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Summary

The thymus is required for the development of both adaptive and innate-like T cell subsets.

There is keen interest in manipulating thymic function for therapeutic purposes in circumstances
of autoimmunity, immunodeficiency, and for purposes of immunotherapy. Within the thymus,
thymic epithelial cells play essential roles in directing T cell development. Several transcription
factors are known to be essential for thymic epithelial cell development and function, and

a few transcription factors have been studied in considerable detail. However, the role of

many other transcription factors is less well understood. Further, it is likely that roles exist

for other transcription factors not yet known to be important in thymic epithelial cells.

Recent progress in understanding of thymic epithelial cell heterogeneity has provided some

new insight into transcriptional requirements in subtypes of thymic epithelial cells. However,

it is unknown whether progenitors of thymic epithelial cells exist in the adult thymus, and
consequently developmental relationships linking putative precursors with differentiated cell types
are poorly understood. While we do not presently possess a clear understanding of stage-specific
requirements for transcription factors in thymic epithelial cells, new single-cell transcriptomic and
epigenomic technologies should enable rapid progress in this field. Here, we review our current
knowledge of transcription factors involved in the development, maintenance, and function of
thymic epithelial cells, and the mechanisms by which they act.
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1 INTRODUCTION

The thymus is the essential organ for T cell development. Thymic epithelial cells are
persistent elements of the thymus that direct the development of ap-lineage CD4* and
CD8* T cells, y&-lineage T cells, invariant natural killer T (iNKT) cells, as well as

other types of cells including intraepithelial lymphocytes (IELs) and some types of innate
lymphocytes.14 In this review, we first briefly introduce the different types of thymic
epithelial cells. Subsequently, we discuss transcription factors that support the development
and maintenance of thymic epithelial cells, and we present our current knowledge of the
mechanisms by which they act.

2 TYPES OF THYMIC EPITHELIAL CELLS

Thymic epithelial cells (TEC) are specialized cells that direct the generation of
immunocompetent and self-tolerant T cells. TEC are fundamental for T cell generation and
thus should not be considered as thymic stroma, because this term refers to supporting rather
than essential cells. TEC cooperate with diverse other cell types including macrophages,
dendritic cells, endothelial cells and fibroblast cells to coordinate T cell development.1:5

TEC are phenotypically defined as CD45"EpCAM™ cells. Based on their anatomical
localization and the expression of specific markers, TEC are divided into two major subsets:
cortical (c) TEC (Ly51* UEA1") and medullary (m) TEC (Ly51~ UEA1%).3 Bipotential
progenitors for cTEC and mTEC are identified in fetal mice®8; however, the cellular basis of
TEC development and maintenance in adult mice and humans is poorly understood.%-17

2.1 Cortical Thymic Epithelial Cells (cTEC).

cTEC support early steps of T cell development and positive selection of developing T

cells, during which T cell precursors are assessed for productive TCR assembly by their
ability to recognize self-antigens. To promote thymus homing and support intrathymic
migration of T cell precursors, cTEC express CXCL12 and CCL25 chemokines.18-20 They
also express the Notch ligand Delta-like 4 (DLL4) that drives Notch-dependent T cell
commitment and proliferation during early steps of T cell development.21:22 |n addition,
cTEC produce the cytokine IL-7 which acts at several steps of thymocyte maturation.23:24
CTEC are essential drivers of positive selection as they express proteins that generate MHCI
and MHCll-associated self-peptides. These include the thymus-specific proteasomal subunit
B5t, and thymus-specific serine protease (TSSP).25-27

2.2 Medullary Thymic Epithelial cells (ImTEC).

Subsequent to positive selection, mTEC negatively select thymocytes with dangerously high
affinity to self-peptides, or divert them into the regulatory T cell (Treg) lineage.328 Thus,
mTEC implement quality control of the T cell repertoire. Based on the expression levels

of MHCII and CD80, mTEC are divided in two major populations: mTEC!® (MHC11!0

and CD80!°) and mTECN (MHCI1M and CD80M). mTEC!® contain CCL21a-expressing
cells?9, whereas mTECN express the transcription factors autoimmune regulator (Aire)3° and
Fezf2.31 Recent work using single-cell RNA sequencing characterized mTEC heterogeneity
in mice, and identified four mTEC subsets (NTEC 1-1V).3233 Of these, mTEC | were
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CCL21a-expressing cells that direct the movement of positively selected thymocytes that
express CCR7 from the cortex to the medulla.32:3% mTEC Il displayed promiscuous gene
expression (PGE) of tissue-restricted self-antigens (TRA) and specific expression of the
transcription factors Aire and Fefz2, as well as CD40, and high levels of MHC-11.32 mTEC
I11 were identified by the expression of Krt10 and Ivl, and this population included post-Aire
cells.32:33 mTEC IV were termed thymic tuft cells as the produced and expressed genes of
the canonical taste transduction pathway, such as Pou2f3, Dclk1, and Trpm5.32:33

Recent single-cell RNA-sequencing (scRNA-seq) analyses of human TEC revealed TEC
subpopulations that possessed transcriptional programs similar to previously identified
mouse TEC, specifically cTEC, mTEC!?, mTECN mTEC 111, and mTEC 1V.35:36
Significantly, new TEC clusters were identified, including immature human TEC which
lacked the expression of either cTEC or mTEC genes.3® Adult human thymus showed
expansion of this immature TEC population, and reduction of both mTEC!® and mTECN,
Interestingly, additional rare mTEC subsets were also identified, including neuroendocrine
cells, myoid cells, myelin+ cells, ciliated cells, and ionocytes, based on their transcriptional
profile.35:36 Human ionocytes, tuft cells, neuroendocrine cells and myoid cells were
localized close to Hassall’s corpuscles.3® The functions of these rare mTEC populations
are poorly understood.

