxidative stress and host antioxidant responses play some role in the development of DEP-induced
airway inflammation,

© 2008 Elsevier Inc. All rights reserved.

Introduction {ozone, carbon monoxide, sulfur dioxide, and nitrogen dioxide)
and particulate components, it has been shown that particu-
lates, particularly PM10 (particulate matter with diameter less
than 10 ym), are more relevant to many disorders. Currently,
much attention is being focused on PM2.5 in relation to adverse
health effects. Diesel exhaust particles (DEP) are the major
* Comresponding author. Fax: -81 424 92 4600. component of PM2.5, and therefore the relationship between

E-mail address; sugawara®jata or.)p (1. Sugawara). PM2.5 or PM10 and some diseases has been investigated

Air pollution is associated with increased mortality and mor-
bidity, Although air pollutants include both gaseous components
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intensively [1-5]. The roles of reactive oxygen species (ROS)
generated by exposure to DEPand the subsequent generation of
the oxidative stress response have been emphasized through in
vitro experimental studies [6-11]. These findings suggest that
DEP induce activation of transcription factors and that ROS may
play an important role in these processes. Thus, imbalance
between oxygen stress/proinflammatory proteins and antiox-
idant proteins may be a key player in the development of
hazardous effects. However, it is still not fully clear whether
oxidative stress caused by inhalation of DEP leads to airway
inflammation and airway hyperresponsiveness in vivo.

We have shown previously that continuous low-level
exposure to DEP (100 pg/m? for 7 h/day, 5 days/week) sig-
nificantly augments AHR and Th2-type cytokine/chemok-
ine gene expression in murine asthma models [12]. Studies
using two different mouse strains have demonstrated a dif-
ference in susceptibility to DEP exposure between them, and
suggested that certain antioxidant enzymes may play an im-
portant role in susceptibility, C57BL/6 mice being more
sensitive to low-dose DEP exposure than BALB/c mice [13,14].

Nuclear erythroid 2 P45-related factor 2 (Nrf2) is a redox-
sensitive basic leucine zipper transcription factor that is
involved in the transcriptional regulation of many antioxidant
genes. The Nri2-regulated genes in the lungs include almost
all of the relevant antioxidant enzymes, such as HO-1 and
several members of the GST family [15]. Therefore, to clarify
whether or not oxidative stress and host antioxidant defenses
play a central role in the pathogenesis of lung disease, seve-
ral disease models using Nrf2"’~ mice have been studied,
including ovalbumin (OVA)-induced asthma [16], bleomycin-
induced lung fibrosis [17], and cigarette smoke-induced
emphysema [18]. It is reported that oxidative stress is in-
volved in the development of DEP-induced airway inflamma-
tion [6-11] and that Nrf2 is also a key transcription factor
that regulates antioxidant and defense action against the
proinflammatory and oxidizing effects of DEP in vitro [9,11].
Furthermore, DNA adduct formation has been shown to
be accelerated in the lungs of Nrf2"/~ mice exposed to DEP
(3 mg/m’ for 4 weeks) [19]. However, no study has yet utilized
Nrf2™/" mice to examine the pathogenesis of airway inflam-
mation induced by low-dose DEP,

To test the hypothesis that DEP-induced oxidative stress
and host antioxidant responses play a key role in the de-
velopment of DEP-induced airway inflammatory disease in
vivo, we conducted the present study using C57BL/6 Nrf2™/
and Nrf2*’* mice, and examined airway inflammatory res-
ponses and host antioxidant responses to low-dose DEP (i.e., at
concentrations similar to those inhaled outdoors) exposure.

Materials and methods

Animals

Nrf2-deficient C57BL/6 mice were generated as described
by Itoh et al, [20]. Mice were genotyped for Nrf2 status by
PCR amplification of genomic DNA extracted from the tail
[21]. PCR amplification was performed using three different
primers:

Nrf2-sense for both genotypes: 5'-TGGACGGGACTATT-
GAAGGCTG-3'

Y.J. Lietal

Nrf2-antisense for wild-type mice: 5'-GCCGCCTTTTCAG-
TAGATGGAGG-3'

NrfZ-antisense for Lacl: 5'-GCGGATTGACCGTAATGGGA-
TAGG-3'.

Amplification was performed using 30 cycles of 96 "C 20 s,
59 °C 305, and 72 * € 45 5. The wild-type allele produces a 734-
bp band, while the knockout allele produces a 449-bp band,
Mice were housed under specific pathogen-free (SPF) condi-
tions with controlled temperature and lighting (2322 "C, 12 h
light/dark periods). Age-matched 6-week-old female mice
from the same litter were placed into chambers under same
controlled conditions and exposed to DEP. All procedures
conformed to the National Institutes of Health (NIH) guidelines
for the care and use of laboratory animals.

DEP exposure

The in vivo DEP exposure system has been described pre-
viously [22,23]. The concentration of DEP was monitored and
kept low (approximately 100 pg/m’). C57BL/6 Nrf2 '~ and
Nrf2*’* mice were exposed to DEP for 7 h daily, 5 days a
week,

Experimental protocol

Nrf2 ' and Nrf2*/* C57BL/6 mice were exposed Lo low-dose
DEP or clean air (SPF) for 8 weeks. AHR was measured in all
experimental groups immediately, and mice were sacrificed
on day 56 of exposure to DEP or clean air in all experimental
groups. We examined the histopathology of the lung tissues
and the cell populations in BAL fluid. We also measured the
concentrations of inflammatory cytokines and chemokines in
the BAL fluid and the IgE, 183G, and 1gGza levels in the serum.
We also examined the gene expression of antioxidants in the
lung tissues.

Determination of AHR

Airway hyperresponsiveness was assessed by whole-body
plethysmography with a free-moving application (Buxco
Electronics, Tray, NY) [24] in accordance with a previously
published procedure [12,13].

Histological analysis

For histologic examination, 10% formalin-fixed lung tissues
were embedded in paraffin, cut into sections, and stained
with hematoxylin and eosin (HE), and periodic acid-Schiff
(PAS). Histopathological changes were examined using a light
microscope (Eclipse EBOO, Nikon, Tokyo, Japan).

BAL and cell differentials in BAL fluid

BAL was performed as described previously [13,14], and the
total number of cells in the BAL fluid was counted with a
hemocytometer. For differential counts of leukocytes in
BAL fluid, cytospin smear slides (Lab Systems; Tokyo, Japan)
were prepared and stained with Diff-Quick Romanowski stain
{Muto Kagaku Co., Tokyo, Japan).
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Figure 1 Airway hyperresponsiveness was assessed by whole-
body plethysmography with free-moving application and then
evaluated by Penh values in response to inhaled aerosolized
methacholine (0, 6, 12, 24 mg/ml}. The X axis shows the
concentration of methacholine (mg/ml); the Y axis shows the
values of Penh. =", wild-type mice; /, Nrf2 knockout mice, Results
are means = SD of data in each group (n=16). *p<0.05 N2~ mice
vs Nrf2"'~ mice at each methacholine concentration point.

Measurement of cytokines/chemokines in BAL fluid

Immunoreactivity for IL-12, IL-4, IL-13, MCP-1, eotaxin,
RANTES, and TARC in the BAL fluid supernatants was measured
with an enzyme-linked immunosorbent assay (ELISA) kit (Bio-
source International, Inc., Camarillo, CA). ELISA was carried
out in accordance with the manufacturers instruction sheet.
Each sample was assayed in triplicate.

Measurement of I1gG,, 18G,, and IgE in serum

Immunoreactivity for 1gG,, 186z, (Cygnus Technologies, Inc.,
Southport, NC), and IgE (Bethyl Laboratones, Inc., Montgom-
ery, TX) in the serum was measured with an ELISA kit in
accordance with the manufacturer’s instruction sheet. Each
sample was assayed in triplicate.

