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Abstract
In his clonal selection theory, Frank Macfarlane Burnet predicted that autoreactive lymphocytes
are deleted to prevent autoimmunity. This and other principles of lymphocyte behavior outlined by
Burnet guided many studies that lead to our current understanding of thymic selection. Thus, when
the genetic mutation responsible for Autoimmune Polyendocrinopathy Syndrome type 1 (APS-1)
was mapped to the AIRE gene, and Aire was found to be highly expressed in thymic epithelium,
studying the role of Aire in negative selection made sense in the context of modern models of
thymic selection. We now know Aire is a transcription factor required for the expression of many
tissue specific antigens (TSAs) in the thymus. In the absence of functional Aire, human patients
and mice develop multi-organ autoimmune disease due to a defect in thymic negative selection. In
addition to its role in the thymus, recent work in our lab suggests that extrathymic Aire-expressing
cells plays an important role in the clonal deletion of autoreactive CD8+ T cells. In this review, we
summarize the latest studies on thymic and peripheral Aire expressing cells, as well as other TSA-
expressing stromal cell populations in peripheral lymphoid organs. We also discuss theoretical
differences in thymic and peripheral Aire function that warrant further studies.

The clonal selection theory foreshadows mechanisms of central tolerance
In this special feature of Immunology and Cell Biology, we honor the 50th anniversary of
Frank Macfarlane Burnet’s Nobel prize by appreciating how his ground-breaking clonal
selection theory is still relevant to cutting-edge discoveries in immunology today. An
example of Burnet’s revolutionary insight is illustrated in the following passage he wrote
over 50 years ago in The clonal selection theory of acquired immunity: “Suppose that at the
appropriate stage of development a limited genetic determinant carrying the coding
responsible for globulin pattern releases control in such a fashion that purely random
arrangements are allowed which will be different at each replication. Then at a later state …
contact with any determinant associated with a body component … results in the elimination
of cells carrying such sites, and if all such clones are eliminated full tolerance is
established.” 1 Burnet published this model of lymphocyte tolerance in 1958, 30 years
before empirical evidence for the existence of the T cell receptor (TCR) “globulin pattern,”2

“random arrangements” via Rag1 and Rag2,3, 4 and the elimination of autoreactive cells5, 6
were generated. After seminal studies by Jacques Miller in the early 1960s demonstrated
that the thymus played an important role in the development of lymphocytes,7 Burnet further
hypothesized that tolerance was controlled by the thymus through deletional or functional
inactivation mechanisms.8 In the late ‘80s, experimental proof of thymic negative selection
was provided by the identification of superantigen-mediated deletion of thymocytes
expressing particular Vβ TCRs 5 and the observation of antigen-specific deletion of
thymocytes in T cell receptor transgenic mice.9, 10, 11 These studies demonstrated that T
cells expressing high affinity TCRs for ligand in the thymus were deleted. Although thymic
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negative selection of self-reactive T cells had thus become an accepted mechanism of
tolerance, many questions remained as to the scope of ‘self’ that was regulated in the
thymus. That is, it was not clear how or if TCRs specific for non-ubiquitous, tissue-restricted
antigens (TSAs) were exposed to such antigens in the thymus.

A clearer picture of thymic expression of self antigens began to emerge in the 1990s, led by
the Hanahan lab who demonstrated that expression of insulin and insulin promoter-driven
transgenes could be detected in the thymus.12 Such expression in transgenic systems was
clearly demonstrated to impose strong central tolerance. These findings suggested that the
thymus may harbor the ability to express self-antigens that are tissue-specific for organs
other than the thymus (i.e. insulin being mainly restricted to the pancreas). The extent of
such TSA expression in the thymus was later shown to be broad, and TSA expression was
mapped to thymic medullary epithelial cells (mTECs).13–15 Part of the molecular
explanation of how this seemingly ectopic TSA expression occurs in the thymus came
through the identification of the Autoimmune Regulator (Aire) gene and its function. Aire
was found to control the expression of many TSAs in the thymus, and was thus shown to be
necessary for the proper negative selection of TSA-specific thymocytes. The following is a
more detailed discussion of how Aire contributes to clonal selection and self tolerance in the
thymus and peripheral lymphoid organs.