3. TRANSCRIPTIONAL REGULATORS OF TEC DEVELOPMENT AND
FUNCTIONS

3.1 Foxnl

The role of TEC in thymus development was revealed in nude (hairless) mice, characterized
by a rudimentary thymus and profound reduction of T cells.3” Bone marrow from nude
mice repopulated thymus and peripheral T cells in lethally irradiated wild-type mice. Nude
mice, by contrast, could not be reconstituted with wild-type progenitor cells.38 These results
indicated that the lack of T cells in nude mice was secondary to a defect in their thymic
epithelium.38

Subsequent studies have shown that in humans and mice, the nude phenotype is associated
with mutations of Foxn1, a member of the forkhead/winged-helix transcription factors.3°
Autosomal-recessive mutations of Foxnl generate the nude (hairless) athymic phenotype
featured by congenital absence of hair and severe combined immunodeficiency.3? Foxn1 is
expressed as early as embryonic day (E) 9.5 in the third pharyngeal pouch of the mouse
embryo.3° Furthermore, Foxn1 needs to be continuously expressed in TEC, as its postnatal
ablation induced thymic atrophy.4041 Autosomal recessive mutations of FOXNI in patients
result in thymic aplasia, alopecia, and nail plate dystrophy. In addition, heterozygous loss-of-
function mutations of Foxn1 resulted in CD8 T cell lymphopenia during infancy and, in
some cases, nail dystrophy and alopecia.*? Interestingly, two patients harboring compound
heterozygous mutations of Foxnl showed severe T cell defects but did not exhibit alopecia
or nail dystrophy.*3 CRISPR/ Cas9-mediated genocopy of one of these mutations in mice
discovered that a stretch of 5-amino acids in the Foxn1 DNA binding domain was required
in TEC but not in keratinocytes.*3
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Genome-wide assessments of chromatin binding and transcription identified Foxnl gene
targets in TEC. Specifically, Foxnl regulated cTEC-specific genes necessary for early
lymphoid progenitor immigration into the thymus and antigen processing and presentation
(including B5t).41 Regulation of Psmb11 (the gene for B5t) by Foxn1 has been studied

in more detail. Foxn1 interacts with two cis-regulatory elements in the vicinity of the
transcription start site (TSS) of Psmb11. Mutation of the —80bp binding site resulted in
reduced expression of Psmb11, establishing that Psmb11 receives direct regulatory inputs
from Foxn1.44

Ectopic expression of Foxnl was sufficient to partially reprogram mouse embryonic
fibroblasts to display features associated with epithelial cells, such as expression of
epithelial cell adhesion molecule (EpCAM) and Keratin 8.4> Remarkably, these cells

were able to support T cell development /i vitro. Furthermore, these Foxnl-expressing
cells recapitulated thymus morphology and T cell development /in vivo when mixed with
embryonic TEC and grafted under the kidney capsule of adult mice.#> These data suggest
that Foxnl is a master regulator of TEC, as it is necessary for TEC development and
maintenance, and appears sufficient to impose features of TEC when ectopically expressed
in fibroblasts.

As mice age, the thymus undergoes involution, reducing in size and function. Thymic
involution was associated with reduced expression of Foxn1.48 Ectopic overexpression of
Foxn1 driven by the human keratin-14 promoter attenuated thymic involution.4” Thymic
regeneration induced by sublethal total body irradiation (TBI) also was associated with
induction of Foxnl expression in TEC. Specifically, endothelial cells were found to secrete
bone morphogenetic protein 4 (Bmp4) in response to TBI, and Bmp4 upregulated expression
of Foxnl in TEC.48

Several studies have examined regulation of Foxni. Pax family genes are expressed in
endoderm, and mice deficient in Pax1 have a small thymus, whereas mice deficient in
Pax9 are athymic.49-51 Deficiency in transcription factors Hoxa3, Eyal, or Six1 results in
thymic defects at embryonic stage (Table 1).52-55 Signaling pathways including Wnt>6 and
Bmp448 have also been suggested as regulators of Foxn1 expression. Further molecular
characterization of the role of all these factors is needed, as it is unclear if they directly
regulate Foxnl expression, or instead may act earlier in development, as is known for
Gata3.5798 Deletion of a DNA regulatory element (RE) in the first intron of Foxni
established that this RE is necessary for expression of Foxnl in TEC but dispensable

for Foxn1 expression in skin.>® This RE contains binding sites for many transcriptional
regulators expressed in TEC that could potentially control Foxn1 expression.>®

The noncanonical NF-xB pathway responds to specific stimuli including the tumor necrosis
factor (TNF) family receptors CD40, RANK, and LTBR, among others 0. Those stimuli
result in a complex cascade of events that eventually activate the NF-xB inducing kinase
(NIK). NIK induces proteolytic processing of p100, resulting in the generation of p52 that,
in complex with RelB, is translocated to the nucleus.61:62
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RANK, CD40, and LTBR each play important roles in mTEC development, Aire-dependent
and -independent TRA gene expression, and establishment of self-tolerance.63-65 CD4 SP
thymocytes showed low expression levels of LTa/p in mice lacking costimulatory molecules
CD40, CD80 and 86. In addition, these mice exhibited reduced thymic medullary regions
producing low levels of CCL21.%4 Concordantly, ablation of LTBR in TEC reduced numbers
of mTEC, with aberrant differentiation and reduced expression of CCL21.29.66-68 Together,
the data indicate that CD80/86 interaction with CD28 mediates the expression of LTa/p

by T cells, which in turn induces the production of CCL21 by mTEC via LTBR, inducing
mTEC development. Ablation of both CD40 and RANK severely impaired postnatal mTEC
differentiation resulting in autoimmunity.63 The inhibition of RANK signaling achieved by
either knocking out 7nfrs11a (the gene for RANK) or blocking its ligand, RANKL, inhibited
embryonic mTEC development.53:69 During embryonic development, 8 T cell progenitors
provided RANKL prior to the appearance of ap T cells.”? The thymus of embryonic
Cad407'~ mice did not show dramatic alterations, as CD40L-expressing T cells are absent at
this stage of development.’?

Tumor necrosis factor receptor (TNFR)-associated factor 6 (TRAF6) is a signal transducer
downstream of RANK and CD40. 7raf6~'~ mice displayed thymic atrophy.”? By grafting
Traf6 !~ fetal thymus under the kidney capsule of athymic nude mice, it was demonstrated
that cell-intrinsic TRAF6 deficiency reduces the numbers of mTEC, leading to multi-organ
autoimmunity.”3 In addition, RANKL-mediated mTEC development was compromised by
TRAF6 ablation.®® TRAF6 is a RING domain ubiquitin E3 ligase that phosphorylates many
proteins including NIK, which in turn activates the noncanonical NF-xB pathway.” The
NIKalY/aly mice strain is also known as alymphoplasia strain since it lacks lymph nodes and
Peyer’s patches. These mice harbor a mutation (G855R) in the NIK gene. This mutation
impedes NIK ability to bind IKK-a,, and so inhibits noncanonical NF-xB activation.”
NIKaly/aly mice showed smaller medullary regions and alterations at the cortico-medullar
junction of the thymus. In addition, these mice had decreased numbers of Treg cells, and
autoimmune lymphocyte infiltrations in several organs.”8 IKK-a. is downstream of NIK, and
BALB/C"/N mice grafted with embryonic thymus lacking functional /kk-a phenocopied
the NIKaY/aly phenotype, as expected.”’ Loss-of-function mutations in both NIK and IKK
triggered autoimmunity, likely due to deficient mTEC development.53.77 By using Re/t’-,
Traf6™~, and NIK@Y/aly mice, together with pharmacological inhibition of IKK, it was
demonstrated that RANK-RANKL and CD40L-CD40 signals act to accomplish thymic
self-tolerance.%3