Quantitative real-time reverse
transcription-polymerase chain reaction (RT-PCR)

Total RNA was extracted from the lung tissues with TRizol
Reagent (Gibco BRL, Gaithersburg, MD) in accordance with
the manufacturer’s instructions. Complementary DNA (cDNA)
was synthesized as described previously [25] and quantified
with a sequence detector (7900HT Sequence Detection
System; Applied Biosystems) using PCR Master Mix and the
respective inventoried primers including a [\-actin control
(TagMan Universal PCR Master Mix, Applied Biosystems).
TagMan assays were repeated in triplicate samples for each
of the selected antioxidant enzyme genes in each lung
sample. The mRNA expression levels for all samples were
normalized to the level of the housekeeping gene |i-actin.
Selected antioxidant enzyme genes and their assay ID were
as follows: glutamate-cysteine ligase, modifier subunit
(GCLm, Mm00514996_m1), glutamate-cysteine ligase, cata-
lytic subunit (GCLc, MmO0BO2655_m1), glucose-6-phosphate
dehydrogenase X-linked (G6PD, Mm00656735_g1), glu-
tathione-S-transferase, alpha3 (G5T-a3, MmO00494798_m1),

glutathione-S-transferase m1 (GST-M1, MmO0833915_g1),
glutathione-5-transferase pi2 (GST-P2, Mm00839138_g1),
heme-oxygenase-1 (HO-1, Mm00516004_m1), superoxide
dismutase 2 (SODZ, Mm00449726_m1), glutathione reductase
1 (GSr, Mm00833903_m1), and [-actin (MmD0607939_s1).

Statistical analysis

Results are shown as means+standard deviation (5D). Dif-
ferences between groups were determined by Student's
t test using the Stat Mate |ll software package (ATMS Digitals
Medical Station, Tokyo, Japan). Differences at p<0.05 were
considered significant.

Results

Assessment of changes in AHR in response to DEP
exposure

To examine airway responses to low-dose DEP in Nrf2 /
mice, we first assessed AHR (as expressed in Penh) using
whole-body plethysmography.

Exposure to DEP significantly increased the airway reac-
tivity to methacholine (6, 12, and 24 mg/ml) in Nrf2 /"~ mice
compared with Nrf2*’* mice (Fig. 1).

Lung histopathology

The histological specimens revealed no change in response
to DEP exposure in Nrf2*/* mice (Fig. 2), but PAS staining-
positive mucus cell hyperplasia was evident in Nrf2 © mice
(Fig. 2B). There were no inflammatory cell infiltrates in
either Nrf2*’* or Nrf2 '~ mice.

BAL cell differentials

Examination of the BAL fluid showed that the total number of
cells and the number of macrophages were significantly lower
in Nrf2 "/~ mice than in Nrf2*** mice, The numbers of lympho-
cytes and eosinophils in the BAL fluid after DEP exposure were
significantly higher in Nrf2 * mice than in Nrf2*/* mice (Fig. 3).

Cytokine/chemokine levels in BAL fluid

The levels of IL-12 and IL-13 in BAL fluid after DEP exposure
were significantly higher in Nrf2 ' mice. The level of IL-4 in
BAL fluid did not change significantly after DEP exposure
ineither Nrf2*/* or Nrf2 / mice (Fig. 4A). The level of TARC in
BAL fluid after DEP exposure was significantly greater in
Nrf2 '~ mice than in Nrf2*’* mice. The levels of manocyte
chemoattractant protein (MCP)-1, regulated upon activation,
normal T expressed and secreted (RANTES) and Eotaxin in
tBAL fluid were not changed significantly after DEP exposure
in either Nrf2*/* ar Nrf2 ™/~ mice (Fig. 4B).

18G,, 18Gz,, and IgE levels in serum

There were no significant changes in the levels of IgE, I1gG,
and 1gGz, in serum after DEP exposure in either Nrf2*'* or
Nrf2 '~ mice (Fig. 5).
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Figure 2 Histopathology of the lung tissues. Lung sections stained with HE and examined by light microscopy (100x) (A). Lung
seclions stained with PAS and examined by light microscopy (200=) (B). The arrows indicate the PAS-positive cells.
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Figure 3 Changes in total cells and differentials in BAL fluid. The smear preparations in BAL fluid were stained with Diff-Quick
Romanowski stain. Results are means +SD of data in each group (n=6). *p<0.05 NrfZ” '~ mice vs Nrfz”"~ mice.
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Figure 6

Real-time RT-PCR for genes of various antioxidants in the lungs. Clear bar, no DEP (not expesed to DEP) group; solid bar, DEP

group; ™", wild-type mice; =, Nrf2 knockout mice. Results are means = SD of data in each group (n=3). *p= 0.05 Nrf2™" mice vaNrf2™'"

mice.

expression of various antioxidant enzymes was significantly
increased in Nrf2*'* mice compared with Nrf2 '~ mice.

Discussion

The present study using Nrf2 gene knockout mice revealed
for the first time that disruption of the Nrf2 gene enhanced
susceptibility to airway inflammatory responses induced by
inhalation of low-dase DEP. Nrf2/ and Nrf2*/* C57BL/6 mice
were exposed to low-dose DEP (i.e., at concentrations
similar to those inhaled outdoors) for 8 weeks, and in
Nrf2 © mice significant increases of AHR, numbers of
lymphocytes and eosinophils, and levels of IL-12, IL-13 and
TARC in BAL fluid were observed in comparison with those of
Nrf2*'* mice. In contrast, gene expression of antioxidant
enzymes was significantly increased in Nrf2*"* mice in com-
parison with Nrf2"* mice. As the magnitude of gene in-
duction of these antioxidant enzymes was considerably
higher in Nrf2** than in Nrf2 '~ mice, it was clearly asso-
ciated with the activation of Nrf2 in response to DEP-induced
lung inflammation.

We assessed airway hyperresponsiveness (as expressed by
enhanced Pause values (Penh)) by whole-body plethysmo-

graphy. Penh has been used in an experimental mouse model
to evaluate airway hyperresponsiveness [26-28]. Exposure
to DEP increased airway reactivity to methacholine more
significantly in Nrf2""~ mice than in Nrf2*/* mice. Our pre-
vious study showed that the changes in Penh induced by
methacholine were significantly greater 1 week after DEP
exposure in C57BL/6 mice, but that Penh recovered to the
baseline level by B weeks after DEP exposure, and the changes
in AHR were independent of the airway inflammation caused
by oxidative stress derived from low-dose DEP exposure [13].
The current data suggest that AHR may increase with oxi-
dative stress induced by continuous, long-term (longer than
B weeks) exposure to DEP in wild-type mice. PAS-positive
mucus cell hyperplasia was found only in Nrf2 ' mice,
without destruction of the airway epithelial cells in the lung
tissues, Although it has been confirmed that AHR increases
with oxidative stress induced by DEP expaosure, the mechan-
ism by which AHR increases in Nrf2 ' mice is still unclear. It
is speculated that, in this system, the changes in AHR caused
by low-dose DEP may depend on the genetic strain of mouse
employed, as reported by Depuydt et al. [29]. Our results
suggest that Nrf2 plays a key role in regulation of AHR in
oxidative stress caused by DEP exposure.

Please cite this article as: Y,J, Li, et al., Disruption of Nrf2 enhances susceptibility to airway inflammatory responses induced by low-dose
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The total numbers of cells and macrophages in BAL fluid
were significantly decreased, and the numbers of lympho-
cytes and eosinophils were significantly greater, after DEP
expasure in Nrf2 ' mice than in Nrf2*/* mice. It is interesting
that the changes in these differential cell counts in C578L/6
Nrf2 / mice 8 weeks after DEP exposure were similar to those
previously reported in C57BL/#6 wild-type mice 6 months after
DEP exposure [14]. IL-12 influences the cytokine profile after
T-cell activation [30], Eosinophil recruitment into inflamma-
tory sites is a complex process regulated by a number of
cytokines including IL-13 [31]. Our findings suggest that IL-13
may be involved in eosinophil recruitment into the airways of
Nrf2 '~ mice after DEP exposure, possibly indicating the
presence of novel lymphocyte-directed chemokines [32,33].
We found that the level of TARC, but not that of eotaxin or
RANTES, was significantly increased. Dias-Sanchez et al. have
suggested that the effects of DEP on cytokine/chemokine
expression are not global or non-specific [34], Among these
CC chemokines, TARC was the first one shown to selectively
chemoattract T lymphocytes [32]. TARC was subsequently
identified by induction of T-cell chemotaxis, especially in
Th2-type CD4" T lymphocytes [33]. TARC is a pivotal
chemokine for the development of Th2-dominated experi-
mental asthma with eosinophilia and AHR [35]. Our present
results indicate that TARC is also an important chemokine in
the development of Th2-dominated oxidative stress-induced
airway inflammation after DEP exposure.

Although it is reported that the effects of DEP-induced
oxidative stress initiate and exacerbate airway allergic res-
ponses through enhanced IgE production [36,37], in the low-
dose DEP exposure systems, no remarkable changes in IgE
were evident in serum of Nrf2 / mice after DEP exposure.