The role of thymic Aire in central tolerance
Aire was originally identified through studies of a human autoimmune syndrome called
Autoimmune Polyglandular Syndrome Type 1 (APS-1). Patients with this disorder develop
spontaneous autoimmune infiltrates and autoantibodies to multiple organs, and inherit the
disease in a monogenic autosomal recessive fashion.16 Through genetic linkage studies on
families with APS-1, AIRE was identified as the defective gene linked to this disorder.17, 18

Aire is a 545 amino acid protein with nuclear localization sequences (NLS), two plant
homeodomain (PHD) zinc fingers, a caspase recruitment domain (CARD)/homogeneously
staining region (HSR), a SAND domain, and a proline-rich region (PRR) which are
structures found in other transcription factors (Figure 1).19 Thus, since Aire expression is
high in mTECs, it was hypothesized that Aire may be a transcription factor required for the
expression of TSAs within mTECs. To test this hypothesis, an Aire knock-out (KO) mouse
model was generated.15 Like APS-1 patients, Aire KO mice developed multi-organ
autoimmunity.15 Microarray analysis of sorted mTECs from wild type (WT) and Aire KO
mice demonstrated that Aire was required for the expression of a wide array of TSAs within
mTECs.15 Thymic transfer experiments demonstrated the importance of Aire-dependent
TSA expression in mTECs in the promotion of immune tolerance; i.e. the transfer of Aire-
deficient thymic stroma into FoxN1-deficient, athymic hosts is sufficient for the
transmission of autoimmunity.15 TCR transgenic models of negative selection have also
been found to have Aire-dependency for some model self-antigens,20, 21 again bolstering a
role of Aire in thymic negative selection. Although it has been reported that Aire has no
dramatic effect on the overall frequency and function of regulatory T cells21–23 some
transgenic mouse models demonstrate that Aire-expressing mTECs can be potent inducers
of regulatory T cells.24, 25 Given these paradoxical reports, further study will be needed to
clarify the role of Aire in the generation the thymically-derived regulatory T cells.

Another line of studies on Aire have led to the suggestion that Aire may participate in other
activities beyond TSA expression in mTECs, including the promotion of apoptosis in
mTECs.26 This is an attractive model, as this could help promote the antigen processing and
presentation of Aire-driven TSAs by nearby thymic dendritic cells. Another study has
suggested that thymic epithelial cells may use the process of autophagy to help load the
MHC class II pathway which plays an important role in positive and negative selection of T
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cells.27 Although both direct presentation of TSAs by mTECs and handoff of TSAs to
nearby DCs were shown to contribute to CD4+ T cell selection in the thymus in vivo, it is
not clear whether one pathway is dominant over the other.25, 28 In addition to a potential
role in apoptosis, other groups have suggested that Aire may also play a role in improving
the ability of mTECs to attract and interact with thymocytes, but the details of which
determinants are involved in this potential activity of Aire remain unclear.21, 23, 29

Given that Aire promotes the expression of such a wide array of TSAs in mTECs, the nature
of this unusual expression pattern has been extensively studied and a number of interesting
observations have been made. Many of the Aire-induced TSAs are clustered in their
genomic locations; however, there are examples of individual genes within a cluster of Aire-
regulated genes that are not targeted by Aire.30, 31 Single cell analysis of Aire-expressing
mTECs has shown that TSA targets are expressed in a stochastic and mono-allelic fashion.
14, 31 Thus, Aire-targeted TSAs seem to be transcribed differently than they are in the
peripheral organ in which they are expressed.32 One obvious difference between thymic and
tissue expression of TSAs is that the level of TSA expression within mTECs is generally
low when compared to the peripheral organ associated with a given TSA.14, 33 This suggests
that negative selection requires a remarkably low level of antigen expression. It also appears
that the array of genes Aire induces varies by cell type. Comparison of Aire activity when
ectopically expressed in various cell types shows that Aire has the propensity for promoting
TSA expression in a variety of contexts, but a different set of TSAs are activated in each
case.34–36 Taken together, this data suggests that Aire is likely utilizing a cell-specific
transcriptional milieu to activate target genes in a manner that is fundamentally different
from that used by standard DNA-binding transcription factors.