As mentioned, noncanonical NF-xB regulates the size and function of the mTEC
compartment. The NF-xB family regulates Aire expression by interacting with a distal
regulatory element located 3 kb upstream of the AJre gene’® 79, and the Aire-deficient
phenotype was recapitulated by deleting that enhancer region.”879 Concordantly, RelB
regulated Aire expression, and its ablation disrupted thymic structure and generated
autoimmunity.8%81 Among mTEC, mTEC Il exhibited open chromatin regions enriched for
NF-xB binding sites32, consistent with the idea that many genes might be transcriptionally
activated by NF-xB in addition to Aire in mTEC Il. Thus, the gene regulatory program in
mTEC Il controlled by NF-xB remains to be better understood.
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As mentioned above, RANKL, CD40L, and LT are required for mTEC development
by activating the noncanonical NF-xB pathway. TRAF3 is an intracellular inhibitor of
the noncanonical NF-xB pathway.82 Consistently, ablation of TRAF3 rescued mTEC
development in Tcra’=, Ltbr!=ICd40™~, Rank™~ mice.83

Manipulation of noncanonical NF-xB signaling altered central tolerance. Osteoprotegerin
(OPG) functions as a decoy receptor of the RANKL, inhibiting RANK signaling. OPG
deficiency increased the number of mTEC, enlarging the thymic medulla compartment.5°
Ablation of OPG in fetal thymic grafts in nude mice increased chemical-mediated tumor
incidence due to increased Treg cell numbers and lower tumor-infiltrating T cells.84
Importantly, Spi-b, a transcription factor induced by RANK through NIK-mediated
signaling, upregulated OPG expression in mTEC, limited mTEC development, and
decreased TRA expression.84 Thus, OPG is an endogenous key regulator of the NF-xB
mediated mTEC development.

Experimentally modulating mTEC via RANK has been demonstrated to modify T cell-
mediated responses. Antibody-mediated blocking of RANK-RANKL signaling induced
transient reduction of the Aire* mTEC population and TRA expression. Negative selection
of the thymocytes was reduced, and self-reactive T cells emerged.85 Experimental blockade
of RANKL induced anti-tumor responses against a self-antigen-expressing melanoma cells,
indicating that such manipulations could be useful for immunotherapy to cancers.8°

The p63 transcription factor, encoded by 77p63, is a protein orthologue of p53 and is highly
expressed in many stratified epithelial tissues, including skin, cervix, tonsil, esophagus,
urothelium, prostate and thymus.86:87 77063 codifies several isoforms. Alternative promotors
generate two main types of isoforms: the N-terminal full transactivating (TA) p63 isoforms
(N-terminal full-length) and the N-terminal truncated/Delta ANp63 isoforms (that lack

the N-terminal transactivation domain but are still transcriptionally active).8¢ Alternative
splicing of the C-terminus generates additional a., B, and y isoforms.88 Mice lacking

p63 exhibited severe craniofacial and limb malformations as well as profound defects

in stratified epithelial tissues and derivatives such as hair follicles and breast.8%.9 The
epidermis of p637~ mice was found to undergo nonregenerative differentiation and
disintegration.! Thus, mice lacking p63 die in the perinatal period due to dehydration.8%:90

TEC predominantly express the ANp63a isoform.87 The effects of p63 deletion have been
studied in the thymus of mice with p63 deleted in the germline. Loss of p63 caused thymic
hypoplasia in embryos/neonatal mice, and thymocyte and TEC numbers were dramatically
reduced to ~10% of wild-type numbers.92:92 However, developing thymocytes appeared
normal based on surface markers such as CD4 and CD8 expression. Morphologically, the
expression of TEC markers, Keratin 5 and Keratin 8, was similar between p637/~ and
wild-type mice.?1:92 Thus, unlike nude mice in which the thymus was almost entirely absent
39 p637I~ mice showed sufficient TEC commitment and differentiation to support T-cell
development. Nevertheless, p63~/~ thymi displayed biased expression towards terminally
differentiated epithelial genes like involucrin, occludin and claudins.®? In addition, silencing
of p63 resulted in smaller and less proliferative colonies in clonogenicity assays of TEC.91
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These data suggest that p63 may be important for maintaining epithelial stem cells; thus, its
ablation may result in thymic hypoplasia due to exhaustion of proliferating stem/progenitor
cells.

Efforts have been made to identify p63 target genes that drive epithelial development.?3
Genome-wide approaches have shown that p63 regulates epidermal proliferation and
differentiation not only via direct activation or repression of target genes but also through
modulating the chromatin landscape, predominantly controlling enhancers.?*-97 To date,
there are not genome or epigenome approaches assessing p63 regulation of TEC. However,
using individual candidate gene approaches, some known p63 targets have been implicated
in the TEC defect and thymic hypoplasia observed in mice lacking p63.%2 Jag2 and FgfR2-
I11b expression was diminished in p637/~ whole thymi 92. Jagged (Jag) 2 is a Notch ligand
expressed by TEC that supports T cell development.®8:9° Fibroblast growth factor receptor
2-111b (FgfR2-111b) is essential for TEC proliferation, and FgfR2-111b deficiency results in
a block of thymic growth, resulting in a similar phenotype as in p63 deficient mice.100
Genetic complementation with ANp63 in a p63~~ genetic background restored FgfR2-111b
and Jag2 expression, suggesting that p63 may drive thymus growth at least in part via Jag2
and FgfR2111b.92

Chromobox homolog 4 (Cbx4), a component of the Polycomb group (PcG) multiprotein
PRC1-like complex!01, has been mechanistically associated with p63-mediated thymus
growth.102 Like p63/~ embryos/neonatal mice, Cbx4 '~ mice display decreased numbers
of thymocytes and TEC but displayed normal CD4 and CD8 profile.102 Interestingly, in
postnatal mice, Chx4-deficient mice showed reduced proliferation of TEC, and blockade
of T-cell development. Furthermore, Cbx4 co-immunoprecipitated with p63 in transfected
HEK?293T cells. Immunoassays showed co-expression of both proteins in the thymus

of wild-type embryos and adult mice; however, the identity of TECs co-expressing p63
and Cbx4 was not established. These observations suggest that Chx4 interacts with p63,
contributing to the regulation of downstream gene targets.192 Notably, ex vivo embryonic
skin explants assays showed that Cbx4 overexpression partially rescued the defect caused
by p63 ablation.103 As previously proposed®?, these studies support the hypothesis that
p63 expression in TEC contributes to the self-renewal capacity of thymic epithelial
stem/progenitor cells and p63 deficiency causes their premature proliferative exhaustion.
The underlying mechanisms, however, are not understood, and genomic and epigenomic
approaches to address how p63 shapes chromatin landscape and enhancers in TEC remain to
be performed.