In response to DEPexposure in the present study, there was
increased induction of antioxidant enzyme mRNA in the lungs
of Nrf2"’* mice. v GCLm and GCLc are involved in glutathione
(GSH) synthesis. GSH is the major intracellular thiol anti-
oxidant that acts directly as a ROS scavenger. The GSH redox
system plays a critical role in determining intracellular redox
balance and antioxidant function [38]. GSR uses quinine axi-
doreductase 1 (NADPH) for regeneration of reduced gluta-
thione. G6PD, the enzyme involved in NADPH regeneration,
was also considerably induced in Nrf2™/* mice in response
to DEP. Qur data clearly show that Nrf2 regulates several
antioxidant enzyme genes that block oxidative stress and
inflammation induced by DEP. The mRNA expression of other
Nrf2-regulated antioxidant enzymes including G5T-a3, GST-
p2, GST-M1, SOD2 and HO-1 also increased in the Nrf2*/*
mice, Our data indicate that Nrf2 deficiency results in re-
duced gene expression of antioxidant enzymes that block
oxidative injury, leading to enhancement of inflammatory
cell activity and AHR.

It has been reported that the pathogenesis of allergic
asthma is related to oxidative stress [16]. In conjunction
with allergens, DEP act as an adjuvant to enhance allergic
responses such as expression of cytokines/chemokines and
increased AHR [12,39]. It is conceivable that DEP exaggerate
allergic asthmatic responses, and that the responses result
from oxidative stress induced by DEP exposure.

In this study we showed for the first time that disruption
of the Nrf2 gene facilitated susceptibility to airway inflam-
matory responses induced by inhalation of low-dose DEP
in mice. These results strongly suggest that DEP-induced

oxidative stress and host antioxidant responses play a key
role in the development of DEP-induced airway inflamma-
tion, and may contribute to exaggeration of lung diseases
related to oxidative stress such as allergic asthma.
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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 [mTECs]) 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.
PORRESPONDENCE Our results suggest that Aire controls the differentiation program of mTECs, thereby orga-
Mitsuris Matsumots nizing the global mTEC integrity that enables TRA expression from terminally differentiated
mitsuru@ier tokushima-u.ac jp mTECs in the thymic microenvironment.
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the pathogenesis of not only APECED but also other types of
autoimmune diseases (2, 3).

One of the most important aspects of AIRE 1n the context
of autoimmunity is its limited tissue expression in medullary
thymuc epithehial cells (mTEC) (4, 5). mTECs are beheved to
play major roles in the establishment of self-tolerance by elim-
manng autoreactive T cells (negative selection) and/or by
producing immunoregulatory T cells, which together prevent
CD4" T cell-mediated organ-specific autoimmune diseases
(6, 7). For this purpose, mTECs appear to express a set of seli-
Ags encompassing many or most of the self-Ags expressed by
parenchymal organs. Supporting this hypothesis, analysis of
gene expression in the thymic stroma has demonstrated that
mTECs are a specahzed cell type in which pronuscuous ex-
pression of a broad range of penipheral tissue-restncted Ag
(TRA) genes (1Le., promiscuous gene expression) is an auton-
omous property (8). Aire in mTECs has been suggested 1o
regulate this promiscuous gene expression (9-11) through as
vet undetermined mechanisms.

From a mechanisne viewpont, there are two possible mod-
els 10 explan the funcaon of Awre in the thymic organogenesis
required for the esablishment of seli-tolerance. First, Aire may
play a wolerogemic role within the rypes of mTECs charactenzed
by Aire expression. In other words, the presence of Aire within
cells 1s necessary in order for them to functon normally as toler-
ance-establishing cells. Consistent with this idea, the current
prevating view on the roles of Aure in estabhshing self-tolerance
15 that Aure-posiive cells are the major cell types that show pro-
muscuous gene expression and that the lack of Awre protein
within cells impairs their tolerogenic function because of the re-
duced transcnpnon of TRA genes, although the developmental
process of mTECs 1s otherwise unaltered in the absence of Awre
(model 1). The second model hypothesizes that Aare 15 necessary
for the developmental program of mTECs, including Aire-posi-
uve cells themselves. In this case, we assume that what are called
Aure-posiive mTECs and other Aire-dependent cell-types do
not develop normally in the absence of Aire. Given that acquisi-
von of the properues of promuscuous gene expression depends
on the maturanon status of mTECs (see Results and Discussion),
unpared promiscuous gene expression from Aire-deficient mice
can be associated with a defect of such an Aire-dependent devel-
opmental program in mTECs (inodel 2). Although itis sull con-
troversial whether reduced transenption of particular TR A genes
n Aire-deficient mTECs can account for the development of
autoimmuruty targenng the corresponding self-Ags in Aire-
deficient mice by itself (11-15), it is entical o determine which
model provides a more appropnate explanagon of Aire-depen-
dent promiscuous gene expression to further elucidate the
molecular aspects of Aire (16). Model 1 would direct research
toward the mechanisms underlying 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 i which Aire plays a pivotal role. These
two models can be tested if we can monitor the developmental
process of mTECs committed to Aure expression i both the
presence and absence of funcoonal Awre proten

2828

Thus 1ssue regarding the roles of Aire in thymic organogen-
esis 15 also directly linked to the fundamental question of how
mTECs acquire their unique ability to express a broad range of
self-Ags (1.e., promiscuous gene expression), The terminal dif-
ferentanon model assumes that mTECs eventually acquire the
capacity for promiscuous gene expression by becoming differ-
ennated, more mature, and more promuscuous (7, 10). Thas
model suggests that mTECs, especially Aire-posinve cells, are
speciahized cell types that have acquired this ability through
differentaton. In this context, it is noteworthy that the wan-
scnptional machimery necessary for pronuscuous gene expres-
sion other than Aire protein is considered to be acquired by
mTECs independent of Aire expression i this model. The
model suggests that the transcnipuional unit for promscuous
gene expression becomes fully active when Aare starts to be
expressed in termunally differenoated mTECs. In contrast, the
developmental model consders that promuscuous gene expres-
sion 15 a reflecuon of the mulupotency of immature mTECs
before the developmenual fate of parucular cell types 1s deter-
mined (17). In this model, expression of a broad spectrum of
TRA genes is regulated by conserved developmental programs
that are actve in developing mTECs, and Aire and/or Awre’
cells conwrol this process (18). Accordingly, the developmental
model considers that Aire acts at the early developmental stage
of mTEC differenuanon, which 1s in marked contrast to the
umung of Aire expression proposed in the terminal differentia-
non model. Thus, the terminal differennanon model and the
developmental model favor models 1 and 2, respecnvely, pro-
posed for the roles of Awre i promiscuous gene expression and
self-tolerance (19),

To invesngate in more detail the roles of Awre in thynue
organogeness, we have used a knock-in mouse strategy n
which the coding sequence of GFP was inserted mto the Aire
gene locus in a manner allowing concomtant disrupuon of
funcuonal Aire protein expression. This strategy allowed us 1o
disunguish mTECs comnutted to expressing Aire from Aire-
nonexpressing m TECs, in both the presence and absence of
funcuonal Aire protein. In addinon, with the use of knock-n
mice in which thymic TRA (i.e., gluramate decarboxylase 67
|GAD67]) expression can be monitored by GFP expression
we also examined the cell types of mTECs responsible for
promiscuous gene expression in situ. The results suggest that
Aire promotes the differentiation program of mTECs and that
promiscuous gene expression i1s accomphished in terminally
differentiated mTECs that have fully matured 1n the presence
of Aire protein

