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Deletional Tolerance Mediated by
Extrathymic Aire-Expressing Cells
James M. Gardner,1 Jason J. DeVoss,1 Rachel S. Friedman,2 David J. Wong,3
Ying X. Tan,1 Xuyu Zhou,1 Kellsey P. Johannes,1 Maureen A. Su,1,4 Howard Y. Chang,3
Matthew F. Krummel,2 Mark S. Anderson1*

The prevention of autoimmunity requires the elimination of self-reactive T cells during their
development and maturation. The expression of diverse self-antigens by stromal cells in the
thymus is essential to this process and depends, in part, on the activity of the autoimmune
regulator (Aire) gene. Here we report the identification of extrathymic Aire-expressing cells (eTACs)
resident within the secondary lymphoid organs. These stromally derived eTACs express a diverse
array of distinct self-antigens and are capable of interacting with and deleting naïve autoreactive
T cells. Using two-photon microscopy, we observed stable antigen-specific interactions between
eTACs and autoreactive T cells. We propose that such a secondary network of
self-antigen–expressing stromal cells may help reinforce immune tolerance by preventing the
maturation of autoreactive T cells that escape thymic negative selection.

Immunological tolerance to self is essential
in the prevention of autoimmune disease.
Mechanisms of central tolerance are medi-

ated in part through the expression of a wide
array of otherwise tissue-specific self-antigens
(TSAs) such as insulin and thyroglobulin in
specialized medullary thymic epithelial cells
(mTECs) (1–3). The thymic expression of many
of these TSAs is dependent on the autoimmune
regulator (Aire) gene (4, 5), and mutations in
Aire lead to severe, multiorgan, tissue-specific
autoimmunity in both mice (4, 6) and humans
(7, 8). Although these results reveal a role for
thymic Aire, self-tolerance must continue to
be enforced after T cells leave the thymus. Con-
sistent with this fact, Aire expression is also
detectable outside the thymus, notably in the

secondary lymphoid tissues (4, 9), although
the identity and function of such extrathymic
Aire-expressing cells remain unclear (10, 11).
Here we identify a population of extrathymic
Aire-expressing cells and examine a potential
role for Aire in maintaining peripheral tolerance.

To accurately label Aire-expressing cells in
vivo, we employed a bacterial artificial chro-
mosome (BAC) transgenic approach (12) using
the murine Aire locus modified to drive expres-
sion of green fluorescent protein (Gfp) fused to
an autoimmune diabetes-related self-antigen gene,
islet-specific glucose-6-phosphatase–related pro-
tein (Igrp) (Fig. 1A) (13). IGRP is a pancreatic
b cell–specific protein against which autoreactive
CD8 T cells are produced in both mouse and
human autoimmune diabetes (14–17). We elected
to include Igrp in our transgenic construct be-
cause it is not detectable in the thymus (fig.
S1A) and because an IGRP-specific T cell re-
ceptor (TCR)–transgenic line (8.3) (14) can
be used to monitor interactions of Igrp-Gfp–
expressing cells. To verify the fidelity of the
BAC transgene in recapitulating endogenous
Aire expression in the resultant Adig (Aire-

driven Igrp-Gfp) transgenic mice, thymic sec-
tions were co-stained for Aire and GFP, reveal-
ing thymic GFP expression highly restricted
to Aire-expressing cells in the medulla (Fig.
1B and fig. S1B). By flow cytometry, GFP+

cells were detectable specifically within the
mTEC compartment (Fig. 1C), with approx-
imately 30 to 40% of mTECs being GFP-
positive. GFP+ mTECs expressed uniformly
high levels of class II major histocompatibil-
ity complex (MHC) and CD80 (Fig. 1D), as
in previous studies of Aire-expressing mTECs
(3, 11, 18).

To test how the introduction of IGRP into
the thymic medullary epithelium might affect
Tcell selection, we compared 8.3 TCR-transgenic
and 8.3/Adig double-transgenic mice. Tetramer
staining confirmed that the 8.3/Adig double-
transgenic mice showed a significant decrease
in the percent and avidity of IGRP-specific
CD8+ T cells in the thymus (Fig. 1E) and in the
periphery (fig. S1C). Further, although IGRP-
reactive CD8+ T cells were readily detected in
the polyclonal wild-type NOD background, they
were completely absent in Adig NOD mice
(fig. S1D). To test the functional impact of this
negative selection, 8.3 and 8.3/Adig mice were
followed for diabetes incidence, and 8.3/Adig
mice were completely protected from disease
(Fig. 1F).