As earlier noted, mTECN! is an mTEC subpopulation expressing CD80, CD86, CD40 and
high levels of MHC class-I1. These cells play an essential role in establishing central
tolerance. They present a repertoire of tissue-restricted self-antigens (TRAS) to thymocytes,
inducing the negative selection of T cells and the development of regulatory T cells.3:104
Aire is estimated to control ~40% of TRA expression31:195 and is a key controller of central
tolerance as evidenced by loss-of-function mutations that cause autoimmune polyendocrine-
candidiasis ectodermal dystrophy (APECED).30:106.107 APECED is characterized by
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autoimmunity in multiple organs and tissues including pancreas, adrenal cortex, skin, liver,
and lung.30:107

Initial studies of Aire highlighted its role in the regulation of TRA expression.30.104.108
Since then, molecular mechanisms supporting Aire-mediated transcriptional activation

of TRA have been elucidated. The epigenetic context in which Aire interacts with

DNA regulatory regions have been characterized. Although at first glance it could be
contradictory, it has been demonstrated that Aire also can restrain TRA expression, perhaps
serving as a rheostat to maintain TRA gene expression at appropriate levels.109.110

3.4.1 Aire activates TRA expression—Aire harbors CARD (Caspase Recruitment
Domain), SAND (Sp100, AIRE-1, NucP41/71, and DEAF-1) and two PHD (plant
homeodomain) domains, as well as a nuclear localization signal (Fig. 1). The PHD1 domain
interacts with DNA-PK111 which consists of Ku70 and Ku80 subunits, and is associated
with DNA damage response, transcriptional regulation and cell cycle progression.112 Small
molecule-mediated inhibition of DNA-PK function blocked its association with Aire and
P-TEFb and inhibited the release of stalled RNA-polll.113-115

Mutations in Aire can cause autoimmune recessive as well as autosomal dominant disease
in humans; however, the mechanisms are not fully understood. Aire forms homotypic
interactions through its CARD domain to form multimers that bind chromatin.116.117
Mutations in the CARD domain prevented the formation of Aire multimers and showed
reduced TRA expression in HEK293T cells.116 Aire-PHD1 heterozygous mutations also
exhibited dominant-negative effects, inhibiting TRA expression and causing varying
autoimmune phenotypes (Fig. 1).118 Aire with mutations in the PHD1 domain co-localized
with wild-type Aire in nuclear speckles whereas Aire proteins with mutations in the SAND
domain localized with PML bodies,116118.119

The acetyltransferase CREB-binding protein (CBP) interacts with and acetylates Aire.120
Site-directed mutations that mimic the CBP-mediated acetylation (lysine to glutamine
substitution) of Aire in a constitutive fashion impaired the ability of Aire to induce TRA
gene expression.12! Sirtl is an enzyme that removes acetyl groups from different proteins.
Sirt1 is highly expressed in mTECN. and counteracts the CBP-mediated acetylation of Aire,
boosting Aire-dependent TRA expression.122 Thymic Sirt1 ablation resulted in multi-organ
autoimmunity, similar to Aire-deficient mice.122

Brd4 belongs to the bromodomain and extraterminal domain (BET) family of transcriptional
regulators. Brd4 interacts with P-TEFb at the transcription pre-initiation complex and
promotes the transition from initiation to productive transcription elongation.123 Brd4
recognizes acetylated proteins by its bromodomain and functions as a scaffold for the
recruitment of transcription factors.124 As previously mentioned, Aire influenced TRA

gene expression by mediating the release of stalled RNA pol-I11 115 via recruitment of
P-TEFb.113 DNA-PK-mediated phosphorylation of Aire’s CARD domain triggered the
association of CBP with Aire. Subsequently, CBP acetylated Aire’s CARD domain, and
triggered its interaction with the Brd4 bromodomain 1.114 Inhibition of the formation of

the Aire-Brd4 complex by inhibiting either CBP or DNA-PK enzymatical actions impeded
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the formation of the pre-initiation complex in which RNA-pol-11, topoisomerases, members
of the splicing machinery, and P-TEFb are recruited.114 Concordantly, inhibition of the Aire-
Brd4 interaction decreased TRA expression and led to the development of autoimmunity.114
Importantly, mutations in the Aire gene that cause APECED are also located in its CARD
domain, and restricted association with Brd4.114 Mutations in the CARD domain of Aire
can also compromise its ability to form self-multimers needed for the TRA expression,

and so the relative contribution of each of these mechanisms to autoimmunity needs to be
ascertained.

Over 40 Aire protein partners were identified by performing Aire-targeted
coimmunoprecipitation coupled with mass spectrometry (MS) assays in epithelial cell
lines.125 Aire was implicated in at least four nuclear processes: post-initiation RNA-Polll-
mediated transcription, chromatin binding, nuclear transport, and pre-mRNA processing.125
Concordantly, RNAi-mediated downregulation of selected Aire partners impeded the nuclear
location of Aire.125 Aire interacted with topoisomerases allowing the transcription of

its TRA targets.125 Downregulation of TOP1 and TOP2 in HEK293T cells reduced

the ability of Aire to interact with RNA-Polll, DNA-PK, Ku80, and PARP-1, among
others.126 Blocking topoisomerase function repressed the transcription of Aire-responsive
genes in mTECN 126 Recent findings have shown only a limited role of Aire in alternative
splicing.127.128

Aire’s protein partners were also identified in a separate study using yeast two-hybrid
screening.12? Aire was found to interact with ATF7ip, a histone methylase that catalyzes
H3K9me3; and with MBD1, which interacts with methylated CpG dinucleotides.12°
However, the G228W mutation of the SAND domain of Aire impeded the association

with the protein complex formed by ATF7ip and MBD1.12% This mutation was initially
identified in patients diagnosed with APECED106.130 and is a dominant negative mutation of
Aire.106.119 \When Aire was ectopically expressed in HEK293T cells, it required ATF7ip and
MBD1 to induce TRA expression.12? Ablation of MBD1 in mice led to autoimmunity.129