RESULTS

Establishment of Aire/GFP knock-in mice

To examine the molecular and cellular contmbution of Aire
to thymic organogenesis, we established Aire/GFP knock-
in mice in which expression of the GFP gene 15 under the
transcriptional control of the endogenous Aire gene. In this
strategy, modificauon of the Aire gene locus was mimimized
by inserting a GFP-neomycin resistance (neo’) gene cassette
(gfp-neo) (20) between exon 1 and exon 2 (Fig. 1 A). After
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establishing Aire* @ mice, they were crossed with a general transcnipuonal control of the authennc Aire gene. However,
deleter Cre recombinase-expressing transgenic line (21) o re a few cells showed Aare nuclear dots without any detectable
move the neo’ gene casserte, which contains the herpes sim- GFP expression (Fig. 1 C, arrows) or expressed GFP without
plex virus thymidine kinase gene promoter for efficient neof obvious Aire nuclear dots (not depicted). As expected, Aire
gene expression. After confirming the removal of the neo’ gene mouse thymus showed no GFP agnals (Fig. 2, A and B)
cassette (Fig. 1 B), muce were crossed with C57BL/6 muce o Notably, most of the CD11c-posiove DCs in the thymus were
select a line containing the GFP knock-1n allele but not the GFP neganve (Fig. S1 B), suggesung that Aire expression from
Cre recombinase-expressing transgemic allele. Aire™ % mce thymic DCs 1s neghgible compared with that from mTECs
were then crossed to obtain Aireé® %% mice, which have a null
mutation for the Aire gene because of disruption of the Aire  Altered thymic organization in Aire-deficient mice
gene by insertion of the GFP gene (Fig. 1 B). As expecred. We then examuned the effect of Aire deficiency on thymic
Aire® 8% muce, but not Aire* ' muce, showed no expression organization in Aire®' mouse thymus sections, focusing on
of endogenous Aire in the thymus, as detecred with poly the producnon of cells genencally marked with GFP and
clonal anu-Aure antibody (Ab) recogmizing peptides located therefore, active in Ame gene transenption but lacking func-
within the proline-nch region of Aire (unpublished data) nonal Aire protein. There were many GFP* “Aure-less™ TECs
L.’-.;n_;: immunolustochemustry, we first exanuned whether withun the medulla (1 185 2. Aand B; and l'l_t'_ S1 A), indicat
GFP expression from Aire” 9 mouse thymus reflects endoge ing clearly that Aire protein nself 1s not necessary tor the pro
nous Aire gene expression Stromal cells \il-'-‘-\lm'_ vanable ex ducuon of part ular mTEC hneages comnutted to express
tents of GFP expression in the cytoplasm and nucleus were Aire. However, detailed inspection demonstrated that the
scattered throughout the thymic medulla (Fig. 1 C). The morphology and location of GFP* cells from A ¥ thymus
medullary regnon was idenufied by staming with Ulex euro- were altered compared with those of GFP” cells containng
paeus agelunmn 1 (UEA-1) (Fig. 2 A), anu-epithehal cell ad functional Aire protein from Aire™ " mouse thymus. First,
hesion molecule 1 (EpCAM) mAb (Fig. 2 B), or ant-keratin we noticed thar the cell shape of GFP* m1 ECs lacking funi
5 (K3) Ab (Fig. S1 A, avalable at hup://www.jem.org uonal Aire protemn was altered; in Aire2¥ thymus, more
content/full/jem 20080046/ DC1). GFP-expressing cells from GFP" cells exhibited a globular shape instead of a dendritc
Aire” @ mouse thvimus showed a dendnne to fibroblasue mor to fibroblastic morphology, compared with Aire® @ thymus
phology and were ennched at the cornco-medullary juncoon (Fig. 2 C, arrows), The lower preponderance of a dendnnc
(Fig. 1 C; Fig. 2. A and B, and Fig. S1 A). When doubly shape of GFP* Aire-less mTECs was venihied by stansncal
stained with anu-Aire Ab, most of the GFP-expressing cells  analysis, We calculaced the le f cell shape complexaty tor
contained vanable amounts of Aire nuclear dots within their each GFP* cell by dividing the length of the cellular penph

nucler (Fig, 1 C), mdicating that GFP expression 15 under the erv by the cell area using a computer program (i.e., the lngher
I ) t i I .
A B
Sapl it Gapl .
Ganomic | - vy F g -
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Figure 1, Establishment of Aire/GFP knock-in mice. (A) Targeted insertion of the GFF gene into the Aire gene locus by homologous recombr
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the value, the more complex the cell shape). GFP* cells from
Atret ¥ thymus showed lower values (1e, less complexity

per cell) and a narrower distnbution of values (i.e., less het-

erogeneity of cell shape) than those from Awe™ @ thymus
(Fig. 2 D). Because a gene-dosage effect has been nouced a
the Aire gene locus (11), we carefully excluded the possibility
that the altered shape of GFP* cells from Are® & thymus was
due simply to higher GFP protem expression within each cell,
1.e., imposing a potennally toxic burden on the cells. For this
I‘”[I‘(‘\l'. we '.“'"\l.'li _'II” o mice \‘\'l[ll .'I!JI' mice |\l;‘: to

establish Air
Aire* % mice (Fig. S2 A). Simularly to the Airet %% chymus

muce i which the gfp allele 15 single, as in

analysis, GFP* cells from Awre™'® thymus demonstrated less
complexaty of cell shape than those from Aire™ ' thymus, as con

firmed using the same method of stausocal analysis (Fig. 52 B)

GFP

UEA-1

Merge

EpCAM

Merge

Figure 2.

gip/glp

]

Although we analyzed the thymic orgamization of Aire
muce before the onset of autoimmune pathology (1.e., 46 wk
after burth), we also excluded the ]uhﬂinll[\' that the altered

cell shape of GFP* cells from Aired® 8 thymus was secondary to

the autoimmune phenotypes by esablshing Aire mice ex-
pressing the OT-11 TCR transgene in which the autoreac-
uve T cell repertoire is absent (Fig. 83 A) .'\!nrphnlugh'.ii
changes in GFP* cells were sinularly observed in these mice
(Fig. 53 B), suggesung that the altered shape of GFP™ cells lack
g Aire protein was independent of autoirmmune phenotype
Second, we nonced that the distnbunon pattern of mTECs
commutied to Aire expression was also affected in the absence
of funcuonal Aire protein. In contrast with the ennchment of
GFP* cells from Aire®* @ thymus at the coruco-medullary junc
tion, GFP* cells from Aire® & thymus tended to be localized

- . P =0.005
15 :

it

+/atp afp/alp

Retative cell-shape complexity
=

o

Altered morphology and distribution of mTECs committed to express Aire in the absence of functional Aire protein.

(A and B) mTECs active in Aire gene transcription were visualized by immunohistochemistry with anti-GFP Ab (green). The medullary region was identified
by staining with UEA-1 (A) or anti-EpCAM mAb (B; red). Bars, 100 um. One representative experiment from a total of five repeats 1 shown {C) Enlargement

of the staiming with anti

maouse thymus, There were mare GFP-

thymus were enriched at the cortico-medullary junction (tog

medulla or even ennched at the center of the medulia (botte

(D] Morphological changes in the shape of GEP* cells from Aire

ale GFE* cell o

to the relative cell shape complexity of a sin

cells from Airer®% and Aire thymi, respectively, were evi

results were obtained from a total of three repeats
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more uniformly within each medulla or even ennched at the
medulla center (Fig. 2 C and Fig. S1 A). Altered distnbunion
of GFP" Aure-less mTECs was also evident in Aire” % muce
(Fig. 52 A), as well as in Aire” ' muce expressing the nonau
toreactive OT-11 TCR transgene (Fig. S3 A). Collecuvely
prmh:rnﬂn of a parti ular mTEC Imt_'.lgu: commutted to ex
press Aire 15 not determuned by Aure protein alone. However,
Aure deficiency in these cells results in morphological changes
together with altered locanon within the medulla, suggestung
a role of Aure in the differenuavon program of mTECs i 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* 4% nuce (Fig
51 C). Although the effect of absence of Aire protem on the
locanon of GFP* A e v
and early P1 (postneonatal) stages was cifficult to evaluate be

and Aurec oF

cells from . muce at the embryoni
cause of the less organized thymic structure together wath rela
avely small numbers of GFP* cells at those stages, marphological
commutted 1o Aire
Fig. S4 A),
firmed by the same stansucal analysas .;pp]]ml to Fig. 2 D (Fig
54 B)

mTECs as evaluated by immunohistochenustry with U

alteration of each mTE( EXPression was

already evident at the neonatal stage (P1; as con
(1.e., Aire nonexpressing)
EA-1,

Fhe properues of GFP

anu-EpCAM Ab (Fig. 2, A and B), anu-K5 Ab (Fig. S1 A},
ER-TRS5 Ab, anti—claudin 3/4 Abs, and MTS10 Ab (not de
picted) showed no obvious difference berween Awe™'® and