So what are the molecular underpinnings of how Aire promotes the promiscuous expression
of so many TSAs? Given the observations outlined above, it is possible that Aire is not a
traditional DNA-binding transcription factor. A major advance in our understanding of how
Aire functions was made when the first PHD zinc finger domain of Aire was demonstrated
to bind to unmethlyated lysine at position 4 of H3 histone (H3K4).37–39 Though there are
exceptions, the methylation status of histone tails correlates with the transcriptional activity
at that genomic locus. For instance, tri-methylated H3K4 is frequently observed at sites of
active transcription and is part of the epigenetic code regulating gene transcription.40, 41 The
propensity of Aire to bind unmethylated H3K4 indicates that Aire is likely using this
epigenetic mechanism to help recruit itself to inactive chromatin.

In addition to this epigenetic strategy, a number of other mechanisms have been proposed to
help explain Aire’s unique transcriptional activity. These mechanisms include the promotion
of RNA elongation through interactions with pTEFb,42 complexing with the nuclear matrix,
19 and binding to CREB-binding protein19 and DNA-PK.43 A recent study used a large scale
proteomics approach to identify an array of potential Aire binding partners.36 Here the
authors transfected a tagged version of Aire into 293 cells (which do not normally express
Aire) and performed pull-down experiments to identify and characterize Aire-associated
proteins. The identified proteins were confirmed in co-immunoprecipitation experiments and
their biological relevance to TSA expression was tested through knockdown assays. These
experiments allowed the authors to identify a number of binding partners in different known
functional pathways. First, the authors found that Aire was part of a complex of proteins
involved in the DNA-damage response, including DNA-PK, PARP-1, TOP2, FACT, and
Ku. To further extend the relevance of some of the interactions, the authors demonstrated
that mTECs deficient in DNA-PK have a reduction in the TSA expression of Aire target
genes. A second functional complex mapping to Aire protein interactions involved factors
associated with pre-mRNA splicing. The effect of this interaction appears to result in the
increase of spliced mRNA of Aire-regulated target genes. This study provides a likely
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foundation of the mechanistic tools used by Aire to drive the expression of such a wide
variety of genes; however, more study will be needed to confirm that these pathways are
relevant to Aire-expressing cells in vivo.

The role of extra-thymic Aire in peripheral tolerance
Significant evidence demonstrates that normal thymic deletion of autoreactive T cells is an
incomplete process. For example, depletion of FoxP3+ regulatory T cells in healthy adult
mice unleashes the function of autoreactive T cells that have escaped negative selection,
resulting in the development of lethal autoimmunity.44 Also, immunizing healthy mice with
autoantigens can break tolerance. By injecting healthy mice with some self antigens, such as
myelin basic protein in adjuvant, quiescent autoreactive T cells that have escaped deletion
are primed and cause autoimmune attack on the tissues expressing these proteins.45 Marrack
et al. argue that “leaky” central tolerance benefits the host by generating a larger T cell
repertoire for peripheral immunity to infection. 46 Given that a significant number of
autoreactive T cells evade thymic deletion, mechanisms of peripheral tolerance must exist to
keep these cells in check.

A novel mechanism of peripheral self tolerance was revealed with studies of Aire in
peripheral lymphoid organs.13, 15, 47 Although it was initially assumed that dentritic cells
(DCs) were the source of peripheral Aire expression – early studies of Aire in the periphery
were focused on DC function48 – current work shows that Aire expression in the lymph
nodes and spleen derives from radio-resistant cells in the secondary lymphoid organs and
not CD11c+ DCs.47 By generating reporter mice that express GFP under the control of the
Aire locus, our lab was able to identify this unique population of extrathymic Aire-
expressing cells (eTACs).34

Like Aire expressed in mTECs, Aire in secondary lymphoid organs is required for the
expression of many TSAs.34 In order to test the ability of eTACs to induce tolerance to T
cells, the islet specific glucose-6-phosphatase (IGRP) antigen was targeted to these cells by
engineering a transgene that expressed IGRP under the control of the Aire locus, which was
called the Aire-driven IGRP (Adig) mouse model.34 IGRP is not normally expressed in the
thymus or secondary lymphoid organs of wild type mice. However, expression of Aire-
driven IGRP was detected in Aire+ mTECs and eTACs of the Adig mouse.34 When IGRP-
specific CD8+ T cells were transferred into the Adig mouse, eTACs stimulated IGRP-
specific CD8+ cell proliferation and death by directly presenting IGRP to these T cells.34