Aire localized mainly in intergenic regions instead of promoters28, highlighting a possible
role in distal regulatory regions. Aire interacted with chromatin regions categorized as
superenhancers (defined as those chromatin elements spanning more than 3.9 kb enriched
in H3K27ac, H3K4mel, and deposition of RNA Pol-I1, but not in H3K27me3).126 Aire
deficiency decreased the number of superenhancer regions featured by high content of
H3K27ac deposition.126

3.4.2 DNA methylation and Aire-mediated TRA expression—DNA methylation
involves the addition of a methyl group to a cytosine residue by DNA methyltransferases
(DNAmt). This epigenetic modification occurs predominately in CpG dinucleotides. DNA
methylation is commonly associated with gene silencing and occurs in several biological
processes such as development, X chromosome inactivation, genomic imprinting, among
others.131

To uncover a possible association between DNA methylation in the TRA expression,
the methylation profile of the casein gene locus between mTEC!® and mTECNi was
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compared.132 This gene locus contains casein genes located in close proximity, that

are expressed in mTECM in a coregulated manner.133 Only the casein beta gene from

the casein locus showed an inverse correlation between its expression levels and DNA
methylation in mTECN whereas the other casein genes remained hypermethylated regardless
of their expression levels.132 These data suggest that Aire-dependent TRA expression can
occur independently of the methylation status of TRA genes. Subsequent experiments
corroborated these findings. eGFP was knocked into the gene for the TRA Gadé7to isolate
only those mTEC expressing Gad67. There was no difference in the methylation profile

of Gad67from the GFP*mTECN, GFP-mTECN, mTEC!? and thymocytes.132 These results
suggest no obvious association between DNA methylation and TRA expression.

The number of TRA expressed in mTEC is ~4200 genes1%, and genome-wide DNA
methylation strategies addressed whether DNA methylation is associated to TRA
expression.134 Thus, DNA methylation profiles were compared between Ajre”~ and Aire**
mTECh using a microarray-based screening system that contained probes to analyze tissue-
dependent and differentially methylated regions.13%> No major differences in the methylation
patters were observed after Aire deficiency in mTEC.135 In another study using reduced
representation bisulfite sequencing, no differences in the CpG methylation profiles between
Aire-responsive genes versus Aire-neutral genes were observed.136 Taken together, these
studies do not appear to support an evident association between the DNA methylation

state of promiscuously expressed genes and their methylation. However, these studies were
performed on populations of mMTECN which are known to be heterogenous for expression of
individual TRAs.105.136,137

3.4.3 Aire restrains TRA expression—In vitro studies have demonstrated that Aire,
via its PHD1 domain, regulates TRA expression by binding the unmodified histone
H3K4.138.139 Ajre js unable to interact with the H3K4 methylated forms such as H3K4me3,
an epigenetic mark associated with transcription.13° Concordantly, Aire-independent gene
expression has been linked to deposition of H3K4me3.140 Aire interacts with chromatin
regions enriched in repressive histone marks, including the mono-, di-, and tri-methylated
forms of H3K9.138.139 Although the biological relevance of this finding has not been
directly addressed yet, it has been observed that H3K9me3 is enriched close to the TSS

of Aire-dependent genes in mTECM 140, and regions close to the TSS of Aire-regulated
genes are enriched in other repressive chromatin marks, with high content of H3K27me3
and low content of H3K4me3.105.140.141 |ntriguingly, the same profile is present in mTEC!®
and tissues in which specific TRA genes are not expressed140, suggesting no association
with TRA expression. Thus, these data suggest Aire acts on a preformed chromatin
landscape enriched in repressive histone marks and already present in mTEC!®, prior to
Aire expression.

Chromatin accessibility refers to the degree to which macromolecules are able to physically
contact chromatinized DNA.142 Active DNA regulatory elements are chromatin regions
accessible to transcription factors.143 Congruent with the transcriptional differences between
mTEC!? and mTECN, mTECN showed a distinctive open chromatin configuration in
comparison with mTEC!®, and 70% of the differentially accessible regions in mTECN

were close to TRA genes.109 Strikingly, Aire deficiency caused increased chromatin
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accessibility near genes upregulated in mTECN, suggesting that Aire might establish a
closed configuration in the vicinity of TRA genes. Ablation of Brgl expression resulted

in a closed chromatin configuration at these same regions. This suggests that Aire and
Brgl have opposing roles in chromatin accessibility, and that Aire contributes to closing
whereas Brgl opens chromatin regions in the vicinity of TRA genes. Interestingly, NF-xB
binding sites were overrepresented in these accessible regions in mTECN 109, consistent
with the idea that NF-xB might directly regulate TRA genes. However, Aire deficiency
also reduced the frequency of distant super-enhancers, and reduced chromatin accessibility
at such superenhancers, in mTECN.126 Thus, much remains to be learned about how the
interplay between Aire and Brgl regulates TRA transcription. Conceivably, new insights
may be obtained using single-cell approaches, because of the limited number of mTECH
expressing any given TRA in heterogeneous mTECN populations.105:136.137

3.4.4 Regulators of Aire gene expression—Since Aire is expressed predominantly
in the thymus, whether DNA methylation regulates Aire expression was addressed. Mouse
and human thymus samples showed hypomethylation in the Aire promoter.144 Treatment
with 5-aza-2’-deoxycytidine, a DNAmt inhibitor, or deficiency in the DNAmts DNMT1 and
DNMT3b, reactivated Aire expression in cell lines with silenced Aire expression.145:146 Tet-
eleven translocation (Tet) family members display 5-methylcytosine dioxygenase activity
that is associated with DNA demethylation.14’ Conditional deficiency of Tetl, Tet2, and
Tet3 together repressed Aire expression in mTECN 148 The ablation of Tet caused two
regions in the Aire gene that were normally demethylated to be methylated in mTECNi, 148

In concordance with the prominent role of RANK-RANKL and CD40-CD40L interactions
in MTECN! development®3:73.76.77 transcription factors of the NF-xB family were found to
regulate Aire gene expression. Mechanistically, it was shown that those factors interacted
with a distal regulatory element of Aire, forming a chromatin loop to interact with the Aire
promoter, thus inducing its transcriptional activation.”®79 Deletion of this enhancer was
enough to phenocopy the Aire-deficient phenotype.’8:79

Females are more susceptible to develop autoimmunity than males, pointing toward the
existence of a potential bias in TEC-mediated T cell development.14° Aire expression was
downregulated in thymic stroma in castrated and testicular feminized (ARTf™/Y) mice
(which harbor a loss-of-function mutation in the androgen receptor).1%0 Concordantly, the
number of Aire™ TEC was also decreased in castrated male mice.15! Interestingly, androgen-
pretreated, male, but not female, mice were protected from autoimmune encephalitis (EAE)
induced by myelin oligodendrocyte glycoprotein (MOG) immunization; this protection
required Aire.150 These results support a role of Aire in resistance of male mice to
autoimmune disease development.

