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The roles of autoimmune regulator (Aire)—expressing medullary thymic epithelial cells (nTECs)
in the organization of the thymic microenvironment for establishing self-tolerance are enig-
matic. We sought to monitor the production and maintenance of Aire-expressing mTECs by a
fate-mapping strategy in which bacterial artificial chromosome transgenic (Tg) mice expressing
Cre recombinase under the control of the Aire regulatory element were crossed with a GFP
reporter strain. We found that, in addition to its well recognized expression within mature
mTECs, Aire was expressed in the early embryo before emergence of the three germ cell layers.
This observation may help to explain the development of ectodermal dystrophy often seen in
patients with AIRE deficiency. With the use of one Tg line in which Cre recombinase expression
was confined to mTECs, we found that Aire*CD80"g" mTECs further progressed to an
Aire—CDgQintermediate stage, suggesting that Aire expression is not constitutive from after its
induction until cell death but instead is down-regulated at the beginning of terminal differen-
tiation. We also demonstrated that many mTECs of Aire-expressing lineage are in close contact
with thymic dendritic cells. This close proximity may contribute to transfer of tissue-restricted
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self-antigens expressed by mTECs to professional antigen-presenting cells.

The mechanisms underlying the autoimmune
pathology caused by autoimmune regulator (Aire)
deficiency are a focus of intense research that
could help to answer the fundamental ques-
tion of how the immune system discriminates
between self and non-self within the thymic
microenvironment (Kyewski and Klein, 2006).
The discovery of Aire-dependent transcrip-
tional control of many tissue-restricted antigen
(TRA) genes from medullary thymic epithelial
cells (mTECs), where Aire is most strongly ex-
pressed (Anderson et al., 2002), raises the ques-
tion of how the single Aire gene can influence
the transcription of such a large number of
TRA genes within mTECs (Gillard and Farr,
2005; Cheng et al., 2007; Matsumoto, 2007,
Peterson et al., 2008; Mathis and Benoist, 2009).
One important step toward solving this issue
is to elucidate the exact timing of Aire ex-
pression during the course of mTEC differen-
tiation. Because Aire*CD80Meh or Aire"MHC
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class 11" mTECs develop from Aire”CD80
(Gibler et al., 2007; Rossi et al., 2007) or
Aire"MHC class 1'% (Gray et al., 2007) im-
mature mTECs, respectively, and Aire” mTECs
are postmitotic (Gray et al., 2007), it is now
clear that Aire is expressed in mature mTECs.
Consistent with this notion, Aire” mTECs are
negative for p63 expression, a regulator of the
proximal stages of epithelial cell differentia-
tion (Senoo et al., 2007; Dooley et al., 2008;
Yano et al., 2008). However, it is not yet clear
whether Aire"CD80Me" mTECs maintain this
cellular signature until they die or whether
they undergo further differentiation accom-
panied by phenotypic change before their cell
death event. In other words, it has not yet been
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determined whether Aire is expressed at the end stage of
terminal differentiation (the former possibility, model 1) or
at the beginning of terminal differentiation (the latter pos-
sibility, model 2). These models are difficult to test in the
situation where we do not know whether Aire expression is
constitutive or transient after its induction. It is possible that
further differentiation of mTECs with changes in cell signa-
ture might be associated with loss of Aire expression.

To overcome the difficulties described in the previous
paragraph, and to better understand the roles of Aire within
mTECs and of Aire-expressing mTECs in organizing the thy-
mic microenvironment, we have used a fate-mapping strategy
in which we can permanently mark cells expressing a gene of
interest even after extinction of its transcription (Rodewald,
2008). Unexpectedly, fate mapping of Aire-expressing cells,
together with subsequent analysis of Aire gene expression
during early embryogenesis, demonstrated that Aire is ex-
pressed before emergence of the three germ cell layers, be-
fore its thymic expression. One possible manifestation of Aire
gene expression before gastrulation is the development of
ectodermal dystrophy, a characteristic of the human disease
autoimmune polyendocrinopathy-candidiasis-ectodermal
dystrophy (APECED) which is caused by AIRE deficiency
(Peterson et al., 2008; Mathis and Benoist, 2009). With the
use of a transgenic (Tg) mouse line in which cell marking
with GFP subsequent to Aire expression was confined to the
mTEC differentiation program, we were also able to track
the phenotype of Aire-expressing lineage from Aire*CD80high
to Aire”CD80™, supporting model 2 (described in the previ-
ous paragraph). With this particular Tg line, we were also able
to demonstrate that many mTECs of Aire-expressing lineages
are in close contact with thymic DCs irrespective of differen-
tiation stage, suggesting an efficient cross-presentation of TRA
genes from mTECs of Aire-expressing lineages. Thus, our stud-
ies on thymic and extra-thymic Aire gene expression by the
fate-mapping strategy have revealed many fundamental and
previously unknown characteristics of Aire-expressing cells.