The Adig mouse demonstrates that, like Aire expressing mTECs, eTACs can help to impose
tolerance by deleting autoreactive CD8+ T cells.34

Other TSA-expressing, CD45-negative cell subsets in lymph nodes have been described that
do not express Aire. For example, a mouse model which expresses a transgene consisting of
a truncated OVA (tOVA) antigen under the control of the intestinal fatty acid binding
protein (iFABP) promoter, expresses OVA in the intestinal epithelium as well as the stromal
cells of peripheral lymph nodes.47, 49 When CD8+ OVA-specific TCR transgenic T cells are
injected into iFABP-tOVA mice, the T cells proliferate and are eventually deleted.47 Thus,
like eTACs, non-Aire-expressing stromal cell subsets can present TSAs to autoreactive
CD8+ T cells, causing the deletion of these potentially harmful cells.

In both the Adig and iFABP-tOVA mice, antigen expression is driven by a transgene. Thus,
it is possible that antigen-specific CD8+ cells were deleted due to engagement of non-
physiologically high levels of antigen expression. However, Nichols et al. recently showed
that a stromal cell subset in lymph nodes expresses the TSA, tyrosinase, and can present this
antigen to tyrosinase-specific CD8+ T cells.50 In this model system the endogenous
expression level of tyrosinase in these stromal cells was enough to delete tyrosinase-specific
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CD8+ T cells, providing evidence that physiological expression of TSAs by stromal cells
can activate and delete antigen-specific CD8+ T cells, similar to transgenic TSA expression.
50 Overall, the existence of different TSA-expressing CD45-negative cell subsets in
peripheral lymphoid organs suggests that this class of cells provides a significant survival
advantage; the evidence thus far demonstrates that eTACs and TSA-expressing stromal cell
subsets play an important role in the maintenance of peripheral self tolerance by deleting
autoreactive CD8+ T cells (Figure 2).

There are several properties of both eTACs and non-Aire expressing, TSA-expressing
stromal cells which make them well suited to play an important role in peripheral tolerance.
First, location of these cells in the lymph nodes is ideal for tolerizing autoreactive T cells.
Naïve T cells constitutively traffic through lymph nodes but generally do not traffic through
tissues under normal circumstances.51 Thus naïve autoreactive T cells may be tolerized in
secondary lymphoid organs and not at the site of the tissue itself. Second, eTACs express a
different set of tissue restricted antigens than Aire expressing mTECs; Aire regulates 163
genes in eTACs and 1835 genes in mTECs, but there are only 7 overlapping genes that are
controlled by both peripheral and thymic Aire.34 By expressing a different set of TSAs in
the periphery, eTACs may tolerize antigen-specific T cells that were not deleted by Aire-
expressing mTECs.

The Adig model system demonstrates that eTACs and other TSA expressing stromal cell
subsets in peripheral lymphoid organs can function to delete naïve, autoreactive CD8+ T
cells in a manner similar to that which Aire-expressing mTECs delete autoreactive
thymocytes. Although Aire-expressing mTECs and eTACs present different self antigens,
are their functions otherwise redundant? Are there differences between how eTACs and
Aire-expressing mTECs delete autoreactive T cells? Thus far, the characterization of eTACs
was guided by studies of Aire expressing mTECs, thereby biasing findings to those which
are similar to thymic selection. The following is a discussion of features unique to eTACs
which may allow this APC population to provide functions distinct from Aire expressing
mTECs.