Aire?’er adult thymi

In addinon o the histological evaluanon of mTECs based
on Aire/GFP expression, another possibility that Aire controls
the differennanon program of mTECs has emerged from stud-
1es focusing on the cell differentanon markers expressed by
mTECs. In the skin, involucnin expression is restricted to post

mutotic epithelial cells and serves as a marker of epidermal and
follicular termunal differenuanon (22), Interesungly, immuno

histochenustry of the human thymus using anti-involucnn Ab
stains charactenstic swirled epithehial structures known as Has-
sall’s corpuscles (23), which 1s consistent with the fact that
Hassall's corpuscles are composed of terminally differennated
mTECs (24). When thymus secnions from Aare-sufficient nmuce
were \[JHIL‘{I W ||!I anti=<inve 'llll nn .'\h. ”]'!“i“‘ n”—""‘[‘T(""»l”]‘,{
cells were scattered within the EpCAM® thymic medulla
(Fig. 3 A). The number of involucnn-expressing cells was age
and 11 wk (Fig. 3 B and

www. jem.org/ cgi/content/full

dependent and declined berween 8
Table S1, available ar hep://
J1em. 20080046/DC1)
larger involucrin-expressing structures with a hyalimized
degenerated core in the thymuc medulla from Aire-sufficient
muce, which 15 remuniscent of Hassall's corpuscles in human
thymus (Fig. 3 C). Remarkably, the numbers of mTECs ex

pressing involucnn in Awre-deficient mice were sigmficantly

In addinon, we occasionally found

lower than those in Aire-sufficient mice, especially at 4 and
8 wk of age (Fig. 3 B). Furthermore, we observed no typical
Hassall's corpuscle-like structures in the thymus of Aire-defi

clent muce at any age, which 15 1n contrast to those seen in

Asre-sufficient mice (Table $1). These results further support

ARTICLE

the novon that lack of Aire in mTECs alters their differenua-
tion program, thereby altenng mTEC integnty

Next, we used Aow cytometnc analysis to examine GFP-
expressing cells from the thymus. Thymic stromal cells were
released enzymancally from adult thymi and stained with
ant1i-CD45 mAb and UEA-1, together with antu-CDB0 and
anu-MHC class 11 mAbs
UEA-1"GFP* {1.e., Aire®) cells (from here on simply desig-
nated GFP* cells) in the populanon of CD45~ stromal cells
(Fig. 4 A). When forward scatter (FSC) and side scatter (SSC)
parameters were l\)l]\l‘-llf'l{ between GFP* cells and UEA-
1*GFP - cells (from here on simply designated GFP ~ cells),
GFP
pared with GFP

Aire* ' thymus contained 4.5%

" cells were larger and more broadly distributed com
4 B, left), suggesting a distinct

Airede'th

cells (I 1§
cellular morphology of Aire® cells among mTECs
thymus also contamned GFP* cells in the populaton of CD45
as already observed by immuno
histochernmcal analysis (Figs. 2 and S1) the

praportion of GFP* cells in A7 thymus was consistently

stromal cells (Fig. 4 A),
Interestungly,

Invaluerin EpCAM Merge
11 wk
G % 25 [ = 25
E.20¢ 20 20 ¢
] 2 15 ¢ 15 l 15
58" [ »
ZS_10F . 10 o 10
'g’— - | 1
g | . 8 : 5} i
0 —— 0 o~ g -y
Aire- Aire- RBire- Aire- Alre. Alre
sufficlent deficient sufficlent deficlent sufficient defickent
1+ Invalucrin EpCAM Merge

Reduced numbers of terminally differentiated mTECs in
the absence of Aire. (A} Involucrin-expressing mTECs [green) were scat

Figure 3.

tered within the thymic medulla (red; stained with anti-£EpCAM Abl of
Aire-sufficient mice, Bar, 50 pm. [B) Numbers of involucrin-expressing
ed in Aire-deficient mice at 4 (left] and 8 (middle] wk of

mTECs were red

age. Numbers of involucrin-expressing mTECS in Aire-sufficient mice de
clined at 11 wk of age (night). Each circle corresponds to the mean num
ber of involucrin-expressing mTECs per section examined in individua
mice. Detailed information for the mice examined from a total of five
presented in Table S1 (available at http.//www. jem.orgjcgl

X046/DC1). (C) Hassall's carpuscle-like structures

expernments is [

content/f ;II_||rm 20(

seen in Aire-sufficient mause thymus stained with anti-invo
(green) together with anti-EpCAM Ab (red] These discrete and larger

involucrin-expressing structures were scarcely detectable in Aire-deficient
mouse thymus. Bar, 20 pm. One representative experiment from a total of

five repeats s shown
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30-40% higher than in Aire” % thymus (Fig. 4 A). Conse-
quentdy, the ratio of GFP* cells to GFP~ cells was higher in
Aire? % thymus (~1:5) compared with that in Awre™ ¥ thymus
(~1:10). Although the difference in FSC/SSC parameters
between GFP* and GFP~ cells observed for Aire* '@ mice was
also seen in Aire &% mice (Fig. 4 B, nght), FSC/SSC plots of
GFP* cells from Airet?’e% mice showed a more condensed
profile over a narrower region compared with GFP* cells from
Aire* % mice (Fig. 4 B, top), which nught reflect the mor-
phological changes in GFP* mTECs observed by immuno-
histochemustry (Fig. 2 C). We recorded no GFP expression
from CD45° hematopoienic cells (not depicted) or from
CD45 UEA-1" thynuc stromal cells from either Aire™ '@ or
Airet™’ % muce (Fig, 4 A),

We then analyzed the expression of CD80 and MHC
class 1l from each of the populanons separated on the basis of
GFP expression and UEA-1 binding. GFP” cells from Aire™ /s
muce expressed both CD80 and MHC class I ar hugh levels
(CD8OM/ class 1Y), whereas GFP~ cells from the same anumals
expressed imtermediate wo low levels of both CD80 and MHC
class 11 (Fig. 4 C, left). GFP* cells from Aired? & thymus were
also CD80"/class II™ (Fig. 4 C, night), indicaung thar expres-
sion of these Ag presentation-related molecules was Aire
independent. Indeed, expression levels of both CD80 and

MHC class Il from GFP* cells were almost indisunguishable
between Aire” @ and Aire™ ¥ mice when the two flow cyto-
metnc profiles were merged (Fig, 4 D, left). However, al-
though difference was small, expression of both CDB0 and
MHC class 1 from GFP~ cells from Airas®'& mice was con-
sistently lower than that from Aire™ %% mice (Fig. 4 D, nght).
This result may indicate that the absence of normal Aire-
expressing cells from the medulla 15 accompanied by pheno-
typic alteration of Aire-nonexpressing mTECs, which was
not evident with the immunohistochemcal analysis with the
commonly used medullary epithelial cell markers (Fig. 2,
A and B; and Fig. S1 A). Collecuvely, the results suggest that
Are deficiency results 1in a global alteranon of the thymic
mucroenvironment that involves not only mTECs commutted
to express Aire but also the Aire-nonexpressing mTECs tha
surround Aire’ cells.

Aire-dependent TRA gene expression

Although Aire has been suggested to regulate pronuscuous
gene expression m mTECs (9, 10), demonstranon that Aare”
cells are the major source of promiscuous gene expression
from mTECs 15 sull incomplete i the absence of appropriate
cell markers for Aire-expressing cell lineages. Existing data
for pronuscuous gene expression from mTECs were obtained
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metric analysis. CD45~ thymic stromal cells were analyzed 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 nancommitted to express Aire, irrespective of the presence of Aire
protein, FSC/SSC profiles of mTECs committed to express Aire were altered in the absence of functional Aire protein (top), Each FSC/SSC profile was ob-
tained by back gating the correspanding fractions from A based on the expression of GFP and UEA-1. (C] CDB0 and MHC class Il expression levels were
higher in mTECs committed 1o express Aire than in mTECs noncommitted ta express Aire, irrespective of the presence of functional Aire protein Filled
profiles in green and gray are from GFP< and GFP~ mTECs, respectively. (D) COBO and MHC class Il expression from mTECs committed to express Aire were
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by flow cytometnc sorting using surrogate Aure’ cell markers
such as CDARO and MHC class 11, As a result, it is not yet clear
which populaton of mTECs (i.e., Aire-expressing or Aire-
nonexpressing mTECs) is deficient in promuscuous gene ex-
pression as a result of absence of funcuonal Atre protein. To
answer this quesnon, we separated GFP* and GFP~ mTECs
from both Aire*'# and Aire® 't mice and examuined the ex

pression of several TRA genes, including both Awre-dependent
(1.e., insulin 2 and salwary protein 1 [SAP1]) and Aire-inde-
pendent (C-reactive proten [CRP]) TRA genes; expression of
the former and the latter gene classes has been demonstrated
1o be reduced or unchanged, respecuvely, in CD80™/class 11"
Aire-deficient mTECs (9, 10). GFP* mTECs from Aire™ /e
mice showed the highest expression of insulin 2 and SAPT,

and expression of those genes was much lower in GFP~™ mTECs
both GFP*
mTECs from Ame® '@ muce x:xpn:.-.wd almost none of the
mTECs de

which includes

from the same ammals (Fig. 5) Remarkably, and
GFP
Arre-dependent TRA genes insulin 2 and SAP]
fined by UEA-1 binding from Aire*
both Awre® and Aire ™ cells, showed intermediate expression
These results clearly indicate two important