Thymic B cells expressed Aire, and this expression required activation of CD40 signaling
by CD4 cells.152 To identify transcriptional regulators of Aire, the expression profiles of
Aire-expressing cells including Aire* mTECN | Aire* thymic B cells, and Aire™ splenic B
cells were compared to cells that do not express Aire, namely, mTEC!?, cTEC, splenic T
and Aire B cells.148 Potential transcriptional regulators of Aire were identified based on
the exclusively high expression levels in Aire-expressing cells.148 Of these, Thx21, Tcf7,
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Irf4, and 1rf8 were controllers of Aire expression in TEC, and downregulation of Aire was
observed in mTECN after ablation. Moreover, these transcription factors interacted with the
Aire promoter and formed a protein complex between them.148 Notably, CTCFL contributed
to the transcriptional activation of Aire by displacing CTCF from the Aire gene as observed
by performing both ChIP and loss-of-function assays.148

Besides transcriptional regulation, other mechanisms control the expression levels of

Aire in mTECN!. Retention of the intron 2 in the Aire pre-mRNA by the ablation of

the JMJD6 introduces a premature stop codon resulting in the translation of a shorter
cytoplasmic protein.153 This shorter protein interacted with the wild-type Aire isoform
inducing its proteasome-mediated degradation.153 Moreover, IMID6 KO-mediated Aire*
mTEC reduction repressed Aire-dependent TRA expression, leading to increased activated/
memory CD4 T cells unleashing multi-organ autoimmunity.153

Aire regulates the expression of approximately 40% of TRA, indicating that additional
controllers of TRA expression must exist.109133.154 Fezf2 is a zinc finger transcription
factor previously known for its role in brain development.135:156 mTEC expressed high
levels of Fefz2, and gene expression analyses of mTEC isolated from Fezf2/~ mice showed
that Fezf2 regulates the expression of many Aire-independent TRA genes.3! Importantly,
Fezf2 and Aire were found to regulate nonoverlapping gene expression programs.31:137.154
Significantly, Aire expression and Aire-dependent TRA gene expression were not altered

by loss of the Fezf2 gene. Moreover, Foxnl-Cre-mediated ablation of Fezf2 reduced
numbers of MTEC and Treg cells, and increased CD4 and CD8 effector/memory T

cells. Concordantly, Fezf2 deficiency led to multi-organ autoimmunity.3! Strikingly, Fezf2
ablation-mediated antibody reactivity was directed to different antigens than those generated
by Aire deficiency. This suggests complementary roles of Aire and Fezf2 in regulation of
TRA.3L It was initially suggested that the LTBR pathway controls Fezf2 expression in mTEC
31 however, antibody-mediated activation of LTBR did not affect expression of Fezf2.
However, RANK regulated both Aire and Fezf2 expression.®® In addition, active histone
marks such as H3K4me3 and H3K4ac were enriched in the TSS of Fezf2-induced genesl3’
whereas Aire was associated with a repressive histone profile characterized by high contents
of H3K27me3.105.140

Chd4 was identified as an interacting partner of Fezf2 in Mass Spectrometry analysis

of Fezf2 co-immunoprecipitated extracts. Cdh4 is an essential component of the
nucleosomal remodeling and histone deacetylation complex (NuRD) which is implicated
in transcriptional regulation.1®” Chd4 regulated nearly one-quarter of Fezf2-regulated genes,
as evident when Chd4 was ablated in TEC.137 ATAC-seq analyses from mTEC isolated
from wild-type, Chd4 cKO and Fezf2 cKO mice demonstrated that approximately 50%
of the Cdh4-mediated accessible-chromatin regions overlapped with those regions whose
accessibility required Fezf2.137 This suggests that Chd4 and Fezf2 together regulate
chromatin configuration in mTEC. Moreover, these regions are enriched in promoter
sequences of genes transcriptionally activated by Fezf2 and Chd437, and deficiency of
Chd4 triggered multi-organ autoimmunity in old mice.
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3.6 p53

The tumor suppressor p53 is activated in response to several stimuli, inducing cell cycle
arrest, DNA repair, or apoptosis.1>8 Besides these functions, p53 has also been associated
with immunological responses through its transcriptional control over crucial genes involved
in pathogen sensing, cytokine production and inflammation.1% By generating a mouse
strain with p53 conditional deletion in TEC, it was shown that p53 regulates mTEC
differentiation, thymocyte maturation, and tolerance.160 Specifically, ablation of the p53
gene in TEC reduced the number of postnatal mTECN and decreased expression of both
Aire-dependent and Aire-independent TRA genes.160 Notably, p53 was found to interact
with the promoter of 7nfrsfl1a(encoding RANK) inducing its transcriptional activation,
which in turn increased p53 expression levels after its stimulation.160 p53 deficiency in
mTEC decreased Treg cell numbers, leading to autoimmunity as evidenced by lymphocyte
infiltration in organs. Moreover, immune reactivity was evident in Rag2~~ mice when
reconstituted with thymocytes educated by p53 KO mTEC.160 Considering the predominant
role of RANK in mTEC, altering the p53-RANK positive feedback loop may explain the
phenotype evident after p53 ablation in TEC, but additional mechanisms may also exist.

3.7 Prdmil

Prdm1 was initially characterized as a repressor of /fnb expression.161 Prdm1 plays critical
roles in differentiation of B and T cells.162 In Prdmi-promoter driven YFP reporter mice, ~9
% of the mTEChi and ~2 % of the cTEC potentially expressed Prdm.163 Thymic ablation

of Prdm1 using Foxnl-Cre did not appreciably alter TEC numbers or T cell development,
including the development of Treg cells.163 Nevertheless, mice lacking Prdm1 in TEC
developed lymphadenopathy in mandibular and accessory mandibular cervical and showed
high serum levels of autoantibodies. Autoantibody production was also seen when fetal
thymi lacking Prdm1 in TEC were grafted under the kidney capsule of adult nude mice,
confirming that Prdm1 was needed specifically in TEC for self-tolerance.163 It remains to be
determined whether Prdm1 controls the expression of some TRAs in mTEC, or acts via a
distinct mechanism.

