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show strong affinity for these self-peptide/MHC complexes are de-
leted by activation-induced apoptosis. The deletion of autoreactive 
T cell clones through thymic-expressed TSAs is known as central 
tolerance.  

The discrepancy between antigens expressed and presented by 
cortical thymic epithelial cells (cTECs) versus mTECs has been 
termed the alternate peptide hypothesis. This hypothesis can par-
tially explain how autoreactive T cells survive positive selection in 
the cortex but fail to pass negative selection in the medulla (Mar-
rack, McCormack, & Kappler, 1989). In order to express TSAs, 
mTECs must transactivate genes that are not normally expressed 
in the thymus through a process called promiscuous gene expres-
sion (PGE; De Martino et al., 2013; Kyewski & Derbinski, 2004; 
Laan & Peterson, 2013; Metzger & Anderson, 2011; Tykocinski, 
Sinemus, & Kyewski, 2008). PGE is dependent upon the transcrip-
tion of DNA in chromatin states often associated with inhibited 
expression (Abramson, Giraud, Benoist, & Mathis, 2010; Tyko-
cinski et al., 2010; Ucar & Rattay, 2015; Žumer, Saksela, & Peter-
lin, 2013). The autoimmune regulator (AIRE) protein expressed in 
mTECs is a transcription factor that facilitates this process. 

Loss of AIRE function limits TSA tolerance, leading to organ-
specific autoimmunity and autoantibody production (Kisand & Pe-
terson, 2015; Laan & Peterson, 2013; Metzger & Anderson, 2011). 
Autoimmune polyendocrinopathy candidiasis ectodermal dystro-
phy (APECED) is the monogenic disorder caused by mutations 
at the AIRE locus. However, APECED may be considered a syn-
drome because symptoms can also stem from indirect disruptions 
of AIRE function (De Martino et al., 2013). While APECED cases 
may feature some similar symptoms such as mucocutaneous can-

Introduction
T cells provide capable, targeted defense against foreign antigens 
through their receptor specificity. The vast repertoire of T cell re-
ceptors allows the immune system to mount a response against 
most foreign invaders. Generation of receptor diversity is accom-
plished mainly through gene rearrangement at the alpha and beta 
chain loci. 

Positive selection in the thymic cortex is able to expand T cell 
clones with receptors that bind major histocompatibility complex 
(MHC)/self-peptide complexes with at least moderate affinity (De 
Martino et al., 2013). However, cells that pass positive selection 
may still have a strong affinity for self-peptides presented on MHC 
molecules. In order to eliminate these autoreactive T cells from es-
caping from the thymus into the periphery, T cell clones positively 
selected for in the thymic cortex undergo negative selection in the 
thymic medulla. During the negative selection process, T cells are 
presented with medullary thymic epithelial cell (mTEC)-expressed 
tissue-specific antigens (TSAs) in the medulla (Derbinski, Schulte, 
Kyewski, & Klein, 2001; Kyewski & Derbinski, 2004). T cells that 
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2007). Later experiments in vivo uncovered that RANK signal-
ing regulates AIRE function by promoting its accumulation within 
chromatin-associated nuclear bodies (Ferguson et al., 2008). 

Failure to express AIRE may also stem from improper epigen-
etic markers at the AIRE locus. One epigenetic marker that influ-
ences gene expression is methylation of DNA. Hypermethylation 
of DNA can occur in contiguous regions, such as CpG islands, and 
is associated with low expression rates. Bisulfate sequencing of 
CpG islands near the AIRE promoter revealed hypomethylation 
surrounding the AIRE promoter in AIRE+ mTECS. However, these 
hypomethylation markers were also found in AIRE- immature 
(MHC IIlow) mTECs and cTECs, illustrating that AIRE promoter 
methylation likely has little effect on AIRE expression (Kont et al., 
2011; Ucar & Rattay, 2015). 

Alterations in the packing and chemical modification of chro-
matin can also dictate levels of gene expression. DNA is packed 
into nucleosomes, which contain DNA looped around octamers 
of histone proteins, similar to beads on a string. Tightly packed 
chromatin (heterochromatin) can sterically hinder transcriptional 
machinery from accessing promoters and other DNA sequences, 
making heterochromatin states unreceptive to gene expression. 
Conversely, loosely packed chromatin (euchromatin) is permis-
sive of transcriptional machinery and gene expression. Further-
more, methylation of lysine residues on individual histone pro-
teins can also promote or repress transcription. Histone profiling 
at the AIRE promoter in AIRE+ mTECs showed increased amounts 
of transcriptionally active histone marks (H3K4me3) and lower 
amounts of repressive histone marks (H3K27me3) than other cell 
types (Kont et al., 2011). These epigenetic patterns illustrate that 
AIRE expression is correlated with histone modifications at the 
promoter region. Failure to properly mark specific histone residues 
at the AIRE promoter may cause epigenetic silencing of AIRE, lead-
ing to decreased PGE and autoimmune phenotypes.

Expression of AIRE may be further regulated by miRNA in-
teractions. Research by Ucar, Tykocinski, Dooley, Liston, and 
Kyewski (2013). revealed that miRNAs are tightly regulated in de-
veloping mTECs. In addition, mice lacking Dicer function showed 
loss of AIRE expression and reduced PGE, which demonstrates that 
miRNA regulates AIRE expression and function (Ucar et al., 2013). 
Therefore, loss of AIRE function may stem from an inability of 
miRNA to regulate AIRE activity. 

Disruptions of AIRE or Other Promiscuous Gene Expression 
Mediators Yield Autoimmunity 
AIRE contributes to central tolerance by enabling the expression 
of self-antigens within mTECs through PGE. Promoting TSA ex-
pression is a complex process, and AIRE is able to facilitate PGE 
through its unique protein domains, which allow for subcellular lo-
calization and interaction with other proteins that assist in the tran-
scription and processing of TSAs (Abramson et al., 2010; De Mar-
tino et al., 2013; Gallo et al., 2013; Ramsey, Bukrinsky, & Peltonen, 
2002). Taken together, mutations in the AIRE locus compromise the 
function of AIRE protein domains and lead to nonfunctional PGE. 

In order to facilitate the transcription of TSAs not canoni-

didiasis, Addison’s disease, and hypoparathyroidism, AIRE’s role 
in maintaining central tolerance to most TSAs makes APECED 
patients susceptible to further autoimmune responses against a 
number of host tissues including the eyes, liver, pancreas, kidney, 
and sex organs (Kisand & Peterson, 2015; Kyewski & Derbinski, 
2004). Therefore, even APECED patients with similar mutations 
at the AIRE locus may have dissimilar symptoms due to variation 
in specific self-antigen tolerance (De Martino et al., 2013). 

Because disruption of AIRE function can occur in numerous 
ways, this review will discuss how disruptions in AIRE expres-
sion, PGE promotion, and TSA presentation can all instigate auto-
immunity. Furthermore, this review will explain how the interplay 
between central and peripheral tolerance contributes to the varia-
tion seen in APECED phenotypes and symptoms.  

mTEC Development, Epigenetic Profile, and miRNA Govern 
AIRE Expression
Expression of AIRE is vital to expression of self-antigens in the 
thymus. AIRE is predominantly expressed in mTECs, although 
other cell types in the periphery and thymus have been shown to 
express AIRE at low levels (Derbinski et al., 2001; Metzger & 
Anderson, 2011). While mTEC lineage cells are primarily respon-
sible for PGE, only 1-5% of mTEC cells express TSAs at a given 
time (Gallegos & Bevan, 2004). It is likely that factors unlinked to 
AIRE expression levels, such as changes in signaling states within 
the medullary microenvironment, alter PGE in AIRE+ mTECs. 
Nonetheless, because AIRE plays a direct role in PGE, disruption 
of AIRE expression leads to autoimmune phenotypes.

Problems with AIRE expression in mTECs may arise from im-
pediments to mature mTEC development. Immature mTECs begin 
at the MHC IIlow, CD80low, AIRE- stage and mature to an MHC II-
high, CD80high, AIRE- stage and then an MHC IIhigh, CD80high, AIRE+ 
stage, at which point AIRE-dependent and AIRE-independent an-
tigens can be expressed (Metzger & Anderson, 2011). While this 
three-step maturation process represents the development needed 
for mTECs to activate PGE, mTECs have recently been shown 
to lose their AIRE+ phenotype during a fourth, and final, matura-
tion stage. This loss of AIRE expression is coupled with a loss of 
TSA expression in these mature mTECs (Laan & Peterson, 2013; 
Yano et al., 2008). Therefore, while the paucity of TSA expression 
by the total mTEC population likely hinges on many factors, one 
possible contributor may be the finite timeframe in which AIRE is 
expressed by maturing mTECs. 

While AIRE propels mTEC maturation, disruptions to early 
mTEC development stunt AIRE expression. AIRE-deficient mice 
produce malformed thymi, which illustrates the important role 
AIRE plays in thymic formation and mTEC development (Yano 
et al., 2008). However, failure of immature mTECs to pass proper 
developmental stages can have a substantial impact on AIRE ex-
pression and PGE in the thymus. For example, Rossi et al. (2007) 
show that RANK signaling from CD4+, CD3- cells facilitates 
mTEC development and promotes AIRE+ phenotypes. Absence of 
RANK signaling was shown to incite autoimmunity (Rossi et al., 
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able explanation to how AIRE accesses epigenetically-repressed 
TSA loci. However, as illustrated above, mutations to multiple 
AIRE protein domains have also been shown to inhibit subcel-
lular localization and provoke autoimmune phenotypes. Further 
research will need to define whether these various methods of TSA 
localization work in tandem or in isolation to induce PGE.

AIRE also regulates TSA output via post-translational mRNA 
splicing (Kyewski & Derbinski, 2004; Žumer et al., 2011). mTECs 
had the greatest amount of alternatively spliced isoforms com-
pared to any other cell type (Keane, Ceredig, & Seoighe, 2015). 
AIRE is thought to recruit splicing machinery in multiple ways. 
For example, splice factor snRNP is known to localize to nuclear 
bodies, (Sleeman & Lamond, 1999) where AIRE is also recruited 
via its SAND domain (Ramsey et al., 2002). Furthermore, Zum-
er et al. (2011) showed that snRNP subunit U5 was recruited by 
AIRE to the 3’ end of TSA transcripts. Therefore, AIRE utilizes 
co-localization with RNA Polymerase II to promote mRNA splic-
ing (Žumer et al., 2011). AIRE is thought to perform mRNA splic-
ing in order to tolerize autoreactive T cells specific to particular 
TSA isoforms, thus increasing the breadth of clonal deletion in 
the thymus (Keane et al., 2015; Kyewski & Derbinski, 2004). 
Therefore, disruption of mRNA splicing mechanics may limit the 
breadth of PGE expression, leading to autoimmunity of specific 
self-peptide isoforms. 
mTECs and Thymic Dendritic Cells Present Tissue-Specific 
Antigens to Induce Tolerance
While TSA expression in mTECs is necessary for negative selec-
tion, central tolerance can be accomplished only if those TSAs are 
presented to T cells via MHC molecules. Therefore, failure to reg-
ulate TSA presentation on thymic cell types may undermine AIRE 
function and cause autoimmune phenotypes. Although mTECs 
have the proper surface molecules to initiate activation-induced 
apoptosis in both CD4+ and CD8+ T cells (Laan & Peterson, 
2013), mTECs share these presenting responsibilities with thymic 
dendritic cells. These dendritic cells can be recruited to the thy-
mus through the XC-chemokine ligand 1 (XCL1), a protein that is 
expressed by AIRE+ mTECs (Anderson & Su, 2016). It should be 
noted that thymic dendritic cells do not express AIRE and do not 
perform PGE (Derbinski et al., 2001). Therefore, mTECs serve 
as TSA reservoirs, and can selectively pass off PGE products to 
thymic dendritic cells for presentation (Gallegos & Bevan, 2004; 
Hubert et al., 2011; Metzger & Anderson, 2011). 

By regulating thymic and bone marrow expression of oval-
bumin (OVA) peptide and MHC I/II, respectively, in mouse mod-
els, researchers have investigated whether mTECs are self-suffi-
cient at inducing autoreactive CD4+ and/or CD8+ T cell deletion 
through TSA presentation. TSAs produced by mTECs are intra-
cellular proteins, and should therefore be canonically presented 
by MHC I to CD8+ T cells; mTEC presentation to CD4+ T cells 
would require cross-presentation of intracellular TSAs to MHC 
II. Gallegos and Bevan hypothesized that because mTECs were 
insufficient at antigen presentation, thymic dendritic cells were 

cally expressed in the thymus, AIRE must localize to genes that 
are epigenetically repressed. AIRE protein domains allow it to ac-
cess repressive chromatin states and transactivate TSA expression. 
For example, a dominant missense mutation in the SAND domain 
inhibited PGE in heterozygous mice by impeding localization of 
AIRE proteins encoded by both alleles to nuclear bodies. This 
mutation was sufficient to prompt an autoimmune phenotype (Su 
et al., 2008). Mutations in the CARD domain limited AIRE ho-
modimerization and nuclear localization in vitro (Ferguson et al., 
2008; Metzger & Anderson, 2011). Mutations leading to elimina-
tion of the AIRE C-terminus barred TSA expression by prevent-
ing AIRE from interacting with positive transcription elongation 
factor B (P-TEFb; Žumer, Plemenitaš, Saksela, & Peterlin, 2011). 
Synthetic mutations in the PHD domain revealed that the BHC80 
region of AIRE’s PHD1 domain is vital for localization to nucleo-
somes. The PHD1 domain is a protein-binding zinc finger, which 
can bind hypomethylated H3K4, a traditionally repressive histone 
mark, in order to allow transcription within regions of heterochro-
matin (Anderson & Su, 2016). While AIRE binding of hypometh-
ylated histone H3 tails was necessary for PGE, overexpression of 
H3K4-demethylase did not increase PGE, indicating that AIRE’s 
targets other epigenetic modifications (Koh, Kingston, Benoist, & 
Mathis, 2010). This hypothesis was supported by Waterfield et al. 
(2014), who used a screening approach to demonstrate that AIRE 
interacts with MBD1on its SAND domain. MDB1 is able to bind 
methylated CpG dinucleotides, which allows AIRE to localize to 
genes located within hypermethylated CpG islands (Waterfield et 
al., 2014). 

Subcellular localization of AIRE to epigenetically-repressed 
sites via its protein domains is necessary for AIRE to facilitate 
the transcription of TSA genes. However, further protein-protein 
interactions also contribute to TSA transactivation. Because of 
AIRE’s integral role in facilitating a process that breaks conven-
tional guidelines of gene regulation, it may be assumed that AIRE 
acts as a “pioneer protein,” which recruits RNA Polymerase II to 
TSA loci amidst a jumble of heterochromatin and other repres-
sive epigenetic marks. However, Giraud et al. (2012) showed that 
the absence of AIRE did not inhibit expression of the first exon 
in AIRE-targeted genes. This illustrates that AIRE is not neces-
sary for RNA Polymerase II to access epigenetically-repressed 
loci. Instead, RNA Polymerase II can be recruited to these sites 
by DNA-Dependent Protein Kinase (DNA-PK) in response to 
double stranded breaks caused by Topoisomerase II activity. RNA 
Polymerase II is then able to begin transcription of the first exon, 
but elongation is halted by negative elongation factors. AIRE also 
interacts with DNA-PK, which allows it to co-localize with RNA 
Polymerase II. After co-localization, AIRE’s interaction with 
P-TEFb prompts RNA polymerase II phosphorylation and tran-
scriptional elongation (Žumer et al., 2013). Therefore, instead of 
initiating transcription at TSA loci, AIRE works to promote TSA 
transcription by unleashing RNA Polymerase II in order to tran-
scribe downstream exons (Giraud et al., 2012). AIRE localization 
to double stranded break repair sites via DNA-PK provides a vi-
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basal conditions by presenting AIRE-dependent self-antigens in 
the periphery (Metzger & Anderson, 2011; Mueller, 2010). eTACs 
lack costimulatory molecules CD80/86, which may induce anergy 
in T cells that recognize eTAC-presented peptides (Metzger & An-
derson, 2011). However, it is likely that eTAC levels are minimal 
in APECED patients.

Peripheral tolerance is also formed by regulatory T cells 
(CD4+, FOXP3+, CD25+), which induce anergy to helper and 
cytotoxic T cells through direct interaction, releasing anti-inflam-
matory signals, and expending cytokines that potentiate T cell ac-
tivation and proliferation. T cells in the thymus may be pushed to 
the thymic regulatory T cell lineage if they bind MHC/self-peptide 
complexes with strong affinity during negative selection in the 
thymus (Jordan et al., 2001). Induced regulatory T cells may be 
induced to undergo lineage commitment in the periphery through 
receptor activation and epigenetic change at the FOXP3 locus 
(Ohkura et al., 2012). Because AIRE deficiency hinders negative 
selection through dysfunctional PGE, APECED patients possess 
limited regulatory T cell populations, likely due to the inability to 
facilitate thymic regulatory T cell lineage commitment (Kekäläin-
en et al., 2007; Perry et al., 2014). However, induced regulatory 
T cells may play a role in muffling the autoimmune response in 
some tissues.

responsible for presentation to CD4+ and CD8+ T cells. Their re-
sults indicated that mTECs self-sufficiently induced CD8+ T cell 
tolerance to mOVA, but bone-marrow derived thymic dendritic 
cells were necessary for tolerance of mOVA-specific CD4+ T cells 
(Gallegos & Bevan, 2004). However, recent evidence has quali-
fied those findings, asserting that mTECs are responsible for some 
TSA antigen via MHC II, but induction of CD4+ OVA tolerance 
is greatly diminished in mice with MHC II-deficient bone marrow 
(Hubert et al., 2011). 

While inducing thymic expression of OVA through knock-in 
experiments spotlights the presentation responsibilities between 
mTECs and thymic dendritic cells for one non-self peptide, how 
presentation of numerous, specific TSAs is delineated between 
mTECs and thymic dendritic cells for comprehensive tolerance 
induction remains unknown. Research by Zhang et al. (2003) 
showed that soluble hen egg lysozyme(HEL) expression in the 
thymus produced more efficient negative selection of CD4+ thy-
mocytes than membrane-bound HEL, suggesting mTEC secretion 
of peptides to thymic dendritic cells is important for tolerance in-
duction. However, because autoreactive T cells are prone to in-
teract with membrane-bound molecules on the surface of tissues, 
uncovering how shared presentation responsibilities ensure full 
tolerance to all self-peptides is an important step to uncovering 
more about negative selection me-
chanics. 

Peripheral Tolerance Drives Vari-
ability in APECED Symptomatol-
ogy
The disparities found in APECED 
symptomatology stem from the lim-
ited power of peripheral tolerance. 
Mechanisms of peripheral tolerance 
inactivate autoreactive lymphocytes 
that have escaped central tolerance 
during T lymphocyte development. 
For example, immature dendritic 
cells in the periphery are respon-
sible for induction of tolerance to 
self-antigens under steady-state 
conditions (Hawiger et al., 2001; 
Mueller, 2010). Dendritic cells in 
both lymph nodes and the spleen 
can process, load, and present self-
antigens from the periphery to T 
cells. Thus, expression of certain an-
tigens in the periphery is sufficient 
to induce tolerance of those antigens 
(Derbinski et al., 2001). Additionally, 
certain dendritic cells express limited 
amounts of AIRE. These extra-thy-
mic AIRE-expressing cells (eTACs) 
may provide additional tolerance in 

Figure 1. The relationship between central and peripheral tolerance determines the profile of autoreactive T 
cells in the periphery. Positive selection expands T cell clones that garner a signal from MHC/self-peptide 
complexes. Negative selection filters out autoreactive T cell clones that bind with high affinity to MHC/
tissue-specific antigen complexes. Inability to perform negative selection permits autoreactive T cell clones 
into the periphery. Peripheral tolerance suppresses a limited number of autoreactive T cell responses and, in 
cases of APECED, dictates the specific autoimmune symptoms of the patient.
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lerize peripheral T cells specific to those antigens; a 2012 study 
showed that mice injected with microparticles decorated with a 
specific antigen induced long term tolerance of T cells specific to 
that antigen (Getts et al., 2012). Additionally, transplanting tissue-
specific regulatory T cells into the periphery may promote anergy 
to a given tissue. Many regulatory T cell-based therapeutic studies 
are currently in clinical trials, and future studies may utilize spe-
cific MHC/peptide combinations to isolate and expand antigen-
specific regulatory T cells (Khor, 2016). While these methods of 
inducing tissue-specific peripheral tolerance are far from devel-
oped, they provide the potential to overcome the variability asso-
ciated with both the causes and symptoms of APECED.
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leads to a diverse potential of peripheral autoreactive T cells in 
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but because the peripheral filter is imperfect, the list of specific au-
toreactive T cell clones left unconstrained is unpredictable (Figure  
1). For example, the self-peptides available for dendritic cells to 
uptake and present may depend on random circumstance, leaving 
the peripheral tolerance of specific tissues up to chance.
Furthermore, variability in the activation and recruitment of spe-
cific induced regulatory T cell clones further confounds which 
autoreactive helper and cytotoxic T cells will cause host tissue 
damage. Still other factors, such as the amount of costimulatory 
molecules and activation-inducing cytokines present in a given 
tissue, play further roles (Klein & Kyewski, 2000). Therefore, 
while dysfunctional PGE in the thymus is sufficient to promote 
a myriad of autoreactive T cells in the periphery of APECED pa-
tients, the variable phenotypes associated with the disorder result 
from the stochastic mechanisms of peripheral tolerance used to 
neutralize autoreactive activity. 

Conclusions and Future Directions
Because of AIRE’s central role in facilitating PGE, lack of cen-
tral tolerance is intrinsic in every APECED phenotype (Figure 
1). However, current treatment options do not remedy issues with 
central tolerance. Instead, treatments of APECED focus on main-
taining tissue function and suppressing immune system responses 
through anti-inflammatory drugs. These treatments are often inef-
fective in limiting the autoimmune responses (Kisand & Peter-
son, 2015). While successful constitution of central tolerance in 
APECED patients would cure their symptoms, the complexity of 
the mechanisms involved in AIRE expression, PGE, and TSA pre-
sentation poses significant obstacles to targeting central tolerance 
therapeutically. Therefore, treatments for APECED patients could 
instead utilize the suppressive mechanisms of peripheral tolerance. 

Peripheral tolerance is an effective suppressor of autoimmune 
responses. Despite the diversity of autoreactive T cells in the pe-
riphery of APECED patients, typical patients experience autoim-
mune responses to only a limited number of tissues (Figure 1; 
Kisand & Peterson, 2015). This is because peripheral tolerance is 
responsible for suppressing the activation, proliferation, and activ-
ity of autoreactive T cells. As such, an autoimmune response to 
any self-antigen can be thought of as a failure of peripheral toler-
ance to protect that antigen from immune targeting. 

Identifying the autoimmune responses in each APECED pa-
tient inherently identifies the limits of peripheral tolerance in that 
individual. Therefore, new therapeutic efforts for APECED could 
address breaches in peripheral tolerance in a symptom-specific 
manner: patients would receive therapy that would induce periph-
eral tolerance to the tissues under attack. This treatment might be 
accomplished by introducing the self-antigens of interest to sec-
ondary lymphoid organs, where immature dendritic cells may to-
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