Y mice,

of those genes
features of promiscuous gene expression in mTECs. Firse,
Aire® mTECs are the major cell types responsible for the
Second, mTECs
cannot express Awre-dependent TRA genes in the absence of

CXpression of Aire dt‘pL'lni\'lll TRA Erncs

funcononal Aire protein, even though the hneage commitment
w (‘Kpl(‘\b f\l[{' 3“{1 |]|{' L'.\l'l ession ol ,‘\!.f pll'\('"t‘ltIUI'l'IL'ILIl‘.'iI
molecules, such as CD80 and MHC class 1, are preserved
(Fig. 4 C). It s uimporant to emphasize that the Lter observa
uon does not necessanly mean thar Aire acts on the already exist-
ing transcripuonal machimery required for TRA gene expression
within established tenmnally differennated mTECs, Rather, in
"ECs show defectuve

the light of the fact that GFP* Aire-less m’
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Figure 5. TRA gene expression from mTECs assessed by real-time PCR.
Expression of insulin 2, SAPT, CAFP, and Aire was examined from each
fraction of mTECs sorted on the basis of the fiow cytometric profile dem
onstrated n Fig. 4 A Color bars corresponding to each fraction are indi-
an the nght. Aire* mIECs were the major cell types responsible for

cated

the expression endent TRA genes (insulin 2 and SAPT), whereas
AFA) was expressed from both Aire” and

verify the proper sorting of

of Aure—

an Aire-independent TRA gene | (
Aire = mTECs. Aire expression was assessed to
each mlEC fraction. Numbers ar hive gene expression level compared
if the Hort gene Results are expressed as the mean + SEM for

with that
thplicate wells of ane representatve expenment from a total of three

repeat expenments
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development, as ndicated by their altered morphology and dis-
tribution, we suggest that Aire* mTECs acquire their unique
machinery for promiscuous gene expression only when they
have fully achieved maturation wath the help of Aire protein (see
Discussion and see Fig. 8]

In marked contrast 1o Aire-dependent TRA genes, ex-
pression of an Aire-independent TRA gene, CRP, from GFP*
mTECs was indisunguishable between Aire /0% and Airedr'sr
mice. CRP expression from GFP~™ mTECs was detectable, al-
mTECs,
was also similar between Aire’ % and Aire®® & muce (Fig. 5)
As expected, the Awre gene was haghly expressed from GFP*
m TECs of Aire’ ® mice, although a low level of Aire gene
expression was detected from GFP~ mTECs, which 1s possi-

though the levels were lower than from GFP*

bly a result of shght contamination by cells expressing a trace
Aare) in thus fracuon Expression of the

and GFP cells of Aire®? & mice

amount of GFP (1.e.,
Aire gene from both GFP*
was at background levels

Aire-independent TRA gene expression in situ from mTECs

I'he results in the previous secnion suggest that individual mTECs
do not express a broad armay of TRA genes. Rather, eachmTEC
seemns to express a different spectrum of TRA genes. Some TRA
genes, such as insulin 2 and SAP1 (previously recogmized as Aure-
dependent genes, references 9, 10), were predonunantdy ex-
pressed from cells of the Awre® mTEC lineage only when Aire
protein was present within the cells, and other TRA genes, such
as CRP (previously recogmized as an Aire-independent gene;
references 9, 10), were expressed from both Aire” and Aure
mTECs irrespecuve of the presence of Aire protem. The Litter
situanion was further investigated with the use of GADG7/GFP
knock-in muce (GAD67 % muce). GAIDET, an Aire-indepen-
dent TRA gene that s expressed in the brain and pancreas, 15

A GADGE7 Aire Merge
B GADeT* Alm
Alre GADE7 GADGT-
58.0% 39.8%/ W?%
{n=152)

Figure 6. Expression of the Aire-independent TRA gene GAD67
and of Aire from mTECS in situ. [A) Expression of the GADEZ gene

and Aire was detected by immunohistochemis
[green) and anti-Aire Ab [red], respectively, in thymus sections from
GADB?|GFP knock-in muce. Bar, 20 um. [B) Hes
for A were calculated for a total of 152 mTECs expressing the GAL

try with anti-GFP Ab

ults obtained as descrit
DE

gene andfor Aire. One representative experiment from a total of three

repeats 1s shown
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also active in mTECs from GAD&7 ' mice (25). Using 15 also imposed on terminally differenuiated cells rather on
immunohistochermustry, we examined the expression of GAD67 immature proliferaung mTECs
together with Aire in GADA7 " mouse thymus secuons. There phi3 18 strongly expressed in epithehal stem cells of the thy-
were three types of TECs: GADAT " Aure ™ (45.4%), GAD6GT " Aure mus and speafically funcoons to maintain their exuaordinary
(32.9%), and GADAT ~Aire* (21.7%) (Fig. 6, A and B). Am g !,‘rn]lluuls\ e capacity (28). To examine whether mTECs
the GAD67* mTECs, 42.0% expressed Aire and the rest did not expressing the Amre and GAD67 genes have this high prohifera
Fig. 6 B), consistent with the Aire-independent nature of uve capacity, we examined p63 expression from thymi of
GADGT gene expression (9, 10). Conversely, among the Aire Aire/GFP knock-in and GAD67/GFP knock-in adult nuce
mTECs, 60.2% expressed GADG7 and the rest did not, suggest mTECs expressing GFP from both mouse strains showed little
ing that Aire expression s not sufficient for TRA expresaon, at ph3 expression by immunohistochermustry (Fig. 7 B), suggest-
least for thus .'\|rt'—llhir'!\rn.irn[ TR A gene ing that neither of these genes 15 x-\,|!|ui\‘._‘.i in mTECs wath
high proliferative capacity. Instead, Atre seems to function
Expression of Aire and Aire-independent TRA genes within mTECs in the later stages of differennanon, when the
by nonproliferating mTECs cells are also responsible for TRA gene ression
Previous studies suggested that Aire 15 predonunanty ex
pre ssed by terminally differentiated cells on the basis of their DISCUSSION
poor incorporation of BrdU (26, 27). We confirmed thus find In the present study, we addressed fundamental questions re
ing by injecting BrdU into Aire* ' muce. BrdU inc orpora garding how mTECs acquire the capacity for P ISCLOUS
ton was scarce n GFP* mTECs (Fig. 7 A, top). We sinularly gene expression with the paracipavon of Aire, with the hope
exanune i W hl\ !l I\]\r‘ ol m I } Cs, immature !‘I'-.‘]ll.'\'[.l|l]1_|' or []'..l[ lII]li'.‘I'".I]]lil!';" E]l(‘ ro. ‘[. I\ll".‘ mn '.h_\“l]\ "[:-’H'J' ‘!.".‘I?."\I‘
mature nonproliferaung, express GAD67 by mjecung Brdl will help to unravel the molecular mechansms responsible for
into GADG7/GFP knock-in miuce. We found that GFP* expression of immunologcal self in the thymie microenviron
mTECs incorporated BrdU only weakly (Fig. 7 A, bottom) ment, The issues include the following: first, whether Aire

suggesung that expression of this Aire-independent TRA gene iself is necessary for the production and/or differentiation

Aire/GFP-KI

GADE7/GFP-KI|

Aire/GFP-KI|

GAD&7/GFP-KI

Fiqun' 7. Expression of the Aire and GADG7 genes by nonprohferatmg mTECs. (A) BrdU incorporation by Aire- and GADE7-expressing mTECs was

valuated 4 h after i.p. imjection of BrdU into A iice, respectively. The thymus sections were stained with anti-GFP (green) and anti

and G

D6

expressing the Aire and GADS7 genes (green). Bars, 40 uym. One representative ex
) . 40

BrdU (red) Abs. Bars, 20 pm. (B) p63 (red) was not detected in mTE

perimen nown
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program of Aire* cell lineages; second, whether Awe” mTECs
are necessary for the structural and/or funcuonal organizatuon
of other types of mTECs; third, to what extent Aire* mTECs
contnbute to the expression of TRA genes; and fourth, the
nature of the maturation status of mTECs that express Aire
and are responsible for TRA expression. Because Aire-spe-
cific Ab cannot be used to invesugate the differennanon pro-
cess of mTECs commutted 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 1n a manner allowing concomant disruption of func-
tional Aire protein expression. In Awe® /@ muce, this strategy
also enables us to disinguish Aure-expressing cells from Aure-
nonexpressing cells without introducing any cell markers
mcompletely unique to Aire-expressing cells. Accordingly,
mTECs commutted to Aire expression were faichfully GFP
marked with this strategy; mTECs transenpuonally active for
the Aire gene were mostly positive for stamng with anti-Aire
Ab by immunohistochemistry. There were, however, small
numbers of cells that were either posinve for Aire staiming
but negatve for Aire gene transcription (re., GFP ) or, con-
versely, posiive for Awe gene transcnpuon (1.e., GFP?) but
neganve for Aire stuning, The former cell type could result
from different half-lives of the two protemns (GFP vs. Aure),
whereas the latter cell type could result from Aire protein
being present as a diffuse nucleoplasmic form (more difficule
to recogmize) instead of the typical nuclear-dot form (29). Alter-
nanvely, these discrepancies could simply be accounted for by
differences in detection sensiivity. Indeed, RT-PCR. analysis of
flow cytometry—oned cell fractions showed the expected pat-
termns of Aire gene expression