Immunofluorescent staining shows that eTACs are found primarily in the B cell-T cell
boundary of T cell zones of peripheral lymphoid organs, in close proximity to CD11c+
APCs.34 Two-photon imaging experiments show that autoreactive T cells can make stable
contacts with eTACs in the B cell-T cell boundary of the T cell zone, the same
microenvironment in which antigen-specific T cells have been shown to be primed by LPS-
activated DCs.34, 52 The proximity of eTACs to sites of T cell priming may allow them to
serve a unique function in shaping the fate of TCR-triggered T cells. In other words, perhaps
unlike Aire expressing mTECs, eTACs can receive cues from and/or play an important role
in local immune responses. In line with this hypothesis, Fletcher et al. have shown that some
non-Aire-expressing stromal cell subsets in the lymph node can present TSAs and
potentially respond to viral infections through TLR3 signaling.49 Interestingly, one of the
TLR3-expressing stromal cell subsets, fibroblastic reticular cells (FRCs), can stimulate and
delete autoreactive CD8+ T cells.47, 49 However, upon stimulation with TLR3 agonist,
FRCs decrease TSA expression, thus losing the ability to stimulate autoreactive T cell
proliferation (Figure 2).49 It is thought that TLR3 agonist decreases TSA expression on
FRCs to reduce the chance of stimulating autoreactive T cells and prevent the development
of autoimmunity during clearance of double-stranded RNA viral infections.49 eTACs do not
express TLR3, 7, or 849, but it is not known whether they express other receptors that can
detect the presence of foreign microorganisms or endogenous ‘stress’ ligands. That is,
studies of infection models could be used to determine whether like FRCs, eTACs can be
directly stimulated through innate receptors like TLRs, NLRs, and Rig-like helicases, and/or
APC-derived ‘stress’ ligands like inflammatory cytokines, heat-shock proteins, etc. Unlike
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the thymus, secondary lymphoid organs are well suited for sensing pathogenic processes in
the periphery and organizing appropriate immune responses to these processes. Therefore, it
would not be surprising if a feature of eTACs that distinguishes them from Aire-expressing
mTECs is the ability to somehow adapt to changing environments caused by infection or
inflammation.

Although autoreactive CD8+ thymocytes and mature CD8+ T cells are similarly deleted by
mTECs and eTACs, respectively,21, 34 our lab has recently found that CD4+ T cells respond
differently. While CD4+ thymocytes are deleted or shunted toward the FoxP3+ Treg lineage
after interacting with Aire expressing mTECs,21, 24, 25 mature CD4+ T cells are triggered to
proliferate and become functionally inert FoxP3-negative cells after interacting with eTACs
[Gardner, Metzger, and Anderson, unpublished observations]. The difference in reactivity of
CD4+ thymocytes and mature CD4+ T cells to Aire expressing mTECs and eTACs
demonstrates that at least some of the functions of thymic and peripheral Aire are not
redundant. Further studies of autoreactive CD4+ T cell reactivity to Aire expressing APC
may be able to address the following questions: 1) Are the different effects of peripheral vs.
thymic Aire on CD4+ T cell function T cell or APC intrinsic? and 2) What are the unique
signals that control CD4+ T cell deletion vs. anergy?

A better understanding of the commonalities and differences between Aire-expressing
mTECs and eTACs is needed to delineate the evolutionary pressure for peripheral Aire
expression. The study of peripheral Aire’s effect on T cells, particularly CD4+ T cells, in
infection models will be able to better define the role of eTACs.

Concluding Remarks
Burnet’s prediction that autoreactive lymphocytes are deleted to prevent autoimmunity
guided many studies that lead to our current understanding of thymic selection. Thus, when
the genetic mutation responsible for APS-1 was mapped to the AIRE gene, and Aire was
found to be highly expressed in thymic epithelium, studying the role of Aire in negative
selection made sense in the context of modern models of thymic selection. More recent
insights into the function of Aire in peripheral lymphoid organs have extended our
understanding of peripheral tolerance. The fact that the newly defined mechanisms of Aire-
dependent tolerance still fits into the framework of the clonal selection theory is an
illustration of how Burnet’s ground-breaking ideas can still be used as a guideline for
cutting-edge discoveries made today.
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Figure 1. Functional domains in Aire that are common to other transcription factors
Aire contains a CARD/HSR domain, nuclear localization sequences (NLS), a SAND
domain, two PHD zinc finger domains, and a PRR which are structures found in other
transcription factors.
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Figure 2. Model of T cell activation by APC under steady state conditions or during a viral
infection
Under steady state conditions, CD8+ T cells are deleted by eTACs, FRCs, and hematopoetic
DC, while CD4+ T cells proliferate and become anergic. Upon TLR3 engagement by virus-
derived, double stranded RNA, FRCs may decrease self antigen presentation while
hematopoetic DCs mature to activate T cells.
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