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Summary

Aire promotes the tolerization of thymocytes by induc-
ing the expression of a battery of peripheral-tissue
antigens in thymic medullary epithelial cells. We de-
monstrate that the cellular mechanism by which Aire
exerts its tolerance-promoting function is not primar-
ily positive selection of regulatory T cells, but rather
negative selection of T effector cells. Surprisingly, sup-
plementing its influence on the transcription of genes
encoding peripheral-tissue antigens, Aire somehow
enhances the antigen-presentation capability of med-
ullary epithelial cells. Thus, this transcriptional con-
trol element promotes central tolerance both by fur-
nishing a specific thymic stromal cell type with a
repertoire of self antigens and by better arming such
cells to present these antigens to differentiating thy-
mocytes. In Aire’s absence, autoimmunity and ulti-
mately overt autoimmune disease develops.

Introduction

A number of central and peripheral mechanisms of T
cell tolerance have been identified based primarily on
results on genetically engineered mouse models (re-
viewed in Ohashi, 2003; Walker and Abbas, 2002). An
outstanding issue is how these different mechanisms
integrate to enforce tolerance in unmanipulated mice
and humans: which of the diverse tolerization modes
dominate; which are experimental anomalies; to what
extent are they redundant versus interdependent; and
how do their roles vary with genetics, environment, or
age? One approach to addressing such questions
about how a tolerant state is achieved is to explore how
it is lost in contexts of autoimmunity.

In this regard, the polyendocrine autoimmune dis-
ease APECED (autoimmune polyendocrinopathy-can-
didiasis-ectodermal dystrophy) or APS-1 (autoimmune
polyglandular syndrome type 1) has yielded important
insights of late (Mathis and Benoist, 2004). APECED is
largely monogenic, displaying autosomal recessive in-
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heritance. The responsible genetic locus was identified
by positional cloning as the gene encoding AIRE (auto-
immune regulator), a protein with structural and func-
tional features suggestive of a transcription factor. Mu-
tation of the gene specifying a homologous protein in
mice, termed Aire, resulted in multiorgan inflammatory
infiltrates and autoantibodies (autoAbs) of diverse spe-
cificities (Ramsey et al., 2002; Anderson et al., 2002).
Exploration of these mutant mice as a model of
APECED revealed that Aire exerts its antiautoimmunity
function primarily within thymic epithelial cells and that
it does this by inducing the transcription of a large set
of genes encoding proteins considered to be tissue
specific (Anderson et al., 2002). A series of prior studies
had demonstrated such transcripts in both murine and
human thymic stroma, in particular in medullary epithe-
lial cells (MECs), and had implicated them in the estab-
lishment of T cell tolerance (Kyewski et al., 2002).

A critical next level of investigation centers on the
cellular mechanism by which MECs expressing Aire
promote the purging or inactivation of autoreactive
specificities from the T cell repertoire. One possibility
is via negative selection: Aire would somehow enhance
the clonal deletion of self-reactive thymocytes. Evi-
dence in favor of an Aire influence on negative selection
was recently provided for a single TCR transgenic (tg)
system (Liston et al., 2003, 2004). Another possibility
invokes positive selection: Aire would promote clonal
diversion of thymocytes into a regulatory T (T,.y) cell
phenotype. Analogous to previous observations in cer-
tain TCR tg systems (Jordan et al., 2001), should dif-
ferentiating T cells recognize the MHC:self-peptide
complexes displayed on MECs with the appropriate
strength, they would not die but, instead, would be se-
duced into a distinct lineage, the population of CD4*25*
T4 cells. These cells would exit to the periphery, where
they would keep self-reactive effector T (Ts) cells in
check. An Aire effect on positive selection has not so
far been rigorously tested. Here, we report on experi-
ments aimed at critically evaluating both possibilities.

Results

No Apparent Aire Influences on CD4+25* T,.4 Cells
CD4*25* T lymphocytes are the population of T, cells
most profoundly characterized to date, demonstrated
to exert an important influence on a diversity of immune
and autoimmune responses (Sakaguchi, 2004). These
cells are produced within the thymus, and can also be
generated in the periphery subsequent to immune stim-
ulation. Since it has been reported that the production
of CD4+25* cells can be induced by expression of cog-
nate ligand within thymic epithelial cells (Jordan et al.,
2001), it seemed highly relevant to specifically assay
their presence and function in mice lacking Aire.

The numbers and percentages of CD4*25*69-, pre-
sumably T.g, cells were normal in the spleen, lymph
nodes and thymus of mice carrying an Aire-null muta-
tion (Anderson et al., 2002). This observation on stand-
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ard Aire-deficient animals was recently confirmed (Ku-
roda et al., 2005), and, similarly, numbers of CD4*25* T
cells were the same in Aire-positive and -negative hen
egg lysozyme (HEL)-specific TCR tg mice (Liston et al.,
2003). Given the well-known difficulties with adequately
distinguishing regulatory from activated T lymphocytes
purely on the basis of cell-surface markers (Sakaguchi,
2004), and the fact that mice devoid of Aire exhibit
multiorgan autoimmunity, we sought an alternative ap-
proach for evaluating the presence of T4 cells. Foxp3
was recently designated a “master regulator” of the
CD4+25* T,eg phenotype (Fontenot et al., 2003; Hori et
al., 2003); so we compared levels of this transcription
factor in splenocytes and thymocytes of mice express-
ing Aire or not. Levels of Foxp3 transcripts were the
same in the two types of animals (Figure 1A, top panel),
as also recently reported (Kuroda et al., 2005). In addi-
tion, the numbers of cells expressing Foxp3 protein in
the lymphoid organs of mutant and wild-type animals
were very similar—the slightly fewer numbers in thymi
of the former did not extend to the peripheral organs
(Figure 1A, bottom panel, and Figure 1B). The similarity
in representation of Foxp3-expressing cells was true
both for the classical CD25* T.4 population and the
recently documented population of Foxp3*CD25- T
cells (Fontenot et al., 2005; Figure 1B). Nonetheless, it
remained an open question whether the T4 cells from
mice lacking Aire could function normally.

The functional capacities of CD4*25" T lymphocytes
from Aire-null mice were probed by a variety of assays.
As illustrated in Figure 1C, CD4*25- T cells purified
from Aire-positive and Aire-negative mice proliferated
equally well when stimulated in vitro with an anti-CD3
mAb in the presence of irradiated splenocytes; in con-
trast, the CD4+25* T cell population taken from neither
type of animal proliferated under these conditions. Ad-
dition of CD4+25* cells to the CD4+*25~ cultures inhib-
ited proliferation in a dose-dependent manner, and this
classic manifestation of T4 function did not depend on
whether or not either the responding or the added cells
expressed Aire.

To assay the function of T4 cells in vivo, we tested
their ability to inhibit autoimmune pathology upon co-
transfer with T cells into lymphopenic mice. As antici-
pated (Sakaguchi et al., 1995), purified CD4+25" cells
induced wasting (Figure 1D) and histologically apparent
colitis (Figure 1E) after transfer into Recombination Ac-
tivating Gene (RAG)-deficient recipients, whether or not
the donor from which they were derived expressed Aire.
The CD4+25* population from either Aire-positive or -neg-
ative donors blocked these disease manifestations, and
with the same efficiency (Figures 1D and 1E).

Aire Influences on Regulatory T Cells,

More Generally

Although CD4+*25* cells constitute a critical population
of regulatory T lymphocytes, there are other T cell sub-
sets that can exert a crucial influence on the unfolding
of an immune response or development of an autoim-
mune disease: the Th2, Th3, Tr1, CD8*, NKT, DX5* and
v0 subsets have all been cited in this regard (Jonuleit
and Schmitt, 2003). It is conceivable that Aire-null mice
develop multiorgan autoimmunity because of a defi-
ciency in one or more of these T..4 populations.