RESULTS AND DISCUSSION

Fate-mapping study of Aire-expressing cells reveals Aire
gene expression before gastrulation

We generated bacterial artificial chromosome (BAC) Tg
mice expressing Cre recombinase under the control of the
Aire regulatory element (Aire/Cre BAC-Tg). Six indepen-
dent Aire/Cre BAC-Tg lines were generated, and each line
was individually crossed with a reporter Tg strain express-
ing enhanced GFP (EGFP) upon Cre-mediated recombina-
tion (CAG-CAT-EGFP, line 39; Kawamoto et al., 2000). First,
we used immunohistochemistry with anti-GFP antibody
(Ab) to monitor GFP expression in the thymus from double
Tg mice. In four of the six double Tg lines (derived from
Aire/Cre BAC-Tg lines 4104, 413-3, 415-2, and 461-1;
Table S1), we unexpectedly observed GFP expression from
the entire region of the thymus (as exemplified by mouse #2,
line 461-1; Fig. 1 A, first column). The stromal component
expressed GFP not only from the medulla (densely stained
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with anti—epithelial cell adhesion molecule 1 [EpCAM]
mADb) but also from the cortex. More surprisingly, thymo-
cytes also expressed GFP on flow cytometric analysis (as ex-
emplified by mouse #13, line 410—4; Fig. S1 A, first column).
Furthermore, T and B cells in the spleen and CD45* BM
cells also expressed GFP (Fig. S1 A). The results prompted
us to examine GFP expression in other organs beyond the
thymus, and we found that GFP was expressed in all the
tissues examined in these four double Tg lines (i.e., brain,
ectodermal origin; kidney, mesodermal origin; intestine,
endodermal origin; skin, ectodermal and mesodermal origin;
Fig. S2, A [mouse #5, line 415-2] and B [mouse #4, line
461-1]; these mice will hereafter be referred to as ubiqui-
tous type). It would be important to mention that this is
not simply a result of the Tg overexpression of Cre recom-
binase gene in mice because the same results were obtained
when we generated Aire/Cre knockin mice by homologous
recombination in embryonic stem (ES) cells and crossed
them with the reporter strain for GFP expression (Fig. S3).
A noteworthy finding was that the neomycin resistance (neo’)
gene cassette harboring loxP sites at both ends in the targeted
allele was deleted spontaneously during the establishment of
Aire/Cre knockin mice (Fig. S3 C), most likely because of
expression of the Aire gene during early embryogenesis
(demonstrated in this study) and/or spermatogenesis
(Schaller et al., 2008; see next paragraph).

The unexpected results obtained from the fate-mapping
study described in the previous paragraph suggest that Aire,
beyond its well recognized expression in mTECs, must be
expressed at a time in early development before the emer-
gence of the three germ cell layers (i.e., before gastrulation).
We therefore directly investigated Aire expression in WT
mouse embryos. RNA was extracted from whole embryos
starting from embryonic day (E) 6.5 until E8.0 and were
subjected to real-time PCR. Significant levels of Aire gene
expression were detected at E6.5, just around the timing of
gastrulation in mice, and expression subsequently declined to
near background levels (Fig. 2 A). Semiquantitative RT-PCR
also demonstrated that embryos at the two-cell stage, blasto-
cysts, and ES cells also expressed Aire (Fig. 2 B). By sequenc-
ing, we confirmed that the RT-PCR products were indeed
the Aire gene product (unpublished data). Aire expression
from ES cells was also confirmed by the flow cytometric
analysis, with ES cells used for the establishment of Aire™/sP
mice (Yano et al., 2008; Fig. 2 C). Interestingly, Aire/ GFP
expression was observed only from a half population of the
Aire™# ES cells, suggesting a possible stochastic and/or os-
cillating nature of Aire gene expression in ES cells. Whole-
mount fluorescence microscopic analysis also revealed GFP
expression from epiblast of E6.5 embryos, in which thymic
organogenesis has not yet begun, of double Tg mice of ubiq-
uitous type (line 415-2; Fig. 2 D). Consistent with these re-
sults, both ES cells and induced pluripotent stem (iPS) cells
of human origin also expressed AIRE (Fig. 2 E). RT-PCR
products were confirmed to be the AIRE gene product by
sequencing (unpublished data).
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Beyond mTECs, Aire is expressed in secondary lymphoid
tissues (Gardner et al., 2008) and testis (Schaller et al., 2008).
The former has been suggested to be involved in deletional
tolerance by a similar mechanism used in the thymus (Lee
et al., 2007; Gardner et al., 2008), whereas the latter has been
implicated in the early waves of apoptosis in spermatogenesis
(Schaller etal., 2008). One possible implication of Aire gene
expression before gastrulation could be its association with
the development of ectodermal dystrophy (e.g., dystrophies
of dental enamel and nails) in patients with APECED, al-
though the corresponding phenotypes are not discernible
in Aire-deficient mice (Anderson et al., 2002; Ramsey et al.,
2002; Kuroda et al., 2005; Hubert et al., 2009). Because
dental enamel and nails are sites where immune cells have no