In a broad tissue survey using immuno-
fluorescent anti-GFP staining, expression of the
transgene was undetectable in most tissues, but
distinct populations of extrathymic transgene-
expressing cells were observed within the lymph
nodes and spleen (fig. S2A). These extra-thymic
Aire-expressing cells (eTACs) were generally con-
fined to the T cell zones of the secondary lymph-
oid organs and preferentially localized to T cell–B
cell boundary regions (Fig. 2, A and B). Immu-
nofluorescent co-stains showed these cells to
be negative for B cell (B220), fibroblastic re-
ticular cell (gp38 and ERTR-7), and dendritic
cell (CD11c) markers, but positive for class II
MHC (Fig. 2, A and B). Reciprocal bone-
marrow chimeras demonstrated that many of
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these cells were stromal in origin (fig. S3A).
Given this, we isolated secondary lymphoid stro-
ma by flow cytometry and found that, as in the
thymus, a population of GFP+ cells was present
that was CD45–, MHC II+ (Fig. 2C). These
CD45– eTACs shared some characteristics with
mTECs [being positive for MHC II, programmed
death-1 ligand 1, and epithelial cell adhesion
molecule (EpCAM)] but were distinct in that
eTACs did not express the costimulatory mol-
ecules CD80 and CD86 (Fig. 2D). Although
GFP+ eTACs represented a significant percent-
age of the EpCAM+ stromal cells in the pe-
riphery (8.5 T2.4%), eTACs failed to bind the
mTEC marker Ulex europeus agglutinin I or
the fibroblastic reticular cell marker gp38, sug-
gesting that they are distinct from previously
described self-antigen–expressing stromal pop-
ulations (9) (fig. S4). eTACs also appeared to
be ubiquitous in lymphoid organs, because they
were detected inmesenteric lymph nodes, Peyer's
patches (fig. S2B), and the tertiary lymphoid
structures that form in the infiltrated pancreatic
islets of NOD mice (fig. S2C). By flow cy-
tometry, GFP+ cells were also detected in the

CD45+ compartment that expressed CD11c,
although the level of GFP expression in these
cells was significantly lower than in the CD45–

cells and less enriched in Aire message (Fig.
2E and fig. S4).

To validate the idea that Igrp-Gfp transgene
expression in eTACs reflected endogenous Aire
expression, the eTAC surface markers identi-
fied in Adig mice (CD45–, MHC II+, EpCAM+)
were used to sort eTACs from nontransgenic
mice, and Aire transcript was indeed found to
be abundant in these cells, confirming that this
stromal population expressed high levels of
Aire (Fig. 2E). Co-staining of secondary lym-
phoid organs for Aire and GFP also showed
Aire protein localized to perinuclear speckles
within a subset of eTACs (Fig. 2F). The num-
ber of GFP+ cells in which Aire protein could
be detected was smaller in the periphery (24.8 T
4.6%) than in the thymus (85.0 T 4.5%), and
the Aire staining was much weaker—near the
limit of detection—which may explain why
previous attempts to identify these cells in the
absence of the transgenic reporter have been
difficult (11).

Because Aire has been shown to play an im-
portant role in the transcriptional regulation of
self-antigens in mTECs, we sought to define its
function as a transcriptional regulator in eTACs.
GFP+ eTACs were sorted for microarray analy-
sis from the spleens and pooled lymph nodes
of Adig mice crossed onto the Aire+/+ or Aire−/−

background. As in mTECs, the number of genes
up-regulated by Aire in eTACs was greater than
the number down-regulated (Fig. 3A and tables
S1 and S2). Both the total number of Aire-
regulated genes in eTACs and the fold change
of expression of those genes were smaller than
has been observed in mTECs, perhaps reflect-
ing the lower and potentially transient expres-
sion of Aire in the periphery. There was little
overlap between Aire-regulated genes in eTACs
and those in mTECs (Fig. 3B), suggesting that
Aire in the periphery may regulate the expres-
sion of a distinct set of self-antigens. Despite
these differences, however, we found a signif-
icant enhancement for TSAs among the posi-
tively Aire-regulated genes in eTACs (Fig. 3C),
several of which were confirmed by quantita-
tive reverse transcription polymerase chain

Fig. 1. The Adig trans-
gene recapitulates Aire
expression in the thymus
andmediates the negative
selection of autoreactive
T cells. (A) Schematic of
Igrp-Gfp transgene target-
ing the Aire BAC. Target-
ing replaces Aire exon 2,
the coding portion of exon
1, and part of exon 3, so
that the transgene does
not make functional Aire.
(B) Immunofluorescent
staining of GFP (green)
and Aire (red) in thymic
frozen sections of Adig
mice. (C) Flow cytometry
of CD45-, 4 ,́6 -́diamidino-
2-phenylindole– (DAPI-),
and Ly51lo-gated thymic
stromal cells from wild-
type (left) and Adig (right)
NOD mice. (D) Flow cy-
tometry of CD45-, DAPI-,
and Ly51lo-gated EpCAM+

mTECs from Adig NOD
mice gated as GFP– (yel-
low) or GFP+ (green) and
stained forMHC II (left) and
CD80(right). (E)Thymocytes
from 8.3 TCR-transgenic
mice (toppanels) or double-
transgenic 8.3/Adig mice
(bottom panels) stained
for CD4/CD8 (left panels),
or pre-gated as CD4–

CD8+ and stained for
IGRP-mimetope (red) or mock (green) peptide/Kd tetramer reactivity (right panels). (F) Diabetes incidence curves for 8.3 TCR-transgenic mice (n = 6) and
8.3/Adig double-transgenic mice (n = 10).
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