To test the functionality of regulatory T cells more
generally, we performed a double-thymus transplant
experiment. Grafting Aire-negative, but not Aire-posi-
tive, 2-deoxyguanosine (2-DG)-resistant thymic stroma
into athymic nude mice led to T and B cell autoimmu-
nity like that of Aire-null mice (Anderson et al., 2002). It
is also known from studies on a variety of systems that
thymic stroma, in particular thymic epithelial cells, can
impose tolerance dominantly, through positive selec-
tion of T4 cells (Modigliani et al., 1995). Therefore, it
might be anticipated that, if the autoimmunity that de-
velops in mice provided with thymic stroma lacking Aire
reflects its inability to mediate positive selection of T4
cells, then provision, in addition, of stroma expressing
Aire should permit selection of such cells and thereby
protect the mice from autoimmune disease. By twelve
weeks after their transfer into nude mice, 2-DG-resis-
tant stroma derived from either an Aire-negative or an
Aire-positive thymic lobe had given rise to a functional
organ, containing approximately equal numbers of thy-
mocytes (Figure 2A) of comparable CD4/CD8 subset
distribution (Figure 2B). Double-thymus recipients ex-
hibited the same range of inflammatory infiltrates and
autoAbs as those characteristic of mice hosting a sin-
gle Aire-null thymus (Figure 2C), in agreement with the
more limited analysis recently reported (Kuroda et al.,
2005).

A second more general approach to revealing a defi-
cit in regulatory T cells is via splenocyte cotransfer
experiments. Introduction of spleen cells from Aire-
negative mice into RAG-deficient animals induced
multiorgan infiltrates 12 weeks later (Anderson et al.,
2002). Cotransfer of an equal number of spleen cells
from Aire-positive mice had no evident effect on these
autoimmune manifestations (Figure 2D).

Thus, according to results from two very different as-
says, adding regulatory T cells produced in an Aire-
expressing thymus at a 1:1 ratio to effector T cells pro-
duced in an Aire-deficient environment afforded no
protection from autoimmunity. These observations argue
that Aire-null mice do not develop multiorgan autoim-
mune disease simply because they lack regulatory T
cell activity. That being said, we could suppress the
appearance of inflammatory infiltrates by introducing
a frank excess of T lymphocytes from normal donors -
either by cotransplanting stroma from one mutant plus
four wild-type thymic lobes into athymic recipients, or
by cotransferring Aire-negative plus four times the
number of Aire-positive splenocytes into RAG-deficient
hosts (Figures 2C and 2D, lower right panels). However,
it is difficult to evaluate the significance of these obser-
vations for a number of reasons, including the fact that
we do not know which cell type(s) is (are) effecting the
inhibition. We favor the explanation that the dampen-
ing merely represents a nonspecific crowding effect
(Barthlott et al., 2003).

Aire Controls the Emergence

of Self-Reactive Effector T Cells

We then shifted our attention to the possibility that Aire
controls autoimmunity by promoting negative selec-
tion, i.e., clonal deletion of self-reactive thymocytes.
TCR tg systems of diverse types were examined, cover-
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Figure 1. CD4*CD25* T4 Cells in Aire-Deficient Mice Can Efficiently Suppress Te In Vitro and In Vivo

(A) Top, RT-PCR analysis of Foxp3 (relative to HPRT) expression levels from Aire-deficient and wild-type mice. Representative of three
independent experiments with one to two mice each. Bottom, number of CD4*Foxp3* cells per organ. ILN, inguinal lymph node (n = 3). The
data represent the average + SD for each group.

(B) Flow cytometric analysis of intracellular Foxp3 expression in CD4*CD8" cells, determined using the anti-Foxp3 mAb FJK-16s. Numbers
are the percentages of CD4*CD8- cells in each marked region.

(C) Purified populations of CD4*CD25~ T alone (5 x 10* cells), CD4*25* T4 cells alone (2.5 x 10* cells), or the two purified populations were
mixed as indicated at the following ratios of Tyeg:Tef (1:10 = 5 x 10%:5 x 10 cells; 1:2 = 2.5 x 10* : 5 x 10* cells) from Aire-deficient or wild-
type mice, and all were assayed for proliferation in the presence of irradiated B6 splenocytes and anti-CD3.

(D) 4 x 10° purified CD4*CD25" T cells were transferred i.v. into RAG-deficient hosts with or without 1 x 10° purified CD4+*CD25* Treg cells
in a criss-cross fashion from Aire-deficient or wild-type donors. Recipients were weighed weekly to monitor the incidence of colitis, and were
followed for 12 weeks.

(E) At the end of 12 weeks, colon sections were prepared, stained, and scored for the severity of colitis.

ing antigens expressed in different thymic stromal cell ground, HY is not synthesized; in males, it is widely
types, antigens located in various subcellular compart- expressed (Xu et al., 2002), including within the hema-
ments, and MHC class ll-restricted, CD4* versus class topoetic and epithelial cell compartments of the thymic
|-restricted, CD8* T cell specificities. stroma. As a consequence, female HY TCR tg mice

HY TCR tg mice carry rearranged transgenes that en- have an overabundance of CD8* T cells displaying the
code a TCR capable of recognizing a peptide from the HY specificity (Kisielow et al., 1988b; Figure S1A, left-
male-specific antigen, HY (now known to correspond most panel, in the Supplemental Data available with
to Smcy), in the context of DP (Markiewicz et al., 1998). this article online), while male transgenics have few ma-

In females, on the standard C57BI/6 (B6) genetic back- ture T lymphocytes, whether CD8* or CD4*; indeed,
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Figure 2. Cotransfer of Equal Numbers of Aire-Deficient and Wild-Type Thymic Stroma or Mature Splenocytes Does Not Inhibit Autoimmunity

Athymic B6 nude mice were transplanted with either one thymus lobe from Aire knockout or wild-type donors, one lobe each from an Aire
knockout and wild-type donor, or one lobe from an Aire knockout donor and four from wild-type donors. Recipient mice were aged for 10-
12 weeks and then analyzed for thymic reconstitution by counting total cell number and by flow cytometry (yields are from single thymic
grafts in recipient mice) (A and B), and for autoimmune infiltrates by H&E, scored as shown (C). B6.RAG mice were used as recipients for
transfer of wild-type or knockout splenocytes in the various numbers shown. Recipient mice were aged for 10-12 weeks, and were then
analyzed for autoimmune infiltrates by H&E and scored as shown (D). Immune reconstitution of splenic transfers was confirmed by total cell
counts and flow cytometric analysis of the spleen for CD4, CD8, and B220 markers (data not shown).

there are few thymocytes beyond the CD4-CD8"~ (double-
negative, DN) stage (Kisielow et al., 1988a; Figure S1A,
right-center panel). Introduction of an Aire-null mutation
into the HY TCR tg system had no substantial effect on
thymocyte numbers, (Figure S1B), thymocyte positive
selection in females or negative selection in males (Fig-
ure S1A, left-center and right-most panels). This is the
expected result given the early deletion of HY thymo-
cytes, at the DP stage, reflecting widespread expres-
sion of the relevant antigen in stromal cells, including
both Aire-positive and -negative cell types in wild-
type mice.

When propogated on the standard B6 genetic back-
ground, DEP TCR tg mice have an overabundance of
CD4* T cells that recognize a peptide of human c-reactive
protein (hCRP) presented by AP molecules (Klein et al.,
1998; Figure S2A, left-most panels). When the DEP
mouse line is crossed with a second tg line harboring
an hCRP transgene driven by its own promoter/enhancer
elements, few mature CD4* T cells emerge because of
clonal deletion of CD4*8~ and a substantial fraction of
CD4*8* (double-positive, DP) thymocytes (Klein et al.,
1998; Figure S2A, right-center panels). The double-
transgenics expressed hCRP, a soluble molecule, in
liver cells and in thymic MECs; in females (with low
hCRP levels), negative selection of DEP thymocytes
was found to depend critically on the latter cell type

(Klein et al., 1998). Introduction of an Aire-null mutation
into this double-tg system had little influence on nega-
tive selection of thymocytes from female DEP mice
(Figures S2A and S2B). This observation fits well with
our finding that the levels of CRP transcripts in thymic
MECs were not detectably influenced by expression of
Aire (data not shown; and Anderson et al., 2002) and
the fact that CRP is a soluble molecule and thus can
be picked up and presented by non-MEC APCs in the
vicinity.