3.8 Pou2f3

Recent scRNA-seq analysis of non-hematopoietic thymic cells identified putative tuft-like
cells based on the similarities with the gene expression profile of intestinal tuft cells,
including expression of 1L-25. mTEC IV were visualized as Dclk1*Villin* cells by
immunofluorescence imaging.32 Thymic tuft cells were also identified using an inducible
Aiire lineage-tracing model.33 Thymic tuft cells exhibited high expression of Dclk1 protein
intracellularly, low MHC-II, and expressed transduction pathway and tuft cell markers such
as IL-25 and Trpm5. Thus, mTEC IV are thymic tuft cells. Notably, thymic tuft cells
expressed elevated levels of the transcription factor Pou2f3, and accessible chromatin in
these cells was enriched for POU class 2 transcription factor binding sites in enhancer
regions. Interestingly, ablation of Pou2f3 led to the abolition of thymic tuft cells with

a concomitant increase of NKT cells®2, and reduction of thymic tuft cells due to LTBR
deficiency inhibited iNKT cell development.164
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3.9 Myc

Myc is an essential transcription factor that controls cell growth and body size.165 The role
of Myc in TEC biology has been assessed by loss- and gain-of-function approaches.166.167
TEC-specific loss of Myc expression (Foxn1-Cre-Mycf!) resulted in decreased cTEC and
mTEC cellularity in adult mice.166 This correlated with a reduction in the number of
cycling (Ki67*) cells in both compartments, and mice with Myc-deficient TEC displayed

a significantly smaller thymus. Nevertheless, Myc was not essential for the maturation of
Aire* and CD80* mTEC; and the CD4 and CD8 profile of thymocytes as well as expression
of activation and maturation markers CD69 and TCRp were unaffected.166 Conversely,
transgenic expression of Myc in TEC (Foxn1-Cre-MycTg) resulted in an enlarged thymus
in adult mice.167 In addition, the total numbers of cTEC and mTEC were considerably
increased, and the ratio of cTEC and mTEC was altered with a relative expansion of

cTEC. Although the expansion of TEC caused a dramatic increase in thymocyte cellularity,
the ratios of thymocyte populations were largely unaffected. The results were similar to
previous work in which cell cycle regulator cyclin D1 was overexpressed in TEC, or the
Retinoblastoma (Rb) family of genes was inactivated.168-170 Mechanistically, transcriptional
profiling of Myc-transgenic TECs revealed upregulation of genes associated with ribosomal
biogenesis and translation; this was distinct from mice with forced expression of cyclin D1.
Taken together, these studies demonstrate that Myc coordinates a transcriptional program
that determines thymus growth and size.

3.10 Meisl

Meisl is a homeodomain transcription factor of the TALE subfamily required for embryonic
development.171:172 Meis1 is primarily expressed in the mTEC compartment, in cells
expressing Keratin 5 and Keratin 14 but not Keratin 8.173 Postnatal Keratin 14-CreERT2-
mediated ablation of Meis1 reduced thymus size and cell numbers. Moreover, T cell
development was dramatically altered, exhibiting reduction of the CD4 CD8 DP T cells

in Meis1-deficient mice.173 Using Meis1-EGFP-reporter mice, Mes1M9" TEC were isolated
and transplanted under the renal capsule of nude mice. After 4 weeks, the total number of
EpCAM* cells recovered from Mes1Mdh TEC grafts was higher than those developed from
Mes1!oW TEC.173 Future studies using TEC-specific ablation of Meis1 are needed to provide
insight into the role of Meisl in TEC.

3.11 FoxA

The FoxA gene family consists of pioneer transcription factors associated with multiple
stages of development.174175 FoxA proteins mediate the emergence of enhancers through
displacing linker histone H1.176 The CO,H-terminal domain of FoxA interacts with core
histone proteins and is required for opening chromatin without ATP or ATP-dependent
chromatin remodelers.1’7 Foxn1-Cre mediated ablation of both Foxal and Foxa2 genes
generated a small thymus harboring a high ratio of mTEC to cTEC.178 Ablation of Foxal
and Foxa2 genes induced higher MHC-I and lower MHC-11 gene expression levels in both in
mTEC and cTEC.178 Concordantly, T cell development was impaired after ablation of both
Foxal and FoxA2, reducing the total number of CD4 T cells and CD8 T cells.178
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3.12 Notch-Rbpj

The Notch family is formed by four members in mammals (NOTCH1-NOTCH4). The
intracellular domain (NICD) of the Notch receptor is cleaved after its activation and interacts
with RBPJ, a potent DNA-binding transcription factor.22 To uncover a possible role of
Notch in thymus development, Notchl or RBPJ were ablated in TEC using Foxn1-Cre,

or upstream of TEC specification using an inducible FoxA2-Cre.179.180 C|dn3,4-expressing
mTEC-committed progenitorsi®-11 were reduced in the absence of Notch.17® Ablation of
Rbpjin TEC also reduced the mTEC compartment postnatally.180 RANKL-stimulated fetal
thymic organ cultures from Rbp/-deficient mice generated low numbers of mTEC compared
with cells obtained from wild-type mice.18 This suggests that the Notch-mediated mTEC
regulation is upstream of the NF-xB pathway. Together, these data clearly implicate
canonical Notch signaling in mTEC specification during development.

4. OTHER EPIGENETIC REGULATORS IN TEC

Below, we discuss enzymatic activities that modify chromatin, and play essential roles in
TEC (Table 1), but the transcription factors they work with remain to be established.

4.1 HDACS

Histone deacetylases (HDACSs) remove the acetyl group from previously acetylated lysine
residues at histone tails.181 This promotes the formation of a compacted chromatin structure
and represses gene expression. There are eighteen highly conserved genes encoding HDAC,
that are classified in 4 subclasses. HDAC1, HDAC2 and HDAC3 are members of the HDAC
class I. These HDACs are recruited by protein complexes such as NuRD, CoREST and
SMRT.182

Foxnl-Cre-mediated ablation of HDAC1 and HDAC2 genes did not show dramatic
structural changes in the thymus of 6-week-old mice.183 However, conditional deficiency

of HDAC3 in TEC greatly reduced the mTEC compartment, inhibited both Aire-dependent
and Aire-independent TRA expression, and reduced the frequency of Treg.183 Interestingly,
Aire gene expression was not altered, suggesting that deacetylation might influence the
ability of Aire to interact with histones, as previously observed.13? HDAC3 deficiency
generated autoimmunity in old mice. Although HDAC3 ablation generated a phenotype
similar to that displayed by altering the NF-xB pathway, NIKaY/aly mice revealed that Hoac3
deficiency is not associated with alterations in NF-xB.183 Specifically, fetal thymic organ
cultures prepared from NIK@/aly embryos, but not HDAC3-deficient embryos, were rescued
by RANKL. To further understand the phenotype presented by HDAC3 ablation in mTEC,
the transcriptional programs were compared between HDAC3 KO mTEC and their normal
counterparts. HDAC3 was found to positively regulate expression of key mTEC genes such
as Fezf2, SpiB and Pou2f3183 In addition, ablation of HDAC3 repressed genes linked to
Notch signaling.183