With Aire/GFP knock-in mice, we have clearly demon-
strated that Aire® mTECs are the major cell types responsible
for the expression of so-called Aire-dependent TRA genes
such as insulin 2 and SAPI (9, 10). These genes were almost
exclusively expressed from GFP* mTECs of Aire”™ @ mice but
not of Aire®& mice. In contrast, expression of Aire-indepen-
dent genes, such as CRP, was not affected by the absence of
Aire. CRP expression from GFP* cells was sinular between
Aire*'# and A5 mice. CRP expression, although at lower
levels, was also observed from GFP~ cells and, again, was n-
disunguishable between Aire*/# and Aired®'0 mice. Expres-
sion of GAD67 i an Aire-independent manner (9, 10) was
also supported by immunolustochemstry of GAD67/GFP
knock-in thymus, demonstrating GADE7 expression irrespec-
uve of the presence of Aire protein in each mTEC. We specu-
late that the Aire dependency of TR As reflects, in part, the cell
types in which TR As are expressed; expression of Asre-depen-
dent genes is confined o Aire’ mTECs, whereas expression of
Aire-independent genes occurs from both Aire* and Aure
mTECs. It 1s of note that mTECs do not uniformly express
the overlapping spectrum of TRAs, as exemplified by the scat-
tered expression of the GAD67 gene in GADG7/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” mTECs
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express Aire-dependent TRA genes uniformly. Indeed, single-
cell analysis has demonstrated that expression of Aire in mTECs
15 not sufficient for simultaneous coexpression of Aire-depen-
dent TRA genes (17). Thus, we favor the nouon that pro-
miscuous gene expression reflects the thymus-wide summation
of expression of a small number of self-Ags by individual
mTECs rather than expression of the complete spectrum of
selt-Ags by each cell (17, 18).

Because expression of transcnprion factors associated with
developmental plasncity of progemitor cells (1.e., Nanog, Oct4
and Sox2) 15 Awre-dependent in mTECs (18), the develop-
mental model predicts that Aire acts early in the development
of mTECs. The developmental model also suggests that pro-
IMscuous gene L"Kprcsi".‘n rcprmnts mnl‘djl'la[fd gene cxprﬂ—
sion reflecting an alternate program of epithelial differennation
among actvely probferating mTECs at their progenitor or im-
mature stages (19). However, accumulating data together wiath
the results of the present study do not support such a view (26,
27). Rather, it is likely that Aure 1s acung at the late differentia-
tion stages of mTECs. Accordingly, Aire-dependent processes
for achieving promiscuous gene expression mighe also be
active at the late differenuanon stages of mTECs (see the sub-
sequent paragraph). Clearly, this does not involve mTECs
gamning the ability to express CD80 from CD80" precursors
(30) because GFP* mTECs from Aire® e muce demonstrated
normal levels of CD80 expression. It is necessary to dissect the
developmental process of mTECs, thereby precisely idennfy-
ing the Aire-dependent steps of mTEC differennauon.

Given that Aire-expressing cells are terminally differenc-
ated, the demonstration that Aire® mTECs are the major cell
types responsible for expression of TRA genes, at least for
Aire-dependent genes, apparently favors the terminal differ-
entiation model for Aire-dependent promiscuous gene expres
sion from mTECs (7, 10, 11). However, our results do support
a key aspect of a role for Aire in the developmental model
(17-19): absence of Aire in mTECs causes morphological
changes together with altered distnbution of mTECs com-
mitted to express Aire. Indeed, the difference in appearance
of GFP-expressing cells was disunct enough to allow discnimi-
nation between Aire* /o and Aire®’& mouse sections by blind
analysis. Interesungly, Gillard et al. (18) noted that globular
mTECs without visible cellular projecuons were more prom-
inent 1n Aire-deficient thymus, which could represent the
GFP* globular mTECs we observed in Aire®'®F mice. Fur-
thermore, expression of functional molecules, such as CD80
and MHC class 11 from mTECs noncommutted to express Aire,
was also affected by the absence of Aire, suggestung that Aire
and/or Aire* mTECs nfluence the organizanon of mTECs
beyond simply controlling promiscuous gene expression within
Aire-expressing cell lineages. We do not beheve that the dem-
onstration that termunally differentiated Aire-expressing cells
are the major source of promiscuous gene expression (appar-
ently favoring the terminal differentiation model) and the
demonstration that Aire and/or Aure® cells controls thymuc
organogenesis (consistent with the developmental model; refer-
ence 18 and present study) are mutually exclusive. Instead,
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Aure could both promote the differennabon program of mTECs
commutted to express Aire, ensunng that they become fully
equipped with the necessary machinery for prormuscuous gene
expression, and be an efficient driver of promiscuous gene
expression in such cells. Thus, promiscuous gene expression
seems to be accomplished in ternunally differentiated mTECs
that have matured in the presence of Aire protein (Fig. 8). Alter-
natvely, Aire might be necessary for maintenance of a termu-
nally differenuated state in which mTECs mamfest a dendnuc
shape with fully competent promuscuous gene expression,
We found that the numbers of mTECs expressing invo-
lucnn, a marker of epidermal differentaton (22), were reduced
in Aire-deficient mouse thymus. It was noteworthy thar
involucrin-expressing mTECs themselves were negauve for
Aare expression with immunohustochenustry (unpublished data),
thus making it unlikely that imvolumin gene expression in mTECs

15 under direct transcriptional control by Aire as a part of

TRA gene expression. Similarly, 1t 1s unknown whether im-
pared involucnn expression 1 specific to mTECs commtted
to Aure expression or whether lack of Awre® mTECs affects
the differenuation of other type(s) of mTECs that would oth-
erwise express involuenn ar their terminally differenuated
stages. Based on the fact that GFP* Aire-less mTECs showed
alterauions 1n their morphology as well as distribuuion, we
assurne that the former possibility 15 more likely. Interesungly,

Aire-sufficient

Aire  Airess: GFP~ CDB80MAire~: GFP-
o B¢ >3

Cld*
mTEC CRP/GADET
progenitor i Alre: GFP~ —— ns2SAP
L

o8-8

\ CDBOMAire: GFP-
Aire-
lineage Rz —» & Grrp | Aire-deficient |

CDBO*
Figure B. Schematic representation of the roles of Aire in mTEC
differentiation and TRA gene expression. Aire-expressing cell lineages
develop from mTEC progenitor cells through concomitant expression of
claudin (26). Expression of Aire-dependent THA genes. such as insulin 2
and SAPI1, 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 claudin®
Aire-expressing cell lineages can still develop and pass the CD80-express-
ing maturation stage [marked as Aire-deficient). These CDBO™ Aire-less
mTECs have a more globular cell shape and lack transcriptional machinery
for Aire-dependent TRA genes. Because Aire-independent TRA genes, such
as CRPand GADG7, can be expressed 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 dendnitic shape with fully
competent promiscuaus gene expression

CD80e  CDBO™e=

Aire & » & cip
lineage

o8y
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we found that reduction of involucnn-expressing mTECs in
Aire-deficient mice was associated with a nearly absence of
Hasall's corpuscle-hke structures, although the exact relevance
of this phenotype to the breakdown of central tolerance in
Aire-deficient mice remains unknown (31). Together wich
the fact that formation 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 differennaton program of
mTECs than was imtally thought.

Finally, although we have demonstrated that Aire orga-
rizes the global mTEC integnity that facilitates promuscuous
gene expression in the thymic mucroenvironment, the exact
nature of the mTEC differennanon program under the control
of Aire protein stll remains unknown. We have demonstrated
that both Awe and an Awre-independent TRA gene, GAD67,
are predormunantly expressed by nonproliferative cells, although
we cannot completely exclude the possibility that expression of
these genes is associated with immature cells that tarn over
slowly and, thus, would be poorly labeled by BrdU. The re-
sults prompt us to propose a fascinanng hypothesis that promis-
cuous gene expression 1s achieved by mduction of heterogeneity
among termimally differennated mTECs rather than by mulu-
potendality of mTEC progenitors. We speculate that Aire may
contribute to mTEC heterogeneity by acang on mTECs at the
late differennanion stages and that lack of Aire may result in
fatlure to create this heterogenenty. According to thus scenano,
addinonal mechanisms for the development of Aire-dependent
autonmmunity might be posable beyond reduced TRA ex-
pression from Aire-deficient mTECs, for instance, altered Ag
processing and/or presentation capacity by Awre-deficient
mTECs (12) and/or altered T cell development affecting
establishment of the complete T cell repertoire. Study of the
mechanisms underlying the Aire-dependent production of
heterogeneity among mature mTECs nught be a rewarding
approach to eluadanng the nature of the negauve selection
niche in the thymus.

MATERIALS AND METHODS

Mice. Aire/GFF knock-in mice (RIKEN Center for Developmental Biol-
ogy accession No. CDB0483K) were ge d by gene targ:
swribed previowsly (32). In brief, the targeting vecror was constructed by
replacing the genomic Aire locus starting from exon 1 (immediately after the
Kozak sequence) to exon 2 with a GFP-neomycin resstance (neo') gene

g as de-

casserte (20). The neo’ gene cassette harbors loxP sites at both ends. The tar-
geting vector was introduced into TT2 embryonic stem cells (33), and the
homologous recombinant clones were first adentified by PCR and con

firmed by Southem blot anulysis, After the targeted cells had been injected
into morula-stage embryos, the resulting climene male mice were mated
with C57BL/6 females (CLEA) to establish germ-line cransmission. Aine* iy
mice were crossed with Ayul-Cre mice (21), a general deleter Cre recombi-
nase-cxpressing transgenic line, to remove the neo’ gene casserte. After con-
firming removal of the neo’ gene cassette, mice were crossed with C57BL/6
mice to select the line contaiming the GFP knock-in allele but not the Cre
recombinase-expressing transgene. Awe” ® mice were then crossed 1o obtain
Aue® 8 puce, which have the null mutanen for the Awre gene. GADG7/GFP
knock-in mice were heterorygous for GADGT-GFP (Aneo) as described pre

viously (34) OT-II transgenic mice (35) were purchased from The Jackson
Laboratory. The mice were mainamed under pathogen-free conditions.
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The protocols used in this sudy were in accordance with the Guidelines
tor Amumal Expenimentation of Tokushima University School of Medicine
and were conducted with the spproval of the RIKEN Kobe Amimal Experi-
ment Comuputee

Immunchistochemistry. Mice were killed and the thymus tssues were
fixed as described previously (25, 36) Immunohntochemical analyus of the
thymus with UEA-1 (Vector Laboratories), rat anti-EpCAM mAb (BD),
and rabbit polyclonal ant-K5 Ab (Covance) was performed a3 described
previously (37). Rabbu polyclonal anu-Aire Ab was produced as described
previously (13). Goat polyclanal anti-GFP Ab (Novus Biologicals) and rab-
bit polyclonal anu-GFP Ab (lovitrogen) were wed for the detecuion of
GFP-expressng cells. BedU mcorporation by m TECs was examined 4 h al-
ter i.p. injecuion of 1 mg BrdU/mouse, and the detection of BrdU incorpo-
ration was performed with ann-BrdU Ab (BD), & descnbed previously (26)
Rabbit polyclonal ann-p63 Ab was purchased lrom Santa Cruz Biotechnol-
ogy, Inc. The level of cell shape complexity for each GFP® cell was calcu-
lated by divicing the lengih of the cellular peniphery by the cell area (i1e

periphery/area ¥ 1/4m) measured by the WinROOF program (Mitai Cor

poration). Alfter obraining photos of the thymus sections wained with anu-GFP
Ab, the phatoy were subyected (o analyus with the software. Immunohisto

chemustry of the thymus sections and stamtical analyys of cell shape complexity
from different genotype of mice for companson were processed sunultane

ously i the same set of expeniment to mimmize vanabiiry between the as-
says. Numbers of involucrin-expressing mTECs were assessed after staning
the thymus sections with aabbit polyelonal Ab agains mouse Invelucrin
(Covance). Well developed EpCAM® thynue medullas were examuined for
the presence of involucnn-expressing cells from several thymus sections ob

tamed from mdividual mice

TEC preparation and How cytometric analysis. TECs were prepared
as descnbed previously (12), In bref, thyme lobes were solaed from mee
and cut mto small pieces. The fragments were gently rotated i LPMI 1640
medivn (Invicogen) swpplemented with 102 hea-inacovated FCS (Tnvie

rogen), 20 mM Hepes, 100 Urml penicillin, 100 pug/ml sirepromycin, and
50 uM 2-MF at 47C for ¥ min and dopened further with pipeting to e

move the majority of thymocytes. The resulting thymic fragmens were di-
gested with 0,125% collagenase 1 (Rochie) and 10 U/ml DNase | (Roche)
in RPMI 1640 3¢ 37°C for 15 min The supernatants, contaming dissociated
TECs, were saved, and the remaining thymie fragments were further di

gested with collagenase 1D and DNase 1. This step was repeaced twice, and
the remaimng thymic fragments were digested with 0.125% collagenase/di

pasc (Roche) and DNase | at 37°C for 30 mun. The supematants from ths
digest were combined with the supematants from the collagenase digewn,
and the mixture was centtifuged tor 5 mun at 450 ¢ The cells were s

pended in PBS, containing 5 mM EDTA and 0 5% FCS, and kept on ice
until the stauning. The cells were stained with anu-CD45 mAb (BD) and
LUEA-1 and subjected to flow cytometric cell sormng with a FACS Vanuge
(BD). Flow cytomemic analysis was performed after staining the cells with
an-C145 mAb, UEA-1, ann-1-A* (eBioscrence), and anu-CDB0 (eBioscs

ence) mAbs with a FACSCalibur (BD) as desenibed previously (13, 37)

Real-time PCR. RINA was extracred from sarted mTECs with RNeasy
Mini kits (QIAGEN) and made into cDNA with ¢DMNA Cycle kits (Invitro-
gen) according o the manufacturer's instructions. Real-ume PCR. for quan-
ufication of the insulin 2, SAPI, CRP, and Hpn genes was performed as de-
senibed previouy (12, 13). The primers and thie probes are a5 follows: ingulin
2 primers, 5 -AGACCATCAGCAAGCAGGTC-Y and SACTGGTG-
CAGCACTGATCCAC-Y, imulin 2 probe, 5'-FAM-CCCGGCAGAAG-
CGTGGCATT-3"; SAP pnmers, 5 -ACTCCTTGTGTTGCTTGGTG:
TTT-3 and 5 TCGACTGAATCAGAGGAATCAACT-3", $AP] probe,
5 -FAM-TTCACCAGCAGAATCAGCAGTTCCAGAA-Y, CRP primers,
STACTCTIGGTGCCTTCTGATCATGA-Y and 5" -GGCTTCTTT-
GACTCTGCTTICCA-Y . CRPprobe. 5 -FAM-CAGCTTCTCTCGGA-
CTTTTGGTCATGA-Y, Hpr primers, S-TOGAAGAGCTACTGTAAT-
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GATCAGTCAAC-S and 5"-AGCAAGCTTGCAACCTTAACCA-3, and
Hprt probe, 5"-FAM-TGCTTTCCCTGGTTAAGCAGTACAGCCC-Y

Statistical analysis. All results are expressed as mean ! SEM. Statistcal
analysis was performed wuing Student's two-taled unpaired ¢ test for com-
parisons between two groups Differences were conndered significant if
p-valuey were 0.05 or lew.

Online supplemental marerials. Fig S1 shows Aire-expressing cells in
adult and embryonic thymi. Fig 52 shows altered morphology together with
the distribunon of GFP* Awe-less mTECs i Awre ' muce. Fig. 53 shows al-
tered morphology together wath the dstnbution of GFP® Aiwre-less mTECs
in Aire ™ ®* mice expressing the nonavtoreactive OT-1I TCR transgene. Fig.
54 shows altered morphology of GFP® Aire-less mTECs in Ain®® & mice a1
nconatal stage P1 Table 51 shows detailed information tor mice analyzed lor
mvolucrin-exprewsing mTECs. Onhine supplemental material s available u
huep://www jem.org/ cgi/ content/ full/yem 20080046,/ DCH
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