Since Aire controls transcript levels of only a subset
of the peripheral-tissue antigen genes ectopically ex-
pressed in thymic MECs (Anderson et al., 2002), we
wished to investigate a TCR tg system keyed on an
antigen whose MEC expression has already been dem-
onstrated to be tightly regulated by Aire. Preproinsulin
Il is such an antigen (Anderson et al., 2002), prompting
us to choose an insulin-based double (TCR/antigen) tg
system. The RIP-mOVA line expresses a membrane-
bound form of ovalbumin under the dictates of the rat
insulin gene promoter, consequently in the pancreatic
islets and thymus (also, aberrantly, in the kidneys and
testis) (Kurts et al., 1996). OT-1l is a TCR tg line carrying
rearranged transgenes encoding a TCR that recognizes
an ovalbumin peptide in the context of A, and thereby
has a surfeit of ovalbumin-reactive CD4* T cells when
propagated on the standard B6 genetic background
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(Barnden et al., 1994; Figures 3A and 3B, left-most col-
umns). Introduction of cognate antigen by generation
of RIP-mOVA/OT-II double-tg mice leads to clonotype
deletion within the thymus, evidenced by a reduction in
numbers of total and of CD4+8~ thymocytes (Figure 3C,
left and left-center panels), alterations in CD4/CD8 thy-
mocyte and splenocyte subset distributions (Figures 3A
and 3B, left-center columns) and loss of clonotype
(Vg5*V,2*)-positive CD4* cells from the thymus and
spleen (Figures 3A and 3B, left-center columns; Figure
3C, right-center and right panels). Introducing the Aire-
null mutation into double-tg mice did not noticeably af-
fect these parameters when in the heterozygous state
(Figures 3A and 3B, right-center columns, and Figure
3C). However, in the homozygous state, the Aire gene
mutation had profound consequences, strongly inhibit-
ing negative selection of the autoreactive clonotype
(Figures 3A and 3B, right-most columns, and Figure
3C). Indeed, most parameters substantially, though
usually not completely, reverted to the single-tg, OT-lI-
transgene-only, values.

The absence of Aire did not lead to a reduced gener-
ation of clonotype-positive CD4*25*, presumably T,
cells. While the percentage of T cells with this pheno-
type was lower in Aire-negative than in Aire-positive
double-tg thymi (Figure 4, bottom left), this was accom-
panied by a reduction in clonotype deletion (Figure 3A,
bottom row), such that the number of these cells re-
mained fairly constant (Figure 4, bottom right). Overall,
the preferential resistance of CD4+25*, versus CD4+25™,
cells to negative selection, rather than their increased
positive selection, when cognate ligand is expressed
in thymic epithelial cells parallels recent findings on a
different double-tg system (van Santen et al., 2004),
and independently argues that Aire does not exert its
primary influence on the positive selection of regulatory
T cells.

Aire Control of Autoimmune Disease

In order to extend our conclusions to an MHC class-I-
restricted system entailing CD8* T cells, we paired the
RIP-mOVA line with the OT-I TCR tg line. The latter has
a T cell repertoire highly enriched for a CD8* clone rec-
ognizing the SIINFEKL peptide of ovalbumin presented
in the context of KP. In an Aire wild-type context,
double-tg mice showed a clear deletion phenotype,
evidenced by a reduction in the fraction of clonotype-
positive CD8* T cells in the thymus vis a vis the corre-
sponding values in single-tg OT-l-only animals (Figure
5A and left panel of Figure 5C) and clonotype-positive
cells in the spleen (Figure 5B and center and right pan-
els of Figure 5C). These fractions were substantially in-
creased, although not to wild-type levels, in double-tg
animals in an Aire-mutant context. In addition, the ma-
ture CD8* cells that did emerge in Aire™~ mice ap-
peared to express reduced levels of the clonotypic TCR
(cf rightmost and leftmost panels in Figure 5A.)

The RIP-mOVA/OT-1 double-tg mice maintained in
our animal facility do not develop diabetes (Figure 5D).
Strikingly, all homozygous Aire-null double-tg animals
developed diabetes at birth; and, surprisingly, heterozy-
gous mutant double transgenics also become diabetic,
though onset was delayed until after 5 days of age. Nei-

ther RIP-mOVA nor OT-I single-tg mice on an Aire-defi-
cient background showed any signs of diabetes (data
not shown). Tissue sections from homozygous Aire-
null, but not from wild-type, RIP-mOVA/OT-I animals
(Figure 5E) revealed an aggressive lymphocytic in-
filtrate in the pancreas. All islet tissue had been de-
stroyed. Aire-null double-tg heterozygotes also showed
pancreas infiltrates (data not shown). (It may be worth
noting that the diseased state of the Aire-mutant mice,
in particular of the homozygotes, depicted in Figure 5
probably accounts for the atypical appearance of their
thymocyte profiles. Resulting stress leading to steroid
hormone production and eventually to apoptosis of im-
mature thymocytes may also explain why in this case
rescue of clonotype-positive cells in Aire~’~ OVA* mice
did not “rebound” to the levels in their Aire”~ OVA-
counterparts.)

Something Else?

The choice of the RIP-mOVA/OT-L,II systems for these
studies was based on the fact that transcription of the
endogenous ins2 gene in thymic MECs is tightly con-
trolled by Aire (Anderson et al., 2002). We assumed that
synthesis of mOVA transcripts driven by the rat insulin
promoter in a tg context would be regulated in parallel,
especially since the pattern of expression of SV40 T
antigen transcripts driven by the very same promoter
provided the first evidence of ectopic thymic expres-
sion of peripheral-tissue antigen genes (Jolicoeur et al.,
1994). Nevertheless, we felt it important to experimen-
tally verify this assumption. To that end, we quantitated
expression of mMOVA transcripts in thymi of 3- to 6-week-
old wild-type, Aire-null heterozygous and Aire-null ho-
mozygous RIP-mOVA tg mice by an RT-PCR assay. En-
tirely unexpectedly, the three types of animals exhibited
essentially the same level of thymic mOVA transcripts
(Figure 6A). Thinking that our assay might not be suffi-
ciently discriminating, we purified thymic MECs from
Aire-positive and -negative RIP-mOVA mice and as-
sayed expression of the mOVA gene. Again, levels of
mOVA transcripts were indistinguishable for these two
types of animals (Figure 6B). In contrast, transcripts de-
rived from the endogenous ins2 gene were expressed
at a level four orders of magnitude higher in thymic
MECs from Aire-positive mice (Figure 6C). We cannot
but conclude that, in MECs of RIP-mOVA tg mice, Aire
does not regulate rat insulin promoter-driven synthesis
of mOVA transcripts.

Yet, as was clear from the data presented in Figures 3
and 4, Aire does control clonal deletion of self-reactive
thymocytes. Therefore, it must be exerting influences
on processes in addition to the transcription of periph-
eral-tissue antigens. To obtain insight into what these
other processes might be, we returned to our gene ex-
pression databases on thymic Aire-positive and -nega-
tive MECs (Anderson et al., 2002), reanalyzed recently
using more current bioinformatics tools (Johnnidis et
al., 2005). This time we focused on those genes posi-
tively regulated by Aire that did not encode peripheral-
tissue antigens as well as genes negatively regulated
by Aire. Intriguingly, many of the loci so highlighted en-
code proteins involved in antigen processing or pre-
sentation, e.g., li, H2-M, H2-0O, Tap1, ctsL, mecl1, gilt,
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Figure 3. Aire Regulates Negative Selection of the OT-II*RIP-mOVA* tg Line

OT-ll TCR tg and OT-II*RIP-mOVA* double-tg mice were produced as Aire*’* (n = 3 and 3), Aire*’~ (n = 3 and 7), or Aire”’~ (n = 3 and 5).
Thymocytes and splenocytes from 5- to 6-week-old mice were counted and stained with anti-CD4, -CD8, and the anticlonotypic combination
of anti-Va2 TCR and anti-Vp5 TCR mAbs.

(A) Representative cytofluorimetric plots of CD4 versus CD8 staining of total thymocytes from individual mice are shown in the upper row. In
the second row are plots for Va2 and V@5 staining, gated on CD4*CD8" cells.

(B) shows CD4 versus CD8 staining of total splenocytes in the first row, and Vo2 and V35 staining of CD4* splenocytes in the second row.
(C) Average total thymocyte, CD4-SP thymocyte, and CD4*CD8-clonotype* thymocyte numbers, as ascertained by counting on a hemocytom-
eter and cytofluorimetric analysis. The data represent the average = SD for each group.
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Figure 4. Aire Does Not Regulate Positive Selection of CD4*CD25* Cells of the OT-II*RIP-mOVA* tg Line

The same thymocytes analyzed in Figure 3A were also stained with anti-CD25 mAb. Shown is CD4 versus CD25 staining on Va2*CD4*CD8~
thymocytes (top); average % CD25* cells within CD4*Vo2*CD8~ thymocytes (bottom left); and total number of CD4*Vo.2*CD25+*CD8~ thymo-
cytes (bottom right). The data represent the average + SD for each group.

erp57, and bip (Figure 7A). Several others specified
chemokines (ccl17, ccl22, cxcl9, ccl19, cxcl10, and
ccl25), certain of which are known to be involved in
thymocyte trafficking to or within the medulla (Kwan
and Killeen, 2004). Most of these chemokine gene ex-
pression changes have already been confirmed by RT-
PCR (data not shown). Still other loci specified cyto-
kines (IL-9, IL-12a, and IL-4).

The alterations in expression of several genes encod-
ing molecules engaged in the MHC Class | and Class Il
antigen processing/presentation pathways suggested
that Aire might somehow affect antigen presentation by
thymic MECs. We tested this possibility in two types of
in vitro assay. The first entailed presentation of endoge-
nously synthesized protein: splenocytes from OT-I/
RAG°’° mice were challenged with MECs purified from
either Aire wild-type or Aire knockout RIP-mOVA mice.
MECs that did not express Aire were less effective anti-
gen presenters (Figure 7B), and this difference was ob-
served over a range MEC:OT-I ratios (Figure 7C). The
second assay involved presentation of exogenously
added peptide: OT-I/RAG®® splenocytes challenged
with wild-type or knockout MECs plus SIINFEKL pep-
tide. Again, Aire-negative MECs were less competent
(Figure 7D) over a range of APC:T cell ratios (Figure 7E).

One simple explanation for the diminished capacity
of Aire”’~ MECs to present antigens would be that they
express lower levels of MHC molecules. As illustrated
in Figure 7F, this is not the case, neither for the MHC
Class II'° nor the MHC Class II" subsets, the latter,
which also display greater numbers of costimulatory
molecules, presumably most apt at antigen presenta-

tion. There were also no substantial differences in the
levels of the costimulatory molecules CD80, CD86,
PD-1, PD-L1, or PD-L2 expressed by Aire-positive and
-negative MECs (data not shown).

Lastly, in contrast to what was seen with MECs, puri-
fied CD11c* splenic DCs from Aire-null mice were as ef-
fective as those from Aire wild-type littermates at pres-
enting the SIINFEKL peptide to cultured OT-I T cells (if
not more so) (Figure 7G).

Discussion

The original description of Aire gene knockout mice—in
particular, their dearth of thymic peripheral-tissue tran-
scripts coupled with their multiorgan autoimmunity—
served to rehighlight the importance of central mecha-
nisms of immunological tolerance (Anderson et al., 2002).
Subsequently, evidence was provided that Aire exerts its
influence on the central induction of tolerance by regulat-
ing the clonal deletion of self-reactive thymocytes (Liston
et al., 2003, 2004). Our present report offers three impor-
tant observations: (1) Aire affects central tolerance pri-
marily by controlling the negative selection of T cells,
and not the positive selection of T4 cells; (2) Aire must
impinge on clonal deletion at a point (or points) in addition
to its regulation of the expression of peripheral-tissue
transcripts in thymic MECs; and (3) Aire function is critical
for keeping overt autoimmune disease in check.

Negative versus Positive Selection
In theory, Aire could influence the imposition of central
tolerance via either (or both) of two cellular mechanisms:
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Figure 5. Aire Regulates Negative Selection and Prevents Diabetes in OT-1*RIP-mOVA* Mice

OT-l tg and OT-I*RIP-mOVA* tg mice were produced as Aire*’*, (n = 4 and 5), Aire*’~ (n = 4 and 4) or Aire™~ (n = 4 and 5). Splenocytes and
thymocytes were prepared from newborn mice, counted and stained with anti-CD4, anti-CD8, and the anticlonotypic combination of anti-Va.2
TCR and anti-Vp5 TCR mAbs. [Newborn mice were analyzed because Aire-deficient OT-I*RIP-mOVA* mice developed diabetes at birth (see
below) and died in the first few days of life.]
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Figure 6. mOVA Transcripts Are Present in Aire~’~ Thymic MECs

Relative expression of mOVA (A) and (B) or insulin2 (C) was deter-
mined by quantitative real-time PCR (TagMan) on cDNA prepared
from whole thymus (A) or cytofluorimetrically-sorted (CD45-, G8.8*,
CDR1/Ly51"™) MECs (B) and (C). Expression values are shown in
arbitrary units, normalized relative to HPRT. Data shown in (A) and
(B) are representative of two independent experiments.

by enhancing the clonal deletion of self-reactive thymo-
cytes, or by reducing the clonal diversion of thymocytes
into a regulatory T cell phenotype. Predictions as to the
phenotype of Aire-deficient mice are simple, then: in the
first instance, escape into the periphery of self-reactive
Tetr cells that failed to encounter cognate ligand in the
thymus; in the second, an impoverishment in the periph-
ery of T4 populations, in particular CD4+25*69~ cells.
While an effect on clonal deletion of T cells seems
a priori the more straightforward explanation, this sce-
nario has been challenged by a certain number of investi-
gators, primarily because of the potentially very small
number of thymic cells expressing peripheral-tissue tran-
scripts. MECs are rather rare, constituting only a few per-
cent of thymic stromal cells (reviewed in Boyd et al.,
1993); worse, it has been suggested that at any given
time any given peripheral-tissue transcript may be ex-
pressed by only a fraction (as low as 0.5%) of thymic
MECs (Derbinski et al., 2001). It was felt that so few cells
would not be able to effectively purge the T cell repertoire
of self-reactive specificities, but should be capable of se-
lecting enough regulatory cells to keep them in check.

Therefore, we considered it imperative to directly test
Aire’s influence on the positive selection of T.g cells —
which had not been evaluated before, either in the original
descriptions of the Aire-null mice (Ramsey et al., 2002;
Anderson et al., 2002) or in the subsequent reports from
Liston et al (Liston et al., 2003, 2004).

Our data argue that Aire does not operate primarily
through an influence on the positive selection of T4 cells.
CD4+25%*69" cells were present in normal numbers in Aire-
deficient mice; and they exhibited the usual Foxp3 tran-
script and protein levels, suppressive effect in vitro, and
in vivo regulatory activities in a number of assays. Per-
haps most revealing was the observation that cotransfer
of Aire-positive thymic stroma was not able to overcome
the autoimmunity resulting from transfer of Aire-negative
stroma into a thymusless recipient because this experi-
ment assays for all regulatory cell populations, not just
the now-classical CD4*25* T4 cells. The one caveat to
this conclusion is that, at a ratio of 4:1, cells from the
thymus or spleen of wild-type mice could dampen the
autoimmunity promoted by an Aire deficiency. At present,
we have no idea what type(s) of cells is (are) responsible
for this suppression (and it seems unwise to launch an
effort to identify them given the exaggerated nature of
this assay). Nor do we know to what extent this inhibitory
activity reflects an influence of competitive or of homeo-
static mechanisms. We favor a “space” explanation due
to well-described precedents (Barthlott et al., 2003).

A posteriori, it seems that the argument for an effect
on positive selection based on too few Aire-expressing
cells to accomplish negative selection was misplaced.
First of all, mature single-positive thymocytes spend two
weeks in the medulla before exiting to the periphery—so
they have the time to encounter rare cells and undergo
deletion (Rooke et al., 1997). Second, real-time imaging
of thymus cultures has revealed that the DP thymocytes
migrate extensively, in random trajectories—so they have
the occasion (Witt et al., 2005). Lastly, it was demon-
strated some years ago that as few as 100 APCs suffice
to purge autoreactive specificities from the emerging T
cell repertoire (Matzinger and Guerder, 1989; Merken-
schlager et al., 1997).

On the other hand, our data add significant support in
favor of the notion that Aire functions via an effect on the
negative selection of T cells. As expected, given that
thymic stromal cells in addition to MECs express their
cognate antigens, or that they recognize a soluble antigen
(Klein et al., 1998) whose synthesis is probably not Aire-
regulated (Anderson et al., 2002), respectively, HY and
DEP thymocytes were clonally deleted equally well in the
presence or absence of Aire. This finding is also consis-
tent with their early deletion before the SP stage (Figures

(A) Representative flow cytometric plots of the lymphocyte gate for thymocytes. CD4 versus CD8 staining for individual mice in the upper
row, and V5 versus Vo2 staining, gated on CD4-CD8* cells, in the second row. (Thymus plots are atypical because the mice are newborn,
and because the diabetes in the Aire-deficient OT-I"RIP-mOVA* mice greatly altered the staining profile of immature DP and DN populations.)
(B) Representative flow cytometric plots of the lymphocyte gate for splenocytes. CD4 versus CD8 staining for individual mice in the upper
row, and V5 vs Vo2 staining, gated on CD4-CD8* cells, in the second row.

(C) Average percent CD4-CD8*clonotype* thymocytes and splenocytes for the indicated mice in each group and the total number of
CD8*clonotype* splenocytes. The data represent the average = SD for each group.

(D) Diabetes incidence curves for OT-I*RIP-mOVA* mice that were Aire*’* (n = 5), Aire*’~ (n = 8) or Aire’~ (n = 6). Diabetes was scored as
reflecting both a positive urine dipstick test and a serum glucose concentration >250 mg/dl.

(E) Representative H&E staining of pancreas sections from an OT-I*RIP-mOVA* Aire*’+ (left) and Aire ~/~ (right) newborn mouse.
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Figure 7. Inefficient Antigen Presentation by Aire~~ MECs

(A) List of genes whose expression levels differ between Aire*’* (wt) and Aire™~ (ko) MECs, according to the Affymetrix gene-chip analysis
originally presented in (Anderson et al., 2002). FC, fold change. Genes shown were selected because of their known or possible roles in
antigen processing, presentation, or MEC-thymocyte interaction. In (B-E), sorted thymic MECs from 3- to 6-week-old mice were used as
APCs to stimulate OT-I"RAG™~ splenocytes in vitro. In (B), 10* RIP-mOVA transgenic MECs were combined with 5 x 10* OT-I"RAG~~ spleno-
cytes. Each point represents one well. (B) is representative of four independent experiments with three to six replicate wells for each condition
per experiment. When the results from all four experiments were combined (normalized to the mean T cell response to Aire*’* MECs), the
difference between the proliferative responses to Aire** MECs and Aire~’~ MECs was 2.5-fold, with a p value < 0.02. In (C), 0, 104, or 2 x 10*
RIP-mOVA transgenic MECs were combined with 5 x 10* OT-I"RAG~'~ splenocytes. Points are the average = SD of three to six wells per
condition. In (D) and (E), nontransgenic MECs were pulsed with 0.01 mM (D) or 1uM (E) SIINFEKL peptide, washed extensively to eliminate
free peptide, and combined with 5 x 10* OT-I*RAG~~ splenocytes. In (D), 10* SIINFEKL-pulsed MECs were used, and each point represents
one well. In (E), the number of pulsed MECs was titrated, and each point is the average + standard deviation of 12 wells per condition. (E) is
representative of four independent experiments. The data represent the average + SD for each group. The mean reduction in proliferative
response to SIINFEKL-pulsed Aire** MECs, relative to Aire*’+ MECs in the nonsaturating section of the curve (250 to 1000 MECs) averaged
53.5% = 28.0% over all experiments. The response of OT-I"RAG~~ splenocytes to unpulsed MECs or to MECs pulsed with irrelevant peptide
(data not shown) was at background level. (F) demonstrates that the inefficient antigen presentation by Aire** MECs is not due to reduced
surface expression of MHC class | or Il molecules. The cells shown are CD45- thymic stromal cells. In (G), splenic CD11c* DCs were positively
selected with anti-CD11c magnetic beads, then incubated with 1.M SIINFEKL peptide, washed extensively to eliminate free peptide, and
combined with 5 x 10* OT-I"RAG~~ splenocytes. The number of pulsed DCs was titrated, and each point is the average = the SD of three
wells per condition.

S1 and S2). In contrast, we anticipated that OT-I and OT- Given that transcription of the endogenous ins2 gene was
Il thymocytes would not be deleted as efficiently in thymi strictly Aire dependent, the conclusion has to be that the
of Aire-deficient mice given multiple reports that both the RIP fragment does not include the sequence elements
endogenous ins2 gene and RIP-driven transgenes are ex- required for Aire to exert its function, whether direct or
pressed rather specifically in MECs. Indeed, the clonal indirect, and/or that particular sites of chromosomal in-
deletion of thymocytes displaying the OT-1 and OT-Il TCRs tegration might be capable of overriding its influence. In-
was compromised, though not completely eliminated, in tegration-site effects on RIP-driven expression of trans-
Aire-deficient mice (Figures 3 and 5). As already dis- genes in the thymic stroma have been described before
cussed, incomplete “rebound” of clonotype-positive thy- (Smith et al., 1997) and, in contrast to our findings, Liston
mocyte and T cell numbers, particularly in the case of et al. very recently reported that Aire does control expres-
OT-l, could reflect the diseased state of these animals, sion of their RIP-HEL construct (Liston et al., 2004),
born with type-1 diabetes. though they did not confine their examination specifically

to thymic MECs. Our surprising observation does not
An Additional Function for Aire take away from the fact that Aire was found to control the
We were surprised to observe that RIP-driven expression synthesis of transcripts encoding a battery of peripheral-

of OVA in thymic MECs was not, in fact, regulated by Aire. tissue antigens in thymic MECs (Anderson et al., 2002);



Aire Control of T Cell Tolerance
237

nor does it negate the finding that Aire can influence the
clonal deletion of T cells that recognize antigens made
by MECs (Figures 3 and 5). It just means that the experi-
ments reported here do not directly link the two — that a
dearth of MEC transcripts encoding a particular protein
was not directly demonstrated to result in a loss of T cell
tolerance to that protein. Relatedly, it was recently shown
that, while o-fodrin was a target of autoimmunity in
Aire~’~ mice, transcripts of the o-fodrin gene did not ap-
pear to be diminished in total thymic stroma of knockout
versus wild-type animals (Kuroda et al., 2005).

Hence, Aire must be controlling processes other than
the thymic expression of peripheral-tissue antigens. We
looked for clues to the identity of such processes by ex-
amining the list of genes that were either positively regu-
lated by Aire but did not specify peripheral-tissue anti-
gens, or were negatively regulated by Aire. Some very
suggestive genes emerged. For example, several chemo-
kine genes were Aire regulated, mostly positively, includ-
ing certain ones implicated in thymocyte activities in the
medulla. It is easy to envisage how changes in chemokine
gradients might alter thymocyte access or attachment to
MECs. There were also changes in loci encoding a num-
ber of molecules implicated in the processing and pre-
sentation of antigens to T cells. Particularly interesting
examples are H2-M and H2-O, which have been sug-
gested to play an important role in editing the repertoire
of peptides displayed by MHC Class Il molecules (Brocke
et al.,, 2002). Similarly, several molecules implicated in
shaping the repetoire of MHC class | molecules [eg tap1,
cathepsin L, mecli, gilt, erp57, bip (Paulsson, 2004)] are
included on the list. Aire’s reported activity as an E3 ubiqg-
uitin ligase (Uchida et al., 2004) may also be relevant, al-
though the existence of such an activity was recently
challenged (Bottomley et al., 2005).

Searching for a defect in antigen presentation by thy-
mic MECs from Aire-null mice proved immediately fruitful:
their presentation of both endogenously synthesized OVA
and the appropriate exogenously added OVA peptide to
OT-I T cells in culture was less effective in the absence of
Aire. The expression of MHC molecules and of the several
costimulatory molecules tested was not reduced in the
absence of Aire, and so could not explain this difference.
This result is consistent with the observation that the two
types of MECs elicited indistinguishable Ca** fluxes in
responding thymocytes (data not shown). It is now imper-
ative to define the mechanism responsible for this de-
fective antigen presentation by the MECs, as well as to
determine to what extent this defect is responsible for the
inadequate tolerance of Aire KO mice. In the meantime,
we are left with the thought that to promote tolerance it
makes perfect sense to both equip MECs with an array of
self-peptides and better arm them as antigen presenters.

Why, then, did clonal deletion operate normally in the
HY and DEP systems? In the first case, the cognate anti-
gen is expressed in essentially all cell types, promoting
deletion at an early DP stage when thymocytes are still in
the cortex, so we would not expect to see an Aire effect.
In the second instance, the corresponding antigen is ex-
pressed primarily in thymic MECs, though probably not
under the control of Aire (Anderson et al., 2002); but, since
the transgene-encoded hCRP is synthesized in soluble
form, it can be picked up and presented by other cell
types in the vicinity, as has been recently described (Gal-

legos and Bevan, 2004). Here, again, clonal deletion at a
premedulla DP stage was observed and, again then, we
would not expect to see an Aire effect. This situation is
different from the one recently reported for the OT-Il sys-
tem (Gallegos and Bevan, 2004), where mOVA is not
secreted, but is “handled” by MECs and “handed off” to
hematopoetic cells in a form and by a mechanism cur-
rently unknown. For example, it was recently shown that
one possible mechanism of crosspresentation is intercel-
lular peptide transfer through gap junctions (Neijssen et
al., 2005).

Keeping Autoimmune Disease in Check

While Aire-deficient mice on the mixed B6x129 genetic
background exhibited multiple manifestations of autoim-
munity, this immunological overreaction generally fell
short of overt autoimmune disease (Ramsey et al., 2002;
Anderson et al., 2002). One of the few exceptions was the
blindness most KO animals showed as a result of leuko-
cyte and autoAb targeting of the retinal layer of rods and
cones of the eye (Anderson et al., 2002). Thus, the strik-
ingly aggressive development of type-1 diabetes in RIP-
mOVA/OT-I double-tg mice carrying the Aire-null mutation
in homozygous state serves as an important reinforce-
ment of the concept that Aire is a critical factor in keeping
autoimmune disease at bay. These mice were universally
born with diabetes while their Aire wild-type counterparts
showed no signs of hyperglycemia. Interestingly, RIP-
mOVA/OT-Il double-tg mice harboring homozygous Aire-
null alleles showed no signs of diabetes. Several factors
might predicate this difference: CD4*, rather than CD8*,
Tt cells in play; escape of fewer T cells, or of cells dis-
playing TCRs of lower affinity, into the periphery.

Clearly, then, Aire is an important factor in guarding
against autoimmunity and, ultimately, autoimmune dis-
ease. Central mechanisms of tolerance induction are criti-
cal to the life of the individual and of the species. They
do not, however, do their job alone. The autoimmune/
inflammatory phenotypes reported for mice deficient in
Foxp3 (Fontenot et al., 2003) are testament that periph-
eral tolerance induction mechanisms are also crucial.

Experimental Procedures

Mice

Aire-deficient mice were derived and genotyped as previously de-
scribed (Anderson et al., 2002). In the transfer and cotransfer experi-
ments, donor mice were of a mixed Sv129/C57BI/6 genetic back-
ground, derived from heterozygote x heterozygote crosses (F3xF3,
F4xF4) of a backcross to the B6 background. Nude mice and RAG-1-
deficient mice on a B6 background were used as recipients (The
Jackson Laboratory, Bar Harbor, ME). HY TCR tg mice on the B6
background were obtained from Taconic (Germantown, MD). DEP
TCR tg and hCRP tg mice on the B6 background (Klein et al., 1998)
were kindly provided by Dr. Bruno Kyewski. OT-1 and OT-Il TCR tg
mice on the B6 background were obtained from the Jackson Labora-
tory. RIP-mOVA tg mice in the B6 background (Kurts et al., 1996) were
obtained from Dr. Andrew Lichtman, Harvard Medical School. All tg
mice were genetically crossed to Aire*’~ mice from an Sv129/B6
mixed background (backcross N3 or N4), with the exception of the
OT-ll animals, which were crossed to Aire*/~ mice that had been
backcrossed 5 generations to B6. HY TCR tg mice were genotyped
by PCR as described (DeYoung et al., 2000). Mice were genotyped by
using the primers listed in the supplement.

Real-Time PCR Analysis
Total RNA was prepared from whole spleen, whole thymus, or from
cytofluorimetrically sorted thymic MECs from Aire knockout or wild-
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type mice at 3-6 weeks of age. cDNA was made from total RNA, and
real-time PCR using Tagman was carried out with the primers and
probes listed in the supplement.

CD4+CD25- and CD4*CD25* Cell Populations

Splenocytes were harvested from 4- to 8-week-old Aire knockout or
wild-type mice, and the red blood cell fraction eliminated by lysis.
Splenocytes were stained on ice with allophycocyanin-conjugated
anti-CD4 and phycoerythrin (PE)-conjugated anti-CD25 and were then
sorted on a MoFlo Flow Cytometer into CD4*CD25~ and CD4*CD25*
cell populations. Sorted populations were reanalyzed and found to be
greater than 90% pure. In vitro and in vivo suppression assays using
these cells are described in the Supplemental Data.

Thymus Transplants

Thymi were isolated from newborn Aire knockout or wild-type mice,
and were cultured in 1.35 mM 2-DG (Sigma, St. Louis, MO) for 6-8
days to deplete bone marrow-derived cells. The resulting thymic stro-
mal cell preparation was washed in media for 2 hours, and single
lobes from knockout or wild-type mice were transplanted or cotrans-
planted under the kidney capsule of adult (6-8 weeks of age) female
nude mice of the B6 genotype. In the cotransplant experiments,
knockout and wild-type thymus lobes were transplanted in the caudal
and rostral ends of the kidney capsule. Animals were examined 10-
12 weeks after thymus transplantation. Thymic tissue was found in
the same orientation as at the time of transplant. In addition, stroma
from individual harvested lobes was homogenized and RNA prepared.
RT-PCR was performed to confirm the presence of the expected
knockout or wild-type allele in the transplanted tissue, utilizing prim-
ers spanning the first to third exon of the Aire gene, as previously
described (Anderson et al., 2002). Animals were taken for examination
10-12 weeks after transplantation. T cell reconstitution of trans-
planted mice was confirmed by total cell count and by cytofluorimet-
ric analysis of the transplanted thymic lobes, staining for CD4 and
CD8. Tissue from the salivary gland, stomach, liver, ovary, and eye
were collected, fixed in 10% formalin, and embedded in paraffin. Sec-
tions were stained with H&E and were evaluated for the presence or
absence of a mononuclear infiltrate in a blinded fashion.

Splenocyte Transfers

Red blood cell-depleted splenocytes were prepared from 8- to 10-
week-old Aire knockout or wild-type mice. They were mixed as indi-
cated, resuspended in phosphate-buffered saline, and injected into
the tail vein of RAG-deficient B6 mice (The Jackson Laboratory) at
the indicated cell numbers. Mice were harvested 10-12 weeks after
transfer, and reconstitution with T cells and B cells was confirmed
by staining with anti-CD4, anti-CD8, and B220 reagents. Tissue
from the salivary gland, stomach, liver, ovary, and eye were col-
lected, fixed in 10% formalin, and embedded in paraffin. Sections
were stained with H&E and were evaluated for the presence or ab-
sence of a mononuclear infiltrate in a blinded fashion.

Antibodies and Flow Cytometry

The reagents used for cytofluorimetric analysis are listed in the
supplementary materials. Stained cells were analyzed on an EPICS
XL flow cytometer (Beckman Coulter) or MoFlo fluorescence acti-
vated cell sorter (Cytomation) and cell numbers were ascertained
using a hemocytometer.

Analyses of HY, DEPxhCRP, and OT-II tg mice were performed at
5-8 weeks of age. (Only females with the DEPxhCRP tg mice were
assessed because they make lower serum levels of hCRP, and con-
sequently central deletion of DEP T cells is critically dependent on,
though not necessarily directly mediated by, radioresistant thymic
stromal cells [Klein et al., 1998].) OT-1 transgenics were analyzed
between birth and 2 days because of the incidence of diabetes in
OT-I*RIP-mOVA* Aire-deficient mice at birth and their subsequent
death in the first few days of life.

Thymic MECs were sorted essentially according to (Anderson et
al., 2002) for the phenotype CD45-EpCAM*Ly51",

Cytofluorometric analysis of intracellular Foxp3 levels was per-
formed on B6/129 F2 wild-type and Aire-deficient mice of 3-5
weeks of age. Single-cell suspensions were prepared from thymus,

spleen and inguinal lymph node, and intracellular staining was per-
formed according to the manufacturer’s protocol (ebioscience).

Diabetes Assessment

OT-I* and OT-I*RIP-mOVA* transgenics were screened for diabetes
by urine examination with Diastix test strips (Bayer Diagnostics).
Whole blood of positive mice was tested for the presence of hyper-
glycemia on a blood glucometer (Glucometer Elite, Bayer Diagnos-
tics). Diabetes was scored as positive in mice with blood glucose
>250 mg/dl. In addition, whole pancreas was removed, fixed in
10% formalin, and embedded in paraffin. Tissue sections were
stained with H&E.

Proliferation Assays
Proliferation assays using sorted MECs and OT-I responder cells
are described in the Supplemental Data.

Supplemental Data

Supplemental Data include Supplemental Experimental Pro-
cedures, two additional figures, and Supplemental References and
can be found with this article online at http://www.immunity.com/
cgi/content/full/23/2/227/DC1/.

Acknowledgments

We would like to thank Jonathan Johnnidis for novel insights into
the gene-expression profiles; Bruno Kyewski and Ludger Klein for
the gift of mice. This work was supported by the grant 1 RO1
DK60027 from the National Institutes of Health (NIH) and Young
Chair funds to D.M. and C.B., and by Joslin’s National Institute of
Diabetes and Digestive and Kidney Diseases (NIDDK)-funded Dia-
betes and Endocrinology Research Center (DERC) core facilities.
M.S.A. received fellowship support from the Howard Hughes Medi-
cal Institute, the NIH (K08 DK059958), and the Sandler Foundation;
E.S.V. from the NIH; Z.C. from the Juvenile Diabetes Research
Foundation and the NIH; and S.P.B. from the Human Frontier Sci-
ence Program.

Received: November 10, 2004
Revised: June 10, 2005
Accepted: July 13, 2005
Published: August 23, 2005

References

Anderson, M.S., Venanzi, E.S., Klein, L., Chen, Z., Berzins, S., Tur-
ley, S.J., von Boehmer, H., Bronson, R., Dierich, A., Benoist, C.,
and Mathis, D. (2002). Projection of an immunological self-shadow
within the thymus by the aire protein. Science 298, 1395-1401.
Barnden, M.J., Heath, W.R., Rodda, S., and Carbone, F.R. (1994).
Peptide antagonists that promote positive selection are inefficient
at T cell activation and thymocyte deletion. Eur. J. Immunol. 24,
2452-2456.

Barthlott, T., Kassiotis, G., and Stockinger, B. (2003). T cell regula-
tion as a side effect of homeostasis and competition. J. Exp. Med.
197, 451-460.

Bottomley, M.J., Stier, G., Pennacchini, D., Legube, G., Simon, B.,
Akhtar, A., Sattler, M., and Musco, G. (2005). NMR structure of the
first PHD finger of autoimmune regulator protein (AIRE1). Insights
into autoimmune polyendocrinopathy-candidiasis-ectodermal dys-
trophy (APECED) disease. J. Biol. Chem. 280, 11505-11512.

Boyd, R.L., Tucek, C.L., Godfrey, D.l., Izon, D.J., Wilson, T.J., David-
son, N.J., Bean, A.G., Ladyman, H.M., Ritter, M.A., and Hugo, P.
(1993). The thymic microenvironment. Immunol. Today 74, 445-459.
Brocke, P., Garbi, N., Momburg, F., and Hammerling, G.J. (2002).
HLA-DM, HLA-DO and tapasin: functional similarities and differ-
ences. Curr. Opin. Immunol. 74, 22-29.

Derbinski, J., Schulte, A., Kyewski, B., and Klein, L. (2001). Promis-
cuous gene expression in medullary thymic epithelial cells mirrors
the peripheral self. Nat. Immunol. 2, 1032-1039.

DeYoung, A.L., Duramad, O., and Winoto, A. (2000). The TNF recep-


http://www.immunity.com/cgi/content/full/23/2/227/DC1/
http://www.immunity.com/cgi/content/full/23/2/227/DC1/

Aire Control of T Cell Tolerance
239

tor family member CD30 is not essential for negative selection. J.
Immunol. 765, 6170-6173.

Fontenot, J.D., Gavin, M.A., and Rudensky, A.Y. (2003). Foxp3 pro-
grams the development and function of CD4+CD25+ regulatory T
cells. Nat. Immunol. 4, 330-336.

Fontenot, J.D., Rasmussen, J.P., Williams, L.M., Dooley, J.L., Farr,
A.G., and Rudensky, A.Y. (2005). Regulatory T cell lineage specifica-
tion by the forkhead transcription factor foxp3. Immunity 22, 329-
341,

Gallegos, A.M., and Bevan, M.J. (2004). Central Tolerance to Tis-
sue-specific Antigens Mediated by Direct and Indirect Antigen Pre-
sentation. J. Exp. Med. 200, 1039-1049.

Hori, S., Nomura, T., and Sakaguchi, S. (2003). Control of regulatory
T cell development by the transcription factor Foxp3. Science 299,
1057-1061.

Johnnidis, J.B., Venanzi, E.S., Taxman, D.J., Ting, J.P, Benoist,
C.0., and Mathis, D.J. (2005). Chromosomal clustering of genes
controlled by the aire transcription factor. Proc. Natl. Acad. Sci.
USA 102, 7233-7238.

Jolicoeur, C., Hanahan, D., and Smith, K.M. (1994). T-cell tolerance
toward a transgenic B-cell antigen and transcription of endoge-
nous pancreatic genes in thymus. Proc. Natl. Acad. Sci. USA 91,
6707-6711.

Jonuleit, H., and Schmitt, E. (2003). The regulatory T cell family:
distinct subsets and their interrelations. J. Immunol. 7177, 6323-
6327.

Jordan, M.S., Boesteanu, A., Reed, A.J., Petrone, A.L., Holenbeck,
A.E., Lerman, M.A,, Naji, A., and Caton, A.J. (2001). Thymic selec-
tion of CD4+CD25+ regulatory T cells induced by an agonist self-
peptide. Nat. Immunol. 2, 283-284.

Kisielow, P., Bluthmann, H., Staerz, U.D., Steinmetz, M., and von
Boehmer, H. (1988a). Tolerance in T-cell-receptor transgenic mice
involves deletion of nonmature CD4+8+ thymocytes. Nature 333,
742-746.

Kisielow, P., Teh, H.S., Bluthmann, H., and von Boehmer, H. (1988b).
Positive selection of antigen-specific T cells in thymus by re-
stricting MHC molecules. Nature 335, 730-733.

Klein, L., Klein, T., Ruther, U., and Kyewski, B. (1998). CD4 T cell
tolerance to human c-reative protein, an inducible serum protein, is
mediated by medullary thymic epithelium. J. Exp. Med. 188, 5-16.

Kuroda, N., Mitani, T., Takeda, N., Ishimaru, N., Arakaki, R., Hayashi,
Y., Bando, Y., Izumi, K., Takahashi, T., Nomura, T., et al. (2005). De-
velopment of autoimmunity against transcriptionally unrepressed
target antigen in the thymus of Aire-deficient mice. J. Immunol. 174,
1862-1870.

Kurts, C., Heath, W.R., Carbone, F.R., Allison, J., Miller, J.F., and
Kosaka, H. (1996). Constitutive class I-restricted exogenous pre-
sentation of self antigens in vivo. J. Exp. Med. 184, 923-930.

Kwan, J., and Killeen, N. (2004). CCR7 directs the migration of thy-
mocytes into the thymic medulla. J. Immunol. 172, 3999-4007.

Kyewski, B., Derbinski, J., Gotter, J., and Klein, L. (2002). Promiscu-
ous gene expression and central T-cell tolerance: more than meets
the eye. Trends Immunol. 23, 364-371.

Liston, A., Gray, D.H., Lesage, S., Fletcher, A.L., Wilson, J., Webster,
K.E., Scott, H.S., Boyd, R.L., Peltonen, L., and Goodnow, C.C.
(2004). Gene dosage-limiting role of Aire in thymic expression,
clonal deletion, and organ-specific autoimmunity. J. Exp. Med. 200,
1015-1026.

Liston, A., Lesage, S., Wilson, J., Peltonen, L., and Goodnow, C.C.
(2003). Aire regulates negative selection of organ-specific T cells.
Nat. Immunol. 4, 350-354.

Markiewicz, M.A., Girao, C., Opferman, J.T., Sun, J., Hu, Q., Agulnik,
A.A., Bishop, C.E., Thompson, C.B., and Ashton-Rickardt, P.G.
(1998). Long-term T cell memory requires the surface expression
of self-peptide/major histocompatibility complex molecules. Proc.
Natl. Acad. Sci. USA 95, 3065-3070.

Mathis, D., and Benoist, C. (2004). Back to central tolerance. Immu-
nity 20, 509-516.

Matzinger, P., and Guerder, S. (1989). Does T-cell tolerance require
a dedicated antigen-presenting cell? Nature 338, 74-76.

Merkenschlager, M., Graf, D., Lovatt, M., Bommhardt, U., Za-
moyska, R., and Fisher, A.G. (1997). How many thymocytes audition
for selection? J. Exp. Med. 186, 1149-1158.

Modigliani, Y., Thomas-Vaslin, V., Bandeira, A., Coltey, M., Le Dou-
arin, N.M., Coutinho, A., and Salaun, J. (1995). Lymphocytes se-
lected in allogeneic thymic epithelium mediate dominant tolerance
toward tissue grafts of the thymic epithelium haplotype. Proc. Natl.
Acad. Sci. USA 92, 7555-7559.

Neijssen, J., Herberts, C., Drijfhout, J.W., Reits, E., Janssen, L., and
Neefjes, J. (2005). Cross-presentation by intercellular peptide
transfer through gap junctions. Nature 434, 83-88.

Ohashi, P.S. (2003). Negative selection and autoimmunity. Curr.
Opin. Immunol. 15, 668-676.

Paulsson, K.M. (2004). Evolutionary and functional perspectives of
the major histocompatibility complex class | antigen-processing
machinery. Cell. Mol. Life Sci. 61, 2446-2460.

Ramsey, C., Winqvist, O., Puhakka, L., Halonen, M., Moro, A,,
Kampe, O., Eskelin, P., Pelto-Huikko, M., and Peltonen, L. (2002).
Aire deficient mice develop multiple features of APECED pheno-
type and show altered immune response. Hum. Mol. Genet. 11,
397-409.

Rooke, R., Waltzinger, C., Benoist, C., and Mathis, D. (1997). Tar-
geted complementation of MHC class Il deficiency by intrathymic
delivery of recombinant adenoviruses. Immunity 7, 123-134.

Sakaguchi, S. (2004). Naturally arising CD4+ regulatory t cells for
immunologic self-tolerance and negative control of immune re-
sponses. Annu. Rev. Immunol. 22, 531-562.

Sakaguchi, S., Sakaguchi, N., Asano, M., Itoh, M., and Toda, M.
(1995). Immunologic self-tolerance maintained by activated T cells
expressing IL-2 receptor alpha-chains (CD25). Breakdown of a sin-
gle mechanism of self-tolerance causes various autoimmune dis-
eases. J. Immunol. 155, 1151-1164.

Smith, K.M., Olson, D.C., Hirose, R., and Hanahan, D. (1997). Pan-
creatic gene expression in rare cells of thymic medulla: evidence
for functional contribution to T cell tolerance. Int. Immunol. 9,
1355-1365.

Uchida, D., Hatakeyama, S., Matsushima, A., Han, H., Ishido, S.,
Hotta, H., Kudoh, J., Shimizu, N., Doucas, V., Nakayama, K.I., et al.
(2004). AIRE Functions As an E3 Ubiquitin Ligase. J. Exp. Med. 799,
167-172.

van Santen, H.M., Benoist, C., and Mathis, D. (2004). Number of T
reg cells that differentiate does not increase upon encounter of
agonist ligand on thymic epithelial cells. J. Exp. Med. 200, 1221-
1230.

Walker, L.S., and Abbas, A.K. (2002). The enemy within: keeping
self-reactive T cells at bay in the periphery. Nat. Rev. Immunol. 2,
11-19.

Witt, C.M., Raychaudhuri, S., Schaefer, B., Chakraborty, A.K., and
Robey, E.A. (2005). Directed migration of positively selected thymo-
cytes visualized in real time. PLoS Biol. 3, e160. 10.1371/journal.
pbio.0030160.

Xu, J., Burgoyne, P.S., and Arnold, A.P. (2002). Sex differences in
sex chromosome gene expression in mouse brain. Hum. Mol.
Genet. 11, 1409-1419.



	The Cellular Mechanism of Aire Control of T Cell Tolerance
	Introduction
	Results
	No Apparent Aire Influences on CD4+25+ Treg Cells
	Aire Influences on Regulatory T Cells, More Generally
	Aire Controls the Emergence of Self-Reactive Effector T Cells
	Aire Control of Autoimmune Disease
	Something Else?

	Discussion
	Negative versus Positive Selection
	An Additional Function for Aire
	Keeping Autoimmune Disease in Check

	Experimental Procedures
	Mice
	Real-Time PCR Analysis
	CD4+CD25- and CD4+CD25+ Cell Populations
	Thymus Transplants
	Splenocyte Transfers
	Antibodies and Flow Cytometry
	Diabetes Assessment
	Proliferation Assays

	Supplemental Data
	Acknowledgments
	References