easy access for autoimmune attack, it is conceivable that the
abnormalities of tissues of ectodermal origin in this disease
are unconnected with any autoimmune pathology caused by
AIRE deficiency but rather with a deficiency of the early
embryonic AIRE gene expression that we have observed.

Fate mapping of Aire-expressing cells in the thymus

In two other double Tg lines (derived from Aire/Cre BAC-Tg
lines 410-3 and 410-5; Table S1), GFP expression from the
thymus was characteristic in that it was confined to particular
components and/or cells (Fig. 1 A). Remarkably, individual
offspring, even among the same littermates, exhibited dif-
ferent staining patterns in line 410-5. Offspring of this line
showed two distinct GFP expression patterns, as demonstrated

Line 410-5

A
Line 461-1
Mouse #2 Mouse #2
GFP
EpCAM
Merge -
B Aire

Mouse #5

Figure 1. GFP expression in the thymus of Aire/Cre BAC-Tg mice crossed with a GFP reporter strain. (A) GFP expression in the thymus was examined by
immunohistochemistry with anti-GFP Ab (green). The medullary region was identified by staining with anti-EpCAM mAb (red). Mouse #2 from line 461-1 showed
GFP expression from the entire region of the thymus, whereas offspring from line 410-5 (mice #2 and #5) showed distinct GFP expression patterns. Bar, 100 pm.
(B) Concomitant expression of GFP (green) and endogenous mouse Aire (red) in the thymus from an mTEC-type mouse (mouse #2, line 410-5) assessed by immuno-
histochemistry. Cells positive for both GFP and Aire are marked with arrows. Bar, 50 um. One representative experiment from a total of five repeats is shown.
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in Fig. 1 A. Approximately half of the offspring (e.g., mice
#2, 24, and 29; Table S1) from independent deliveries pos-
sessed GFP-expressing mTECs (costained with anti-EpCAM
Ab) with dendritic to fibroblastic morphology, which is remi-
niscent of authentic Aire” mTECs (Fig. 1 A, second column).
Indeed, when the thymus was costained with anti-Aire mAb,
we found that approximately one-third of GFP* cells con-
tained endogenous Aire protein (Fig. 1 B); out of 351 GFP*
cells counted, 111 cells showed concomitant Aire expression
and 240 cells did not. Significant coexpression of GFP and
Aire within mTECs validates the specificity of the Aire/Cre
BAC-Tg line used in this study. Because these mice did not
show any obvious GFP expression from other organs beyond
the thymus (Fig. S2 A, brain and kidney from mouse #2) and
beyond mTECs (i.e., thymocytes, spleen cells, BM cells
[Fig. S1 A, second column] and thymic DCs/macrophages

[Fig. S1 B, second column] from mouse #24), we speculate
that in this line Cre/GFP expression was a faithful marker
of endogenous Aire expression in the thymus and did not
respond to Aire expression at early embryonic stages, prob-
ably because of rather weak expression of the Aire/Cre-
BAC transgene. These mice will hereafter be referred to as
mTEC type. This observation also suggests that, on a per-cell
basis, the promoter activity of Aire in Aire-expressing cells in
the early embryo is weaker than that in mTECs. The results
from real-time PCR in Fig. 2 A are consistent with this
notion (Aire gene expression from WT total thymus was deter-
mined to be 1).