HDAC3 forms a repressor complex with NCoR and SMART. However, conditional ablation
of these proteins in the thymus did not alter thymus structure or TEC subpopulations.183
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4.2 PRC1 complex

Polycomb group repressive complex (PRC) 1 represses transcription by inducing H2A-K119
monoubiquitylation. PRC1 complex is formed by members of the CBXs, PCGFs, PHCs and
RING E3 ligases. Bmil is a member of the PCGF proteins and plays a key role in the

PRC1 complex by regulating H2A ubiquitination and mediating protein-protein interactions.
In addition, Bmil interacts with RING E3 ligases of the PRC1 complex to monoubiquitinate
histone H2A at lysine 119 (present in silenced regions).184 Interestingly, fetal Bmiz~~
thymic lobes produced smaller grafts than control thymic lobes when implanted under the
kidney capsule.185

Cbx4 is another member of the PRC1 complex that harbors both Polycomb and non-
Polycomb SUMO E3 ligase activities (which are necessary for the control differentiation
programs).193 As mentioned above, Cbx4 is able to interact with p63 and its ablation
generated smaller thymi, which was attributed to reduced proliferation and delayed
maturation of embryonic TEC.102

4.3 PRC2 complex

PRC2 establishes H3K27me3 by the activity of methyltransferases EZH1 and EZH2. The
core components of PRC2 are EZH1/ EZH2, EED, SUZ12, And RbAp26 or RbAp48.
Individual ablation of these components causes embryonic lethalityl86, highlighting their
essential role in life. PRC2 is recruited to CpG-rich DNA elements to maintain gene
silencing.187

Insight into the importance of PRC2 in the thymus came from experiments uncovering the
role the transcription factor Tbx1 in the thymus.188 Ectopic expression of Thx1 blocked
thymus organogenesis.188 Mechanistically, Tbx1 overexpression resulted in upregulation of
PRC2 dependent genes.188 These data associated the thymus defects with impaired activity
of PRC2.188.189 |n 3 subsequent study, an EED cKO mouse was generated to elucidate

the role of PRC2 in the thymus. EED recognizes the H3K27me3 epigenetic mark inducing
allosteric activation of the methyltransferase EZH2, thus propagating a repressive chromatin
configuration.1®0 Foxn1-cre-mediated EED ablation caused a reduction in H3K27me3 in
TEC, and a reduction in thymus size in four-week-old mice.189 Similar observations were
made using B5t-cre-mediated EED ablation.191 Notably, thymus cellularity, TEC numbers,
and mTEC frequency were lower in EED ablated neonatal mice.189.191 TEC proliferation,
survival, and differentiation were also altered.189191 [mportantly, transcriptomic analyses
showed that Foxnl and its gene targets were downregulated in the EED ablated embryos,
suggesting that PRC2 mediated repression of negative regulators of Foxn1.189 Interestingly,
EED ablation activated transcriptional programs not associated with TEC development
such as neural and mesenchymal differentiation.189 In concordance with this, it has been
described that loss of H3K27me3 provokes aberrant accumulation of CBP/p300-mediated
H3K27 acetylation.190 Extensive characterization of thymocyte education by £ed/~ TEC
with showed a reduced TCR diversity and increased generation of Treg with higher
suppressive capacity.191
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5. CONLUSIONS

Perhaps half of all known transcription factors are expressed in any cell type.192 Of

these, a core set is expressed in a relatively cell-type specific manner, and important

for cell identity.193 Thus, many transcriptional regulators remain to be identified that

are important for development and maintenance of the thymus, and the different types

of TEC within it. Application of high-throughput single-cell technologies to dissociated
thymus preparations have boosted our knowledge of TEC subsets. However, there is the
possibility that such isolation methods may miss some TEC populations!®4. Thus, spatial
transcriptomics methods may allow us to identify new TEC subsets.195196 Additional work
is needed to identify relevant transcriptional controllers and understand the mechanisms

by which they act. Deciphering the cellular and molecular basis of TEC development and
maintenance is essential for understanding how TEC perturbations result in autoimmunity or
immunodeficiency, and for devising TEC-based therapies.
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Figure 1.
Schematic representation of the Aire protein and its functions. (A) Model of domains

identified in human Aire. Known dominant-negative mutations are also indicated. (B) The
diagram lists posttranslational modifiers of Aire, Aire interacting proteins, and molecular
processes leading to Aire-mediated tissue-restricted antigen expression in mTECH.
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Table 1.

Transcriptional and epigenetic regulators associated with thymic development and maintenance.

Factor M ouse model Phenotype
Aire Constitutive loss-of-function Aire deficiency provoked multiorgan autoimmunity.3°
mutation
Affd Constitutive KO Ablation of Aff4 induced a nude-like phenotype.
Embryos exhibited thymic hyplopasia became that was more severe when one Foxn1 allele was
defective.1%”
Eed Cre-Foxn1 Eedfl Deficiency of Eed resulted in thymic atrophy decrementing TCR diversity.!8%191
Cre-@5t Eed/f!
Eyal Constitutive KO Eyal deficiency compromised the formation of thymus and parathyroid structures.5455
Gata3 Constitutive KO Ablation of Gata3 impeded developmental progression of the thymus/parathyroid primordia.>7-58
HDACs Cre-Foxnl HDAC3/ Deficiency of HDAC3 in thymus inhibited mTEC development and TRA expression, and lead to
autoimmunity. 183
Hoxa3 Constitutive KO Ablation of Hoxa3 altered the formation of the thymus, thyroid and parathyroid organs. Hoxa3
deficiency reduced Pax1 and Pax9 expression levels.5253
Fezf2 Constitutive KO and Cre-Foxnl | Fezf2 regulates Aire-independent TRA expression. Knocking out Fezf2 caused autoimmunity in
Fezf2fi- several peripheral tissues. 3!
Foxnl Nude mice Deficiency of Foxn1 disrupted thymic development and hair growth. Foxnl was also required
for postnatal TEC maintenance.39-41
Foxal/2 Cre-Foxnl Foxalf/fl Foxa2fl/fl Ablation of both Foxal and Foxa2 reduced thymi size, and increased the ratio of
mTEC:cTEC.178
Meisl CreERT2-K14 Meis1f/fl Meis1 ablation in adult mice leaded to loss of thymus size. T cell development was also
compromised.173
Myc Cre-Foxn1 Mycf/fl and Cre- Myc deficiency reduced the proliferation of TEC but the differentiation to mTEC was unaltered.
Foxnl MycTