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Central and peripheral immune tolerance depend on distinct transcriptional
programs orchestrated by autoimmune regulator (AIRE) and FOXP3,
respectively. AIRE promotes the expression of peripheral tissue antigens

inmedullary thymic epithelial cells for negative selection of autoreactive

T cells, whereas FOXP3 enforces the immune-suppressive program of
regulatory T cells. Although theirimmunological roles are well established,
the molecular mechanisms by which AIRE and FOXP3 engage the genome
and regulate transcription have long been unclear. Recent structural,
biochemical and genomic work has revealed an unexpected shared
principle: both FOXP3 and AIRE form homomultimers that function as
chromatin organizers. Despite functioning in differentimmunological
contexts and possessing distinct modes of genome interaction, both
proteins leverage and reinforce pre-existing chromatin landscapes

to coordinate broader gene expression programs. In this Review, we
summarize recent advances and emerging mechanistic insights into FOXP3
and AIRE, focusing on their multimerization, interactions with repetitive
DNA and enhancers and roles as architectural regulators that shape
transcriptional programs essential for immune tolerance.

The ability to distinguish self from non-self is fundamental to all
immune systems. Although the remarkable capacity of immune recep-
torstodetect pathogen-derived non-self molecules often draws atten-
tion, equally important is theimmune system’s ability to tolerate self,
failure of which leads to critical immune disorders. In the vertebrate
adaptiveimmune system, this self-toleranceis achieved through mul-
tilayered developmental programs, which allow for the elimination of
autoreactive T cells and B cells and the generation ofimmunosuppres-
sive subsets such as regulatory T (T,) cells.

Genetic and immunological studies of immune dysregulation in
bothhumans and mice haveidentified two transcriptional regulators,

FOXP3 and AIRE, as key mediators ofimmune tolerance. Mutationsin
either of the genes encoding these transcriptional regulators cause
severe autoimmune diseases, underscoring their nonredundant roles
inmaintainingself-tolerance, specifically AIRE in central tolerance and
FOXP3in peripheral tolerance. Despite their established importance,
the molecular mechanisms by which FOXP3 and AIRE enforce tolerance
have been elusive and the subject of considerable debate over the past
two decades. Emerging evidence indicates that their functions extend
beyond the conventional paradigm of transcription factors (TFs),
which typically regulate gene expression through sequence-specific
DNAbinding and recruitment of the basal transcriptional machinery.
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Recent genomics, biochemistry and structural studies have instead
revealed unexpected architectural functions of FOXP3 and AIRE, arising
from their unique capacity toformhomomultimeric assemblies. These
findings not only help redefine the principles underlying immune
self-tolerance butalsointroduce anew and broader conceptual frame-
work for transcriptional regulation.

In this Review, we summarize recent developments in our under-
standing of the molecular mechanisms and regulatory functions of
FOXP3 and AIRE, with a particular focus on emerging structural and
biochemicalinsights.

FOXP3

Immunological and transcriptional functions

FOXP3is aforkhead (FKH)-family TF that serves as akey player in the
development and functions of T, cells'. Loss-of-function mutations
in Foxp3 cause severe autoimmune disorders in both mice (scurfy)*
and humans (IPEX syndrome)® %, establishingits indispensablerolein
immune tolerance. Although once thought to be strictly required for
T, cell lineage specification, subsequent work has revealed a more
nuanced view; FOXP3 aloneis neither strictly necessary nor sufficient
for T, cell differentiation®°. FOXP3-deficient animals still generate
T...-like cells, but these are heterogeneous, metabolically unstable
and functionally impaired. Conversely, ectopic expression of FOXP3in
conventional CD4* T cellsinduces only a partial T, cell-like program,
insufficient to recapitulate bonafide T,., cellidentity'">. Thus, FOXP3
seemstobeareinforcer of mature T,  cellgene expression and function.

Previous studies have shown that FOXP3 expressionis associated
with both activationand repression of hundreds of genes”'®. Current
evidence suggests that most of these genes are mediated indirectly
through downstream TFs, such as TCF-1, whereas only a small subset of
genes may represent direct FOXP3 targets™"”', However, the identity
of these direct targets remains controversial. For many TFs, direct
targets are inferred by intersecting genes whose expression changes
following TF perturbation with genes located near TF-binding sites.
In the case of FOXP3, such analyses have not yielded a clear picture
because genes that respond transcriptionally to FOXP3 are highly
context dependent’®?, whereas the genomic occupancy of FOXP3 is
stable across experimental conditions?.

This disconnect between FOXP3 genomic occupancy and tran-
scriptional regulation was most clearly demonstrated in recent stud-
ies using chemically induced FOXP3 degradation mouse models'>*.
Acute FOXP3 loss affects up to ~500 genes, but both the number
and identity of responsive genes vary substantially depending on
immunological context. In resting T, cells, FOXP3 depletion has
minimal transcriptional impact, whereas neonatal settings and cer-
tain inflammatory conditions markedly amplify FOXP3-dependent
regulation'®®. Even under inflammatory conditions where FOXP3
depletion has its greatest impact, most FOXP3-occupied loci show
little change in expression of nearby genes, and the small fraction
of the ‘direct’ target genes (that is, affected by FOXP3 with nearby
FOXP3-occupied site) show modest, often less than two- to threefold,
change following FOXP3 depletion®. Interestingly, most of these
direct target genes are downregulated following FOXP3 expression,
consistent with earlier reports showing that some FOXP3-bound sites
lose the repressive histone mark H3K27me3 following FOXP3 loss™
and that FOXP3 may recruit the polycomb repressive complex 2 to
silence gene expression* . However, such an effectis seenonlyina
smallsubset of FOXP3-bound sites, with most FOXP3-occupied sites
showing little to no change in accessibility or histone marks®, raising
the question of what determines this effect.

Compounding this complexity is uncertainty regarding the
mechanisms underlying FOXP3 genomic targeting and sequence
specificity. Depending on peak-calling criteria, several thousand to
tens of thousands of FOXP3-bound locihave been reproducibly identi-
fied across multiple datasets, including CUT&RUN-seq (CNR-seq)™>*

and chromatin immunoprecipitation followed by high-throughput
sequencing (ChIP-seq)"’° datasets in T, cells. A recent ChIP with
exonuclease treatment (ChIP-exo)* study using ectopically expressed
FOXP3 provided higher-resolution mapping of FOXP3-binding sites;
however, this study was performed in mouse embryonic stem cells
rather than T, cells. A consistent feature across these datasets is that
the canonical FKH motif (TGTTTAC), which most FKH TFs commonly
bind, is only modestly enriched, representing roughly 10-20% of occu-
pied sites. Moreover, DNase | protection patterns of these canonical
sequences appeared unaffected by FOXP3 expression®, suggesting
that these sites may be occupied by other FKH TFs, such as FOXP1. As
discussed later, FOXP3 exhibits distinct sequence preferences and
binding modes that diverge from those of other FKH TFs, explaining
much of its unique genomic occupancy.

Together, these observations raise the question of whether FOXP3
functions through mechanisms distinct fromthose of conventional TFs
that couple genomic binding to local gene regulation.

Domain architecture

FOXP3 containsaproline-rich N-terminal region, a C2H2 zinc-finger (ZF)
and a coiled-coil (CC), alonglinker known as the RUNX1-binding region
(RBR) and aconserved FKH domain (Fig. 1a). Unlike other FOXP family
members (suchas FOXP1, FOXP2 and FOXP4), which contain a predicted
repression domain, FOXP3 lacks recognizable activator or suppressor
domains®. Instead, FOXP3 was reported to use the N-terminal region to
recruit awide range of cofactors (including RORa/RORyt****, TRIM28
(alsoknown as KAP1)* and TIP60, HDAC7>¢ and Eos®), which may con-
fer FOXP3 with the ability to assemble both repressive and activating
complexes depending on DNAand chromatin context™.

Adjacentto the N-terminal region, the ZF confers weak DNA affin-
ity, contributing to FKH domain-mediated DNA binding®®, whereas
the CC mediates FOXP3 homodimerization through an antiparallel
CCinterface®. The flexible RBR loop that connects the CC and FKH
domainsisenrichedinaromatic and hydrophobic residues. Although
initially identified as the RUNXI-interaction region®®***, subsequent
work has shown that the RBR also functions as a key oligomerization
interface throughits hydrophobic residues**.

Finally, the C-terminal FKH domain serves as the sole sequence-
specific DNA-binding module of FOXP3. Members of the FKH family,
whichincludes over 50 TFsin humans, share a conserved winged-helix
fold, inwhich helix 3inserts into the major groove of DNA to recognize
the FKH consensus motif (FKHM**; Fig. 1b). Although multiple versions
of FKH conformation have been proposed (see below), all use the
same helix 3 for DNA sequence recognition****¢, Beyond canonical
DNAbinding, the FKH domain also mediates protein-proteininterac-
tions, including cooperative self-assembly**** and complex formation
with the TF NFAT**”. Through these interactions, the FKH domain can
promote multimerization and structural organization on chromatin,
making the FOXP3 FKH domain a unique example for noncanonical,
multifunctional DNA-binding domains that integrate DNA recogni-
tion, cofactor interaction and higher-order assembly within a single
structural fold.

Sofar, five distinct structures of FOXP3in complex with DNA have
beenreported: adomain-swap (DS) dimerincomplex withanisolated
FKHM**¢ a head-to-head (H-H) dimer bound to an inverted-repeat
FKHM (IR-FKHM)*® and three head-to-tail (H-T) multimeric assemblies
associated with T2G, T3G and T4G tandem repeats***>. Among these,
the DS dimer forms independently of DNA, whereas the others arise
through sequence-specific DNA recognition, providing mechanistic
insights into the sequence specificity of FOXP3.

DS dimer

Unlike FKH domains of other TFs that fold into individual winged-helix
monomers (Fig.1b), the first crystal structure of FOXP3 FKH revealed an
unusual DS dimer**¢ (Fig. 1c). In this conformation, two FKH monomers
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Fig.1| Diverse multimeric states of FOXP3 on DNA. a, Domain architecture of
FOXP3, composed of an N-terminal proline-rich region, C2H2 ZF, CC, flexible loop
regionknown as the RBR and a conserved FKH DNA-binding domain. Both the
RBR and FKH domain mediate DNA-dependent oligomerization, whereas the CC
mediates constitutive dimerization. Arrows indicate known interaction partners
forindividual domains. b, Most FKH domains, exemplified by FOXM1 (PDB:
3G73), adopt amonomeric winged-helix conformation in which the signature
helix 3 (H3) inserts into the major groove to recognize the FKHM. ¢, A truncated
FOXP3 FKH domain forms a DS dimer (PDB: 4WK8). d, Longer constructs
containing the RBR adopt the canonical winged-helix conformation. Binding

to IR-FKHM further enables H-H dimerization mediated by the RBR loop
(green/cyan). The ZF and CC are present but are not resolved in the structure
(PDB: 7TDW). e, FOXP3 forms multimers on extended T3G repeats (PDB: 8SRP),
with multimerization mediated by both the FKH domain (red/pink) and RBR
(green). The ZF and CC are present but are not resolved. Below is a schematic
illustrating the higher-order assembly of FOXP3: FOXP3 subunits form linear
arrays alongindividual T3G repeat DNA molecules, but these arrays are
unstable. Stability is achieved when two (or more) arrays associate through
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protein-proteininteractions, resulting in the bridging of separate DNA
molecules. f, FOXP3 can assemble into various distinct higher-order structures on
different TnG repeat DNA. Structures of FOXP3 multimersin complex with T2G
repeat DNA (top, PDB: 9D2L) and T4G repeat DNA (bottom, PDB: 9D22) are shown.
Note that two to four copies of DNA can be bridged through FOXP3 assemblies.

g, FOXP3 can use nearby H-H motifs to nucleate or stabilize its multimerization
onadjacent TnG repeat DNA. Because FOXP3 multimerizationis repeat length
dependent, short or suboptimal repeats form unstable assemblies. However, an
adjacent H-H motif can act as an anchoring site, compensating for insufficient
repeat length and stabilizing FOXP3 multimerization. h, FOXP3 multimerization
reinforces chromatin architecture by connecting two genomic loci (binary DNA
bridging) or multiple loci simultaneously (multiway DNA bridging). Although
eachindividual bridging event may induce only subtle transcriptional changes,
the cumulative effect of thousands of such events across the genome can

globally modulate gene expression dynamics. This widespread architectural
reinforcement may be particularly important under inflammatory or neonatal
conditions, where the rapid establishment of new chromatin organization s likely
required for appropriate transcriptional responses in T, cells.

form anintertwined dimeric structure by exchanging their helices
composed of hydrophobic residues. Similar DS dimers have also been
reported for the isolated FKHs of FOXP1and FOXP2*"*, leading to the
widely accepted hypothesis that FOXP family TFs may have evolved to
adoptaDSdimericfold. Mutations withinor near the DS interface (such
as the human mutation M370I or structure-guided variants W348Q,
M370T and A372P) lead to loss of FOXP3 function®**°°, These results
were interpreted as evidence for the physiological relevance of the
domain-swapped dimer.

However, subsequent crystal structures of a longer FOXP3 con-
struct containing the ZF, CCand RBR showed that the FOXP3 FKH actu-
ally adopts a nonswapped, monomeric winged-helix conformation®®
(Fig.1d).Inthese structures, the same hydrophobicresidues previously

implicated in domain swapping are instead buried within the folded
FKH core and stabilized by the RBR loop. Moreover, RBR-FKH con-
structs from FOXP1, FOXP2, FOXP3 and FOXP4 were all monomeric™,
suggesting that domain swapping arises artificially from truncation
ofthe RBR, as the intact RBR normally stabilizes the monomeric fold.
Accordingly, earlier ‘swap-disrupting’ mutations may have caused loss
of function by destabilizing winged-helix protein folding rather than
by disrupting a DS interaction. In keeping with this notion, mutations
suchas A372G/A372S, which suppress domain swapping without affect-
ing folding, have minimal impact on FOXP3 activity*®. By contrast, the
IPEX-associated R337Q mutation promotes domain swapping and
impairs FOXP3 function, which can be partially rescued by introducing
A372G/A3725%. Together, these findings indicate that the physiological
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conformation of FOXP3is nonswapped and winged-helix, whereas the
DS dimer represents a misfolded, nonfunctional state.

H-H dimer

Invitro DNA-binding studies revealed that FOXP3 strongly prefers DNA
containing IR-FKHM with a 4-nucleotide spacer over isolated FKHM®.
This sequence preference of FOXP3 is distinct from most other FKH
TFs, including FOXP1, FOXP2 and FOXP4 (refs. 38,51,52), which bind
to isolated FKHM without requiring the paired FKHM. Crystal struc-
tures showed that FOXP3 binds IR-FKHM as a H-H dimer with direct
protein-protein contact between the two subunits® (Fig. 1d). These
protein-proteininteractions stabilize DNA binding and account for the
preference of FOXP3 for IR-FKHM. Although the physiological relevance
of this H-H binding mode was initially unclear, a recent study showed
that IR-FKHM is enriched within FOXP3-occupied genomic loci and
that H-H dimerization is physiologically relevant™.

Pulldown sequencing (PD-seq) using purified FOXP3 and rand-
omized shortoligonucleotides further demonstrated that FOXP3 can
recognize a broader range of sequences besides IR-FKHM using the
same H-H dimericbinding mode®. These sequencesinclude (1) TGTTT/
TGTTG-like motifs similar to FKHM, and (2) GCAT-based motif's flanked
by thymine or cytosine, provided that these sequences are paired
with eachotherintheinverted configuration with a4-nucleotide gap.
As with IR-FKHM, these noncanonical paired motifs are enriched in
FOXP3-occupied sites, further supporting the significance of FOXP3
H-H dimerization.

Structural and mutagenesis studies revealed that two distinct
regions contribute to FOXP3 H-H dimerization®**', The CC domain
mediates constitutive dimerization and facilitates H-H assembly, but
italoneis not sufficient and was not resolved in the crystal structures
of the H-H dimer?®. The flexible and hydrophobic RBRis the key deter-
minant of H-H dimerization, promoting H-H dimeric assemblyinaDNA
sequence-dependent manner. Consistent with this, transplanting the
RBRinto other FOXP proteinsis sufficient to confer H-H dimerization™,
underscoring that the RBRis a unique determinant of FOXP3 within the
FOXP family. Together, these studies highlight how RBR, once thought
to be a simple protein domain linker, functions as a modular domain
with multifaceted roles in FKH domain folding, FOXP3 H-H dimeriza-
tion and RUNX1 cofactor recruitment.

H-T multimers

Although FOXP3-bound genomic loci show enrichment of H-H motif's,
thesesites account for only ~10% of the genomic occupancy of FOXP3°".
Toidentify additional binding modes missed by short-oligonucleotide
PD-seq, longer genomic DNA fragments (-200-300 base pairs) were
used for PD-seq*’. The results revealed a striking enrichment of sim-
ple tandem TnG repeats (n = 2-5), a class of microsatellites presentin
about 18,000 sites within the human genome. Among these repeats,
T3G arrays bind FOXP3 with the highest affinity, nearly equivalent to
the affinity of FOXP3 for IR-FKHM*. FOXP3 binding to TnG repeats is
also length dependent, requiring ~40 base pairs of T3G repeats for
robust interaction*’. The strong preference of FOXP3 for long TnG
repeat microsatellites was independently validated by CNR-seq"*%,
ChIP-seq"?° and ChIP-exo’. Notably, allele-specific CNR-seq using
F, hybrids of two divergent mouse strains revealed that FOXP3 occu-
pancy strongly correlates with the length of TnG repeats>*>**, further
demonstrating that TnG repeats not only are enriched but also function
as drivers of FOXP3 genomic binding.

The cryo-electron microscopy (cryo-EM) structure of FOXP3 in
complex with T3G repeats showed that FOXP3 forms H-T multimers
onthese sequences, with each subunitrecognizing TGTTTGT in place
of the canonical TGTTTAC motif*? (Fig. 1e). The repetitive TGTTTGT
sequence enables adjacent FOXP3 moleculesto aligninto linear arrays
stabilized by direct intersubunit protein contacts. However, isolated fil-
amentsonindividual DNA were not observed; rather, two to four arrays

associate through higher-order FOXP3-FOXP3 interactions, forming
multimeric assemblies that bridge multiple DNA molecules (Fig. 1e,f).
This suggests that TnG repeat recognition is inseparable from the
assembly of the DNA bridging multimeric structure. Single-molecule
studies showed that these bridged DNA structures are extremely stable
invitro*, reflecting the strength of cooperative FOXP3 self-assembly.

FOXP3also recognizes abroad spectrum of TnG repeat sequences
(T2G, T3G, T4Gand T5G repeats and their combinations) all by forming
cooperative self-assemblies*’. Because the periodicity of these repeats
dictates the spacing and orientation of FOXP3 subunits, this raises an
intriguing question: how does asingle protein adopt multiple assembly
modes with distinct geometries? Cryo-EM analyses of FOXP3 bound to
T2G, T3G and T4Grepeats revealed that FOXP3 acts as a highly adapt-
able building block, using 12 distinctintersubunit interfaces to accom-
modate variable spacing and orientations*’ (Fig. 1e,f). At the center of
this plasticity lies the RBR, which mediates flexible ‘fuzzy’ hydrophobic
interactions between adjacent subunits, enabling FOXP3 to assemble
into diverse yet ultrastable higher-order complexes.

Consistent with the DNA bridging activity in vitro, chromatin
conformation analyses (for example, high-throughput chromo-
some conformation capture (Hi-C) and high-throughput ChIP with
Hi-C)*** suggest that FOXP3 is involved in chromatin looping in T,
cells. FOXP3-sufficient T,  cells display a greater number of loops and
increased loop stability compared to FOXP3-deficient counterparts®*?,
withloop anchors frequently containing FOXP3-bound TnG repeats*.
Reporter assays using paired plasmids (one carrying an enhancer and
the otherareporter gene) further demonstrated the capacity of FOXP3
to bridge DNA molecules and thereby facilitate transcription of target
genes®. Although the magnitude of the effect of FOXP3 on chromatin
looping and transcription is modest (typically less than two- to three-
fold)***, the widespread nature of these effects supports a model in
which FOXP3 helps shape global chromatinarchitecture rather thanact
onspecifictarget genes. Given that FOXP3 can simultaneously bridge
two to four DNA molecules in vitro*, it is also possible that FOXP3
can create hub-like structures to orchestrate multiple loci at once. In
line with the importance of FOXP3 multimerization, mutations that
disrupt multimerization (but not H-H dimerization) impair the ability
of FOXP3 to induce T,, cell-associated genes such as CTLA4 and CD25
when FOXP3is ectopically expressed in conventional CD4* T cells****,

Relationship between H-H dimers and H-T multimers

Both H-H sequences and TnG repeat sequences are enriched within
FOXP3-occupied genomic regions, accounting for around 10% and
50% of boundssites, respectively. Intriguingly, approximately one-third
of H-H motifs occur immediately adjacent to TnG repeats, and this
juxtaposition, particularly when involving short or irregular repeat
tracts, appears to enhance the otherwise limited stability of FOXP3
multimers’. These observations suggest that H-H dimers may act as
nucleation sites for FOXP3 multimerization, initiating cooperative
assembly that subsequently propagates along nearby repeat regions
(Fig.1g). Inthis way, FOXP3 may leverage its H-H dimerization to expand
its sequence repertoire for multimerization and thus enhance its
higher-order architectural function.

Emerging views and outstanding questions for FOXP3

Together, these findings support a model in which FOXP3 acts as an
architectural regulator, shaping chromatin topology rather than func-
tioning as a classical activator or repressor (Fig. 1h). Because FOXP3
primarily binds preaccessible regions marked by H3K27ac, individual
looping events may not drive large transcriptional shifts. Instead, its
binding and DNA bridging at thousands of sites across the genome may
have subtle, yet global, modulatory effects on gene expression dynam-
ics. Thisis consistent with the widespread yet modest transcriptional
and topological effects observed across hundreds of loci, where most
FOXP3-bound sites show little nearby transcriptional change, whichis
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similar to the effect of cohesin, aring-shaped protein complexinvolved
in DNA looping™ .

Future investigations should directly perturb TnG repeats
(at single loci or across multiple sites) and combine these manipula-
tions with high-resolution chromatin conformation mapping (for
example, micro-C) and transcriptional analysis. Additionally, parallel
imaging of FOXP3 multimers, target loci and transcriptional activity
could provide single-cell-level insights into how FOXP3-dependent
assemblies influence gene regulation and chromatin organization.
Because only a subset of FOXP3-bound loci exhibits measurable tran-
scriptional changes in a context-dependent manner, careful selection
oflocifor perturbation and experimental conditions will be critical for
defining the functional contributions of FOXP3.

Equally important is to incorporate FOXP3 interaction partners
into this model of its architectural function. Prior imaging studies
revealed two types of FOXP3-harboring nuclear clusters: one colocal-
ized with transcriptional activating factors and one with repressive
factors". Open questions include what determines these regulatory
states, whether they reflect distinct FOXP3 conformations or differ-
ential co-occupancy with partner factors and how these complexes
assemble, starting from direct partners to downstream effectors.
Distinct modes of FOXP3 multimerization may facilitate or inhibit
interactions with specific partners by selectively exposing different
interaction surfaces. Further investigation is therefore required to
elucidate the structural mechanisms underlying FOXP3 multimersin
complex with activating factors versus repressive complexes.

Morebroadly, accumulating evidence indicates that FOXP3 is not
uniqueinrecognizing repetitive DNA and bridging chromatin. FOXP1/
FOXP2/FOXP4 can also multimerize on TnG repeats and bridge DNA*,
and microsatellite binding may be awidespread property among eukar-
yotic TFs”. Determining whether these behaviors universally depend
on multimerization and DNA bridging, as in FOXP3, will help define
the general principles of architectural and transcriptional control.

AIRE

Immunological and transcriptional functions

The thymus is the primary organ where developing T cells acquire
self-tolerance and establish immune homeostasis*®. Within the
thymic medulla, medullary thymic epithelial cells (mTECs) play a
central role by expressing a vast array of peripheral tissue antigens
(PTAs)*, collectively representing 80-90% of protein-coding genes®.
Through this promiscuous gene expression, mTECs present otherwise
tissue-restricted antigens to maturing T cells, enabling the elimination
of autoreactive clones by negative selection or their diversioninto the
T, cell lineage® .

PTA expression in mTECs occurs through at least two distinct
mechanisms during different stages of mTEC development. The first
involvesthe transcriptional regulator AIRE, which promotes stochastic
expression of PTAs in a subset of mTECs characterized by high levels
of major histocompatibility complex class 11°*¢*, AIRE-induced PTAs
aredisplayed onthe cell surface, allowing recognition and removal of
autoreactive T cells®**. The second mechanism operates in a distinct
population of mTECs, namely mimetic cells, which do not express
AIRE or have lost their expression of AIRE and instead rely on various
lineage-defining TFs for PTA expression®*°,

Although there is yet to be direct evidence that loss of a specific
mimetic subset causes autoimmunity, perturbations of mTEC tran-
scriptional programming have been shown to reshape mimetic cell
composition, disrupt PTA expression and impair thymic mechanisms
enforcingself-tolerance’ 2. Importantly, loss or dysfunction of AIRE in
either mice or humansresults in systemic autoimmunity, most notably
autoimmune polyendocrine syndrome type 1 (APS-1; also known as
autoimmune polyendocrinopathy-candidiasis-ectodermal dystro-
phy)®”%. These genetic and immunological findings underscore the
unique and nonredundant role of AIRE inimmune homeostasis.

Sincethe discovery of AIRE as akey transcriptional regulator of PTA
expression®, its molecular function in mediating ‘promiscuous’ gene
expression has drawn much attention from both immunological and
mechanistic perspectives. However, mechanistic studies of AIRE have
been challenging dueto therarity of AIRE* mTECs (50,000 isolatable
cells per mouse) and the transient nature of AIRE expression during
mTEC maturation”. Consequently, most mechanistic studies have
relied on ectopic expression of AIRE in model cell lines, such as 293T,
1C6and 4D6 cells™ 7.

These model cell systems have successfully recapitulated cer-
tain key aspects of AIRE biology, including promiscuous gene activa-
tion, nuclear condensate formation, interaction with transcriptional
cofactors and disease-associated mutation phenotypes. However,
the specific sets of AIRE-bound or AIRE-regulated genes vary between
systems, likely because AIRE recognizes chromatin states rather than
specific DNA sequences®®®. Additionally, AIRE condensate number,
size and localization can be sensitive to AIRE expression level and cel-
lular context, and these factors should be considered wheninterpreting
results from ectopic expression models. Nevertheless, these models
have enabled detailed mechanistic investigation, but their divergent
chromatinlandscapesunderscore the importance of eventually validat-
ingkey findings in native mTECs. Recent advances in thymic organoid
systems have established conditions to generate AIRE-expressing
medullary-like TECs invitro, while further validations are anticipated,
providing new opportunities to dissect AIRE-mediated transcription
and T cell selection®®.

Domain architecture and insights from APS-1 mutations

AIRE is a57.5-kDa protein (545 amino acids long in humans) composed
of multiple conserved domains (Fig. 2a): an N-terminal caspase acti-
vation and recruitment domain (CARD) that mediates homotypic
polymerization’®, an Sp100, AIRE, NucP41/NucP75 and DEAF-1(SAND)
domainthatinteracts with the epigenetic regulatory complex ATF7IP
(also known as MBD1)* and two tandem plant homeodomain (PHD)
fingers, with PHD1 specifically recognizing H3K4meO (refs. 80,81).
The C-terminal tail (CTT) functions as a transactivation domain that
recruits transcriptional coactivators”®.

Mutations associated with APS-1 span all these domains and
provide key mechanistic insights®. Point mutations in the CARD (for
example, L13P, TI6M and L28P) abolish the polymerization activity of
AIRE, resulting inrecessive loss of function’®%, By contrast, mutations
in the SAND or PHD1 domain (for example, G228W, R247C, C302Y
and C311Y) interfere with AIRE polymerization dynamics, enabling
mutant proteins to form inactive nuclear aggregates that frequently
colocalize with PML nuclear bodies’. Because these mutants retain
CARD-mediated polymerization, coexpression with wild-type AIRE
leads to co-polymerization into mislocalized, dysfunctional conden-
sates, resulting in dominant-negative effects that are consistent with
dominantinheritance inindividuals with APS-1"**°, Finally, mutations
in the CTT (for example, pseudoexon insertion at D502°* or missense
mutation P539L5°%) also disrupt AIRE function, likely through impair-
ment of the interactions of AIRE with transcriptional coactivators.
Unlike SAND or PHD1 mutants, these CTT variants do not interfere
with wild-type AIRE, leading to recessive inheritance of APS-1°?2. Col-
lectively, these genotype-phenotype relationships point to distinct
mechanisms by which each domain contributes to AIRE functions.

AIRE condensate formation

At the center of AIRE function is its unusual ability to polymerize into
discrete nuclear foci or ‘condensates’ (Fig. 2b). Although some nuclear
condensates form by liquid-liquid phase separation®, AIREconden-
sates arise instead from CARD-mediated polymerization and, in their
functional state, do not colocalize with other known nuclear bodies,
suchasnucleoli, nuclear speckles or PML bodies’*¢. Early microscopy
experiments suggested that AIRE condensates are devoid of active
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forindividual domains; NLS, nuclear localization signal. b, Electron micrograph
ofisolated human AIRE CARD filaments (left) and AIRE condensates (right)
inthe nucleus of a4Dé6 thymic epithelial cell. ¢, Nuclear condensates formed

by wild-type (WT) AIRE correspond to sites of transcriptional activation, as
shown by nascent RNA FISH signals for AIRE-induced genes RIC8A and SETD1B.
By contrast, although the APHDI mutant also forms nuclear condensates,

these structures fail to activate RIC8A and SETDIB. This loss of function

reflects uncontrolled AIRE polymerization in the absence of PHD1-mediated
regulation. d, Wild-type AIRE condensates are enriched with CBP, whereas APHD1
condensates lack this association. e, Coordinated mechanisms controlling AIRE
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binds broadly to H3K4meO across chromatin, preventing spontaneous CARD
polymerization outside target enhancers. This inhibition-by-dilution maintains
AIREinadispersed state until it is recruited to p300/CBP-rich loci, where the
local concentration of AIRE overcomes PHD1-mediated inhibition. Through

its CTT, AIRE interacts with coactivators p300/CBP and is guided to enhancer
sites marked by H3K27ac, which serve as nucleation points for CARD-mediated
polymerization. Polymerization creates a positive feedback loop that recruits
additional AIRE and p300/CBP molecules, linking multiple AIRE-bound lociinto
transcriptional condensates. Although AIRE condensates represent active sites
of transcription, their overlap with AIRE-induced PTA loci is limited. We propose
that AIRE condensates form transient, long-range intra- and interchromatin
contacts that enable activation of distal PTA genes. eRNA, enhancer RNA. The left
image inbwas reproduced fromref. 78, Springer Nature Limited. The rightimage
inband images in cand d were reproduced fromref. 79, Springer Nature Limited.

chromatin®, implicating that they might function as storage depots.
However, subsequent biochemical and genomic analyses revealed
that AIRE interacts with multiple transcriptional coactivators™*”*® and
binds to preactive, preaccessible genomic loci, such as superenhanc-
ers”. Immunofluorescence combined with nascent RNA fluorescence
insitu hybridization (FISH) imaging showed that AIRE condensatesin
fact colocalize with these AIRE-bound enhancer regions and, in some
cases, simultaneously engage with multiple enhancer sites fromdistinct
chromosomes’. This colocalization coincides with transcriptional
activation at theseloci (Fig. 2c), demonstrating that AIRE condensates
serve as active sites of transcription or ‘transcriptional hubs’. How-
ever, not all AIRE condensates are functionally equivalent. Several
disease-causing AIRE mutants still form condensates but lack transcrip-
tional activity’®”>%, indicating that polymerization aloneis insufficient

for function and that the proper assembly mechanisms must exist to
ensure that AIRE polymerizes at the correct genomic or nuclear sites.

Animportant clueinto the assembly mechanisms regulating AIRE
CARD polymerization came from the surprising finding that deleting
the CTT abolished AIRE condensate formation’”. This was unexpected
because this deletion construct still contained an intact CARD, which
had previously been thought to be sufficient to drive polymerization.
Coimmunoprecipitation followed by mass spectrometry and nuclear
magnetic resonance analyses revealed that the CTT of AIRE directly
interacts withthe highly conserved transcriptional coactivators p300
and CREB-binding protein (CBP)”. Functional analyses, including
mutational studies and use of p300/CBP inhibitors, suggest that dis-
rupting these interactions prevents both AIRE condensate formation
and its transcriptional activity”. Notably, unlike traditional TFs that
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recruit coactivators to genomic loci, AIRE instead exploits p300/CBP
already bound to active enhancers to direct its chromatin targeting.
In support of this notion, ChIP-seq analyses of p300 before ectopic
AIRE expressionin4D6 cells showed astrong correlation between the
pre-existing genomic occupancy of p300 and the AIRE binding profile,
and this correlation was compromised following CTT deletion”.

How, then, does this recruitment lead to AIRE polymerization?
Although the mechanism remains unclear, one possible model is that
recruitment of multiple AIRE molecules to p300/CBP-rich enhancers
increases thelocal concentration of AIRE, nucleating CARD-mediated
polymerization. This process could join multiple AIRE-bound or p300/
CBP-bound locitogether, amplifying and stabilizing AIRE condensates.
Consistent with this model, ChIP-seqanalyses of an AIRE variant lack-
ing the CARD revealed similar genomic specificity as wild-type AIRE
butwith reduced occupancy at AIRE target loci’’. Importantly, despite
partially retaining enhancer targeting, the CARD deletion variant
fails to activate PTA transcription, indicating that chromatin localiza-
tion alone is insufficient and that productive transcription requires
CARD-dependent condensate assembly at these sites.

Microscopy studies also showed that p300 and CBP are densely
enriched within AIRE condensates, appearing as p300/CBP conden-
sates that are larger and more prominent than those in the absence of
AIRE” (Fig. 2d). These findings indicate that AIRE not only assembles on
p300/CBP-richlocibutalsorecruits additional p300/CBP molecules.
Together, theseresults support amodelin which CTT-mediated recruit-
ment of AIRE to p300/CBP-rich chromatin triggers AIRE polymerization
at target enhancers, forming transcriptionally active condensates
through a positive feedforward loop between AIRE and p300/CBP.

Regulation of AIRE condensate assembly

Like other CARD-containing proteins, AIRE must prevent spontane-
ous polymerization to avoid forming aberrant polymers, while also
enabling self-assembly at transcriptionally active enhancers. The obser-
vationthat CTT deletion abolishes AIRE polymerization, even though
isolated CARD can spontaneously polymerize, suggests that AIRE
requires both a positive nucleation signal from the CTT at enhancer
sites and a mechanism that restrains uncontrolled polymerization
elsewhere in the nucleus.

Domain deletion analyses pointed to PHD1 as a critical autoin-
hibitory module for the AIRE CARD”. As described above, deleting
the CTT alone disrupts AIRE condensate formation, but deleting
both PHD1 and CTT restored polymerization, indicating that PHD1
restricts AIRE polymerization. Consistent with this, directly fusing
AIRE CARD to PHD1 suppressed polymerization, demonstrating that
PHD1 is necessary and sufficient to restrain CARD polymerization.
Further protein engineering experiments suggest that the ability of
PHD1 to bind unmodified H3K4meO is essential for inhibiting CARD”’.
These findings supportamodelin which PHD1anchors AIRE diffusely
across chromatin through recognition of H3K4meO, a pervasive basal
chromatin mark'°®'%! that effectively dilutes local AIRE concentra-
tion, thereby suppressing spontaneous CARD polymerization. This
‘inhibition-by-dilution”mechanism ensures that AIRE condensate for-
mation only occurs under specific chromatin contexts, such as p300/
CBP-dense enhancers, that can locally concentrate AIRE to overcome
its basal chromatin-mediated dispersal. Intriguingly, a similar regula-
tory strategy was recently described for FOXP2, where nonspecific
DNA binding suppresses spontaneous polymerization of its poly(Q)
domain'®% This suggests that inhibition-by-dilution might represent
amore general mechanism for preventing aberrant polymerization
by TFs.

Recognizing PHDI as an autoinhibitory module provides new
insight into how mutations within this domain disrupt AIRE function.
Deletion of PHDI causes spontaneous polymerization independent
of chromatin binding, leading to complete loss of function in 4D6
cells” (Fig. 2¢,d). Likewise, APS-1-associated PHD1 mutations cause

mislocalized AIRE condensatesin4Dé6 cells that sequester coexpressed
wild-type protein’®, consistent with their dominant-negative and
often hypomorphic phenotype in humans. This differs from APS-1
mutationsin CARD and CTT, which are generally recessive and highly
penetrant®*'°?, demonstrating a wide range of APS-1 clinical presenta-
tions. Interestingly, a point mutation in PHD1 that disrupts H3K4meO
binding only partially impairs the transcriptional activity of AIRE in
mice'®*. The milder phenotype of this mutant, compared to the com-
pleteloss of function seen following PHDI deletion, may reflect residual
PHDI1 function or additional regulatory mechanisms presentin mTECs
but absent in cell line models or a differential reliance on PHD1 for
human versus mouse AIRE.

Collectively, these findings reveal amultilayered regulatory mech-
anism governing AIRE condensate assembly. Following nuclear entry,
PHD1anchors AIRE diffusely through H3K4meO binding, maintaining
AIRE at a low local concentration and preventing spurious polym-
erization via inhibition-by-dilution. When AIRE CTT engages p300/
CBP-enriched genomic regions, local AIRE concentration increases,
overcoming PHD1-mediated restraint and promoting CARD polym-
erization. This coordination between PHD1, CTT and CARD allows
for controlled polymerization of AIRE and consequent assembly of
transcriptional hubs at specific sites (Fig. 2e).

From condensates to PTA gene activation

Itisimportant tonote that, similar to FOXP3, the relationship between
AIRE-bound genomic sites and the genes induced by AIRE remains
poorly understood. Sites with strong AIRE ChIP-seq signals mainly
correspond toactive enhancers already occupied by p300/CBP before
AIRE expression; these regions colocalize with AIRE condensates but
show only modest fold change induction due to their pre-existing tran-
scriptional activity’®. By contrast, PTA genes, which are initially silent
but strongly induced by AIRE, have low AIRE occupancy just above
background levels'®. Although the specificloci belonging to these two
groups (AIRE-bound versus AIRE-induced genes) differ across AIRE
expression systems, this dichotomy is consistently observed’®?*'%,
suggesting shared underlying mechanisms.

This limited overlap between AIRE-bound enhancers and
AIRE-induced PTAs raises a key mechanistic question: what roles do
AIRE condensates have in PTA induction? AIRE condensates form at
AIRE-bound enhancers, yet all domains required for condensate for-
mation, including CARD and CTT, are also essential for AIRE-mediated
activation of PTAs”’, suggesting that AIRE leveragesits condensates to
promote PTA expression. One possibility isthat PTAinduction occurs
indirectly, perhaps through transcriptional cascades, chromatin
reorganization or redistribution of limiting coactivators like p300/
CBP and Mediator. Alternatively, PTA loci may make transient and
infrequent contacts with AIRE condensates, exploiting the transcrip-
tionally permissive environment of AIRE condensates to activate gene
expression (Fig. 1e). Such infrequent interactions in a small number
of cells could yield strong bursts in transcription that remain barely
detectableinaveraged ChIP profiles. Thisis consistent with the findings
that AIRE-dependent PTA transcription is stochastic, with most PTAs
each expressed in only a small fraction (<10-20%) of mTECs®***%%, In
addition, these interactions may occur over long distances that could
further complicate detection by methods like ChIP-seq or Hi-C. For
instance, at the Sox2 locus in embryonic stem cells, transcriptional
condensates can act over distances up to ~0.5-1 um (ref. 106).

Other previously proposed mechanisms of AIRE-dependent gene
activation canalso beintegrated into this condensate model. For exam-
ple, AIRE-induced PTAs often show transcription start site-proximal
pausing of RNA polymerase Il, and AIRE releases RNA polymerase I,
either directly or indirectly, through recruitment of P-TEFb”"%”. Given
that AIRE condensates are enriched in Mediator’’, which can engage
the super elongation complex containing P-TEFb'*®, transient associa-
tion with AIRE condensates may therefore facilitate transcriptional
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Fig. 3| FOXP3 and AIRE use distinct architectural modes of transcriptional
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motifs and directly recruit coactivators and RNA polymerase (Pol) Il to promote
target gene transcription. b, By contrast, chromatin architectural regulators

do notdirectly control transcription through recruitment of coactivators

or suppressors to target sites. Instead, factors such as cohesin influence
transcription by forming chromatin loops, which may include enhancer-
promoter loops. ¢, FOXP3 binds dispersed TnG microsatellite repeats across the
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genome and assembles into multimers that bridge distinct DNA regionsona
global scale. Through microsatellite binding and higher-order assembly, FOXP3
stabilizes chromatin looping to indirectly shape transcriptional programsin

T..; cells. d, AIRE does not function through classical sequence-specific DNA
recognition. Instead, it is recruited to active enhancers enriched for p300/CBP.
There, AIRE assembles into transcriptional condensates with further recruitment
of p300/CBP. These higher-order assemblies mediate distal DNA bridging and
enable PTA gene activation through mechanisms that remain to be determined.

elongation. Additional mechanisms (such as the generation of local-
ized DNA damage, potentially through topoisomerase activity® or
alterationsin RNA splicing”'°*"°) may also fit within this model, as AIRE
condensates may harbor various chromatin and splicing regulators and
DNA repair machinery reported to interact with AIRE™'%.

PTA selectivity
Another unresolved issue concerns PTA specificity: what determines
which genes are activated by AIRE through this stochastic activa-
tion mechanism? Because AIRE lacks a canonical sequence-specific
DNA-binding domain, its target gene specificity likely depends on
chromatin states or structures rather than DNA sequences. Analyses
of genomic features near AIRE-induced genes have yielded several
hypotheses. These include H3K4meO, recognized by the AIRE PHD1
domain®®, and other repressive marks such as H3K27me3 or H3K9me3
(the latter generated by ATF7IP-SETDBI (ref. 86)), both enriched at
AIRE-dependent PTA loci®®™, However, not all regions carrying these
marks are AIRE responsive, suggesting involvement of additional
chromatin or topological cues. Other studies found that many AIRE
target genes are bound by RNA polymerasell but are transcriptionally
inactive because the polymerase is stalled in a promoter-proximal
paused state”’. This observation raises the possibility that AIRE may use
promoter-proximal pausing as one feature for PTA selectivity.
Recent computational analyses have further refined the mech-
anisms that govern the choice of AIRE target genes. Promoters of
AIRE-induced genes are enriched for (CA), repeats, which can adopt
left-handed Z-DNA conformations'®. Because these regions are prone
to torsional stress and localized double-strand breaks, Z-DNA forma-
tion frequently coincides with DNA repair and topoisomerase com-
plexes, some of whichinteract directly with AIRE'®>. Z-DNA formation
at these promoters correlates strongly with AIRE-dependent tran-
scriptional activation'®, leading to the model that AIRE may exploit
chromatin features (for example, bound DNA repair factors) and/or
DNA structural features (Z-DNA) to identify its targets. In parallel,
chromatin accessibility outside the main accessible regions, so called
accessibility ‘noise’, was also implicated in guiding the AIRE target
selection. A recent study"? showed that mTECs repress p53 before
AIRE expression and that this p53 suppression indirectly increases
‘noise’inchromatin accessibility. These noisy regions are enriched for
nucleosome-disfavored AT-rich tracts and flank many AIRE-dependent
PTAs, where elevated accessibility noise predicts ectopic expression.
Exactly which combination of these chromatin features enables
AIREtoselectively target PTAs and the biochemical basis for this speci-
ficity remain to be determined. Even so, current evidence highlights
the unconventional nature of AIRE’s mode of action.

AIRE and mimetic cells

Beyond its immediate molecular functions in condensate formation
and PTA activation, AIRE also appears to influence the broader devel-
opmental trajectory of mTECs (see ref. 113 for an extensive review).
AIRE-expressing mTECs give rise to most ‘mimetic’ cells, which partially
resemble peripheral tissues inmorphology and gene expression®® 7, As
AIRE is downregulated during this transition, these post-AIRE mTECs
beginexpressinglineage-specific TFs that drive tissue-restricted gene
expression, thereby producing PTAs through mechanisms similar to
those in their peripheral counterparts.

Although AIRE influences mTEC maturation and the development
of some mimetic cell subsets (for example, microfold, corneo, ciliated
andneuroendocrinemTECs), its precise role inthese processes remains
unclear. The expression of some of the lineage-specific TFs in mimetic
cells is modulated by AIRE but is not absolutely dependent on it®*7°.
One possibility is that AIRE activity primes chromatin states that facili-
tate the action of lineage-defining TFs, making prior AIRE expression
beneficial for subsequent mimetic differentiation. However, sustained
AIRE expression may not be required and could even beincompatible
with the differentiation process itself. Clarifying how the transient
activity of AIRE affects mimetic cell development willbe animportant
goal for future work.

AIRE beyond the thymus

Inaddition toits well-established role inmTECs, AIRE is also expressed
in rare extrathymic antigen-presenting cell (APC) populations, col-
lectively referred to as extrathymic AIRE-expressing cells (€TACs)™*',
These eTACs reside in secondary lymphoid organs and comprise dis-
tinct hematopoietic APC subsets, including dendritic cell-like popu-
lations as well as RORyt* APCs™* ', Functionally, extrathymic AIRE
expression has been linked to the regulation of peripheral tolerance
through interactions with autoreactive T cells and the promotion of
tolerogenicimmune programs™. Notably, AIRE expression in RORyt"
APCs has also been shown to contribute to host defense, particularly
mucosal antifungal immunity"®. Despite these emerging functional
insights, the molecular functions and mechanisms by which AIRE oper-
ates in eTACs remain poorly defined. Interestingly, AIRE also forms
nuclear speckles in eTACs"®, suggesting that its polymerization and
condensate-forming properties are conserved features of its activity.

Emerging views and outstanding questions for AIRE

Although recent discoveries have reshaped our understanding of
AIRE, several fundamental questions remain unresolved. How AIRE
condensates that formed at preactive enhancers activate distal PTA
loci is still unclear. Similarly, reconciling the apparent disconnect
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between genomic loci with high AIRE occupancy and PTA loci exhib-
iting AIRE-dependent expression will require single-cell and spatial
analyses capable of capturing transient or stochastic enhancer-pro-
moter contacts. Approaches such as spatial transcriptomics, multi-
plexed imaging of nascent RNA and high-resolution three-dimensional
genome-mapping techniques could help visualize how AIRE-driven
transcriptional hubsinteract with AIRE-dependent targetsinsitu. Like-
wise, live-cell microscopy tracking AIRE and its cofactors over time may
illuminate the dynamics of condensate nucleation, maturation and
dissolution. Progress in developing physiologically relevant model
systems, such as thymic organoids®® or induced pluripotent stem
cell-derived thymic epithelial cells", will further enable these questions
to be addressed in more native chromatin contexts. Together, these
questions underscore the complexity of AIRE biology and highlight the
need for continued mechanistic dissection of how AIRE coordinates
generegulation, cell fate and immune tolerance.

Concluding perspectives

FOXP3 and AIRE represent distinct yet converging paradigms for
enforcing immune tolerance through unconventional modes of
transcriptional regulation that rely on higher-order molecular
assemblies. Rather than functioning as classical TFs that bind dis-
crete sequences near promoters or enhancers to directly activate or
repress nearby genes (Fig. 3a), we propose that both FOXP3 and AIRE
operate as architectural regulators more like cohesin (Fig. 3b) that
reshape the transcriptional landscape through multimerization and
chromatin organization.

FOXP3 binds thousands of TnG microsatellite repeats dispersed
across the genome, assembling into multimers that act as molecular
scaffolds to bridge distal regulatory elements, thereby stabilizing
chromatin loops and reinforcing pre-existing regulatory architec-
tures (Fig. 3¢c). Despite inducing minimal changes to local histone
marks or chromatin accessibility, these subtle architectural effects of
FOXP3 may collectively modulate the global transcriptional network
that governs T, cell development and function, thereby ensuring
immune homeostasis.

AIRE also leverages pre-existing chromatin landscapes by binding
p300/CBP-rich active enhancers, consolidating these loci into tran-
scriptional condensates densely enriched with coactivators (Fig. 3d).
Although these condensatesinducelittle local change in histone modi-
fications or accessibility, they promote stochastic activation of distal
PTA loci, potentially through transient physical contacts. PTA selec-
tivity has also been linked to low-complexity DNA elements, such as
(CA),and AT-richsequences, although how they arerecognized either
directly or indirectly by AIRE remains unclear.

These mechanisms, although divergent but centering on multi-
merization, may not be unique to FOXP3 and AIRE. Other transcrip-
tional regulators, including members of the SP100 family to which
AIRE belongs, contain an analogous polymerization domainand form
nuclear condensates'. Furthermore, microsatellite binding appears
tobe awidespread property among eukaryotic TFs***”. As we uncover
more about the architectural principles underlying transcriptional
regulators, FOXP3 and AIRE may serve as compelling models for
gene regulation.
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