Because spleen from mTEC type (e.g., mouse #2, line
410-5) showed no cells of stromal component marked with
GFP (Fig. S2 C, second column), it is reasonable to speculate
that Aire-expressing cells in the peripheral lymphoid organs

A 1.0 Figure 2. Aire expression at early embry-
onic stages. (A) RNA was extracted from WT or
< '%T 0.8 1 Aire-deficient (Aire KO) embryos at the indi-
% § 0.6 cated time points of gestation. Quantitative
Eo : RT-PCR for Aire was performed with Hprt
o= 044 . expression level as an internal control for the
5: % - assay. Aire gene expression relative to WT total
< 024 ¢ . o thymus (determined as 1) was calculated for
. + - : - N individua-I embryos.‘ Each circle corresponds to
the relative expression value, and lines repre-
E6.5 E7.0 E7.5 E8.0 E6.5 Thymus sent mean values. Aire gene expression from
WT Aire-KO WT embryos later than E7.0 was near to the
background levels found in Aire KO embryos
B _—— E— — — —— and Aire KO total thymus. One representative
Aire result from a total of three repeats is shown.
(B) RNA was extracted from a total of 108 WT
GAPDH two-cell eggs, from a total of 48 WT blastocysts,
o-cellegg Blastocyst ES cell WT Aire-KO and from ES.C?HS (EB3) mailntained in regular
thymus thymus media containing LIF but without feeder layers.

D Light field

C Control
ES cell J/W\_
Aire/GFP-KI ]
ES cell M
GFP —8M8M8 —

E _— .. .
AIRE
GAPDH
ES cell iPS cell HelLa cell MEF
cDNA

GFP

cDNA prepared from total thymus of WT mice
served as a positive control, and cDNA from
total thymus of Aire-KO served as a negative
control. Gapdh was used to verify equal
amounts of RNA in each sample, except for that
of two-cell eggs. Note that expression of Aire
together with Gapdh from two-cell eggs is
apparently low because of the limited amount
of cDNA available for the assay. One represen-
tative result from a total of three repeats is
shown. (C) GFP expression from Aire*/™ ES cells
with flow cytometric analysis. Control ES cells
showed no GFP expression. One representative
experiment from a total of two repeats is
shown. (D) GFP expression from epiblast of £6.5
embryos of double Tg mice of ubiquitous type
(line 415-2) by direct observation under the
fluorescence microscope. The photo is presented
as a merge with light-field picture (right). One
representative experiment from a total of three

Merge

WT AIRE-Tg

Genomic
DNA

repeats is shown. Bar, 0.5 mm. (E) RNA was extracted from human ES cells, human iPS cells, Hela cells, and mouse embryonic fibroblasts (MEFs). Genomic DNA
prepared from mice Tg for human AIRE cDNA (not depicted) and WT mice served as positive and negative controls, respectively. Hela cells and MEF (used as
the feeder cells for ES cells and iPS cells) showed no AIRE expression. GAPDH was used to verify the presence of equal amounts of RNA in each sample,
although it was absent from MEF because of the human GAPDH-specific primers. One representative result from a total of four repeats is shown.
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are not migrating Aire" mTECs originating in the thymus.
Rather, Aire* cells in peripheral lymphoid organs are likely
to develop independently from thymic organogenesis.

In addition to the mTEC type, line 410-5 produced off-
spring exhibiting completely different GFP expression pat-
terns in the thymus, as exemplified by mouse #5 (Fig. 1 A).
In some sections (Fig. 1 A, third column), we observed GFP
expression predominantly from the medullary region. GFP
was expressed both from stromal cells with dentritic to fi-
broblastic cell shape (some of which contained Aire protein,
as observed for mTEC type; not depicted) and from thymo-
cytes (as exemplified by mouse #25; Fig. S1 A, third column).
In the cortex, we observed scattered GFP-expressing stromal
cells with dentritic to fibroblastic morphology (Fig. 1 A, third
column). In other sections from the same animal, we also
observed GFP* mesh-like structures scattered in the cortex
(Fig. 1 A, fourth column). Those cells were positive for kera-
tin 8 (K8) expression (unpublished data). We speculate that

A mTEC Aire/GEP-KI Ubiquitous
type type
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this patchy distribution of GFP* mesh-like structures in the
cortex 1s a result of the creation of somatic mosaics in Cre/
GFP-expressing cells. Because mosaicism of GFP labeling
was also observed in other tissues in these animals, includ-
ing brain, kidney, intestine, and skin (Fig. S2, A [mouse #3,
third column| and B, [mouse #7 middle column]), we also
speculate that Cre/GFP expression was turned on before
gastrulation, similar to the ubiquitous type. These mice will
hereafter be referred to as mosaic type. Thus, subtle variation
in Aire/Cre BAC-Tg expression levels over the threshold
necessary for efficient Cre-mediated recombination within
line 410-5 resulted in either thymus-specific GFP expres-
sion confined to Aire* mTEC lineages (i.e., mTEC type) or
GFP expression in multiple germ cell layers with mosaicism
(i.e., mosaic type). Stromal component of the spleen was also
labeled with GFP in mosaic type (Fig. S2 C, third column).
Offspring from another line 410-3 also showed mosaic type
GFP expression (Table S1).

Negative
control

6.6 10.1 68.5 0.0
Lys1 = — =
UEA-1
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Figure 3. Flow cytometric analysis of GFP-expressing stromal cells in the thymus. (A) Thymic stromal cells were isolated enzymatically and CD45~
cells were stained with markers for ¢TECs (anti-Ly51) and mTECs (UEA-1; top). GFP expression in mTECs (Ly51~UEA-1+; middle) and cTECs (Ly51*UEA-1-;
bottom) was determined for mTEC type (mouse #29, line 410-5), Aire/GFP-KI (Aire*/9™ mice), ubiquitous type (mouse #17, line 410-4), and negative control
(CAG-CAT-EGFP). Ubiquitous type contained GFP* cells in both mTECs and cTECs, whereas mTEC type and Aire/GFP-KI possessed GFP* cells only in the mTEC
fractions. Percentages of the cells in the indicated regions are included. (B and C) Expression of CD80 and MHC class Il from GFP* mTECs (gated for
CD45~UEA-1+ fractions). (B) mTEC type contained GFP+ cells in CD80"Ma" and CD8O™ fractions at approximately a two to one ratio (top left), whereas GFP+
cells were predominant in the CD80"9" fraction in Aire/GFP-KI (bottom left). Percentages of cells in the outlined areas are indicated. Boundaries between
CD80"e" and CD8O™, and between CD8O™ and CD80'", were determined as described in the text. (C) Similarly, mTEC type contained GFP* cells in MHC class |1
and MHC class Il fractions at approximately a two to one ratio (top left), whereas GFP* cells were predominant in the MHC class I1"9" fraction in Aire/GFP-KI
(bottom left). (D) FSC/SSC profiles of CD8QMe" (top left) and CD8O™ (top right) fractions, and FSC/SSC profiles of MHC class 119" (bottom left) and MHC class [I'°%
(bottom right) fractions from the mTEC-type mouse shown in B and C, respectively. One representative experiment from a total of three repeats is shown.
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Aire expression in mTECs before end-stage

terminal differentiation

Given that only mTECs active in ongoing Aire gene tran-
scription express GFP in Aire*/#? mice (Yano et al., 2008),
whereas the fate-mapping system used in the present study
labels cells permanently once they undergo Cre-mediated
recombination, we used flow cytometric analysis to focus on
phenotypic differences between GFP-marked mTECs from
mTEC-type Aire/Cre BAC-Tg (i.e., line 410-5) and Aire*/sp
mice. GFP-expressing cells from both mTEC-type (e.g.,
mouse #29, line 410-5) and Aire™/#" mice appeared in the
CD457Ly51~ Ulex europaeus agglutinin 1 (UEA-1)" mTEC
fraction but not in the CD45 Ly51"UEA-1" cortical thy-
mic epithelial cell (¢cTEC) fraction (which also includes some
neural crest—derived mesenchymal cells [Miiller et al., 2008];
Fig. 3 A), as expected.

We next examined CD80 expression together with GFP
expression in CD45 Ly51 "UEA-1" mTECs. We classified
CDB80 expression levels into CD80Msh, CD80™, and CD80*
on the basis of comparison of CD80 expression levels be-
tween mTECs and non-mTECs. We chose the upper limit of
CD8O0 levels expressed from CD45"UEA-1" non-mTECs as
the boundary between CD80Ms" and CD80™. We also de-
termined the boundary between CD80™ and CD80"" on
the basis of the flow cytometric profiles of CD80 versus
UEA-1 from CD457 stromal cells that we and others have
commonly used (Yano et al., 2008). It is of note that mMTEC-
type mice contained CD80M¢" and CD80™ GFP-expressing
cells at approximately a two to one ratio (Fig. 3 B, top left).
In contrast, in Aire*’## mouse thymi, GFP-expressing cells
were much more strongly represented in the CD80Msh frac-
tion than in the CD80™ fraction (Fig. 3 B, bottom left). This
difference, originating from the different experimental sys-
tems used for cell marking with GFP, suggests that many
CD80™ GFP-expressing cells in mTEC-type fate-mapping
mouse thymi represent Aire-expressing lineages in which
Aire gene expression has terminated, implying that these cells
are invisible in Aire*/#? mice (Fig. S4). We similarly observed
a significant proportion of MHC class 1'% GFP-expressing
cells from mTEC-type fate-mapping mouse thymi but not
from Aire*#® mouse thymi (Fig. 3 C). The results suggest
that Aire'CD80Me"MHC class 1IMsh mTECs derived from
Aire"CD80*MHC class IV mTECs (Gibler et al., 2007;
Gray et al., 2007; Rossi et al., 2007) end their differentia-
tion program by down-regulating CD80 and MHC class I,
as illustrated in Fig. S4. In this regard, it is important to note
that both CD80Meh and CD80™ GFP-expressing cells from
mTEC-type fate-mapping mice showed well overlapped for-
ward scatter (FSC) and side scatter (SSC) profiles (Fig. 3 D,
top), making it unlikely that the transition from the CD8(Psh
to the CD80™ state simply reflects impaired cell condition
during the course of their death-related event. The same
interpretation applies for down-regulation of MHC class II
(Fig. 3 D, bottom).

We analyzed the ratios of GFP*CD80"sh and GFP*CD80™*
mTECs, representing the Aire" mTECs and mTECs at post-
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Aire stages, respectively, from mTEC-type fate-mapping
mice of different ages and found that the ratios of these two
subsets (i.e., GFPTCD80™/GFP*CD80Msh) increased with
age (Fig. 4). These results are consistent with the precursor—
product relationship between Aire*CD80Msh mTECs and
Aire”CD80" mTECs.

We also evaluated involucrin expression in GFP* mTECs
from mTEC-type fate-mapping mice. Immunohistochemical
analysis showed that only a small proportion of GFP* mTECs
coexpressed involucrin (unpublished data), as we had already
observed in Aire/ GFP-KI mice (Yano et al., 2008), although
GFP* mTECs were often closely colocated with involucrin-
expressing mTECs and/or Hassall’s corpuscle-like structures.
Given that GFP expression is maintained only in mTECs
still showing active gene transcription, the low frequency
of coexpression of GFP and involucrin appears to suggest
that involucrin expression might follow post-Aire stages, as
shown in Fig. S4.

Our results suggesting the existence of post-Aire stages
during the course of mTEC differentiation are apparently
inconsistent with the notion that Aire expression in mTECs
results in apoptosis (Gray et al., 2007). One reason for this
discrepancy may be that the apoptotic events initiated by
Aire expression are neither rapid nor direct. Alternatively,
overexpression of the Aire gene in mTECs by the transfec-
tion system might have masked the process responsible for
the natural extinction of Aire we observed. Further study
is needed to establish definitively the relationship between
Aire and apoptotic events in mTECs.

Aire* mTECs for cross-presentation
In mTEC-type fate-mapping mice, approximately two-
thirds of GFP* cells in the thymus did not contain detectable

A Dayie B
o b'
@
S 1.5¢ °
& *e
O 1.0} °
£
0.5 _8 a
0.8 805 g°
° 0.2 +E|__ oo o
o
g O 10 20 30 40 50 60
GFP

Days after birth

Figure 4. Precursor-product relationship between Aire*GFP*
mTECs and Aire~GFP* mTECs in fate-mapping mice. Thymic stromal
cells were isolated enzymatically from mTEC-type fate-mapping mice (line
410-5) and Aire/GFP-KI mice and analyzed for their expression of GFP
together with CD80, as described in Fig. 3 B. (A) Representative FACS pro-
files from mTEC-type fate-mapping mice at different ages (i.e., days 16
and 43). (B) Ratios of GFP*CD80"" mTECs to GFP*CD80"e" mTECs were
plotted for individual mice at different ages. Filled circles, mTEC-type
fate-mapping mice; empty circles, Aire/GFP-KI mice. One dot represents
one mouse analyzed. Filled circles marked with a and b denote the mTEC-
type fate-mapping mice shown in A.
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Aire protein, as assessed by immunohistochemistry as de-
scribed in the previous section (240 cells out of 351 GFP*
cells were Aire negative, 68.3%). This ratio is much higher
than that observed for Aire*/#? mouse thymus (Yano et al.,
2008), in which only one-quarter of GFP* cells were neg-
ative for Aire protein by the same analysis (215 cells out
of 879 GFP* cells were Aire-negative, 24.5%). The higher
proportion of GFP*Aire™ cells in the thymus of mTEC-
type fate-mapping mice than in the thymus of Aire™/sk
mice supports the existence of mTECs that had expressed
Aire in the past but lack ongoing Aire expression dur-
ing the differentiation program, as suggested in Fig. S4.
Approximately two-thirds of GFP*Aire™ cells or half of GFP*
cells (irrespective of Aire expression in this case) from
mTEC-type fate-mapping mice can be estimated to be of this
cell type.

It is believed that mTECs contribute to self-antigen ex-
pression by being phagocytosed by professional APCs at the
expense of their death (i.e., cross-presentation [Gallegos and
Bevan, 2004; Koble and Kyewski, 2009]). We therefore used
mTEC-type fate-mapping mice to examine whether Aire-
expressing mTEC lineages have close contact with macro-
phages or DCs. F4/80" macrophages were more prominent

A GFP CD11c C

in the cortex than in the medulla, and they were not closely
associated with GFP™ cells of mMTEC-type mice (unpublished
observation). In contrast, we frequently observed close contact
between GFP* cells and CD11c* DCs, supporting the role of
Aire-expressing mTEC lineages in cross-presentation (Fig. 5,
A and B). Because both GFP*Aire™ cells and GFP*Aire™ cells
(probably representing the beginning and the end of the
terminal differentiation stage, respectively) were equally
associated with DCs (Fig. 5 C), the contribution of Aire-
expressing mTEC lineages to cross-presentation is not nec-
essarily confined to their death event. Rather, they might
provide DCs with TRA gene products actively throughout
broad stages of differentiation via as yet unknown transfer
mechanisms. However, it may be important to mention that
association with DCs is not a unique feature of Aire-expressing
mTECs (detected by immunohistochemistry with anti-Aire
mADb) because Aire” mTECs (including Aire-nonexpress-
ing mTEC lineages and post-Aire mTECs) in WT mice
also showed association with DCs to a similar extent. The
percentages of mTECs associating with CD11c¢* DCs were
49.3 £ 5.9% for Aire* mTECs and 52.9 + 3.7% for Aire™
mTECs, based on a total count of 3,077 K5* mTECs from

two mice.

GFP Aire CD11c

CD11c Merge

Figure 5. Close contact between Aire-expressing cell lineages and thymic DCs. (A) Thymic sections from mTEC type (mouse #29, line 410-5) were
stained with anti-GFP Ab (green) together with anti-CD11c mAb (red). Bar, 100 um. (B) The outlined area of the photograph in A was enlarged. DCs closely
associated with GFP* cells are indicated by arrows. Bar, 50 um. (C) The thymic sections were stained with anti-GFP Ab (green), anti-Aire mAb (red), and
anti-CD11c mAb (blue). The photo is presented as a merge with light-field picture. Vertical arrows show GFP* cells lacking Aire expression, whereas a hori-
zontal arrow indicates GFP* cells containing endogenous Aire. Both cell types were in close contact with DCs. Bar, 50 um. One representative experiment
from a total of three repeats is shown.
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Conclusion

A fate-mapping study of Aire-expressing cells has unex-
pectedly revealed Aire gene expression during early em-
bryogenesis. Because offspring of mice homozygous for
Aire deficiency were born in the numbers expected from
the heterozygous crossing (Anderson et al., 2002; Ramsey
et al., 2002; Kuroda et al., 2005; Hubert et al., 2009), the
role of Aire in early embryonic development, other than
its possible association with ectodermal dystrophy, remains
unknown. Nevertheless, it is intriguing to speculate that
the evolution of the immune system has co-opted the
Aire gene from an initial role in determining body plan.
A precedent for such a process might be the Toll-like re-
ceptors. In this regard, it is interesting that the Toll gene
in Drosophila melanogaster plays an essential role in the es-
tablishment of dorsal-ventral polarity, whereas deletion of
genes involved in Toll-like receptor signaling in mice re-
sults in no discernible effect on their embryonic develop-
ment (Takeda et al., 2003; Brennan and Anderson, 2004).
Consequently, we might expect ablation of the Aire gene
in lower vertebrates (Saltis et al., 2008) to result in obvious
phenotypes related to embryonic development. Integration
of the roles of Aire expressed at early embryonic stages
with current perspectives on the involvement of Aire in
organizing the thymic microenvironment may provide a
novel viewpoint on the fundamental features of self versus
non-self discrimination.

MATERIALS AND METHODS

Mice. A BAC Tg construct containing 97.1 kb of the 5" region and 69 kb
of the 3’ region flanking the Aire gene was generated from BAC clone
RP23-461E7, in which the Aire start codon was replaced with an open
reading frame encoding a Cre recombinase followed by a poly-A signal
from the rabbit B globin gene using the Red/ET Counter Selection BAC
Modification kit (Gene Bridges), which does not leave any drug selection
genes in the BAC Tg construct (Muyrers et al., 2000). Aire/Cre BAC-Tg
mice were generated by injecting linearized BAC Tg construct into pro-
nuclei of fertilized C57BL/6 oocytes, and Tg founders were chosen by
Southern blot analysis. A reporter Tg strain expressing EGFP upon Cre-
mediated recombination (CAG-CAT-EGFP, line 39; Kawamoto et al.,
2000) and Aire/GFP knockin mice (Yano et al., 2008) were generated as
described previously. The mice were maintained under pathogen-free
conditions. The protocols used in this study were in accordance with the
Guidelines for Animal Experimentation of Tokushima University School
of Medicine.

Immunohistochemistry. Immunohistochemical analysis of the thymus
with goat polyclonal anti-GFP Ab (Novus Biologicals), rabbit polyclonal
anti-GFP Ab (Invitrogen), rat anti-EpCAM mAb (BD), and rabbit poly-
clonal anti-K5 Ab (Covance) was performed as described previously (Yano
et al., 2008). Rabbit polyclonal anti-Aire Ab and rat anti-Aire mAb (clone
REF33-1; IgG1) were produced in our laboratory by immunization with
peptides corresponding to the C-terminal portion of mouse Aire. Anti-
CD11c mAD (clone HL3) was obtained from BD.

TEC preparation and flow cytometric analysis. Preparation of TECs
and flow cytometric analysis with a FACSCalibur (BD) was performed as
described previously (Yano et al., 2008). The mAbs used were anti-CD4,
anti-CD8, anti-CD11c¢ (clone N418), anti-CD45, anti-CD80, anti-B220,
anti-I-A/I-E, anti-Ly51, and anti-F4/80 (eBioscience). UEA-1 was pur-
chased from Vector Laboratories.

970

Real-time PCR and semiquantitative RT-PCR. RNA was extracted
from TECs with RNeasy Mini kits (QIAGEN) and made into cDNA with
SuperSeript III RT kits (Invitrogen) according to the manufacturer’s instruc-
tions. Real-time PCR (Yano et al., 2008) and semiquantitative RT-PCR
(Kajiura et al., 2004) for the Aire gene were performed as described previously.

Semiquantitative RT-PCR for AIRE from human ES and iPS cells.
Human ES cells (KhES-1) and human iPS cells (clone 253G1) were provided
by N. Nakatsuji and S. Yamanaka (Kyoto University, Kyoto, Japan), respec-
tively, and maintained on mitomycin C—treated MEF as feeder cells (Suemori
et al., 2006), in conformity with The Guidelines for Derivation and Utiliza-
tion of Human Embryonic Stem Cells of the Ministry of Education, Culture,
Sports, Science and Technology, Japan, after obtaining approval from the
Institutional Review Board. RNA was extracted with a QuickGene RNA
cultured cell kit S (Fuji Film) and converted to cDNA with ReverTra Ace
(Toyobo) in accordance with the manufacturer’s instructions. The primers
for the human AIRE and GAPDH genes were the following: AIRE primers,
5'-CAGGCAACAGTCCAGGAG-3" and 5'-GCACCAGGAGCCAG-
GTT-3'; and GAPDH primers, 5'-CCACCCATGGCAAATTCCATG-
GCA-3' and 5'-TCTAGACGGCAGGTCAGGTCCACC-3'.

Online supplemental material. Fig. S1 shows flow cytometric analysis of
GFP-expressing hemopoietic cells in the thymus, spleen, and BM from
Aire/Cre BAC-Tg mice crossed with a GFP reporter strain. Fig. S2 shows
extra-thymic expression of Aire/Cre BAC-Tg with immunohistochemical
analysis. Fig. S3 shows generation and characterization of Aire/Cre knockin
mice for fate-mapping study. Fig. S4 shows that Aire is expressed before
end-stage terminal differentiation in mTECs. Table S1 contains a list of mice
presented in the fate-mapping study. Online supplemental material is avail-
able at http://www.jem.org/cgi/content/full/jem.20092144/DC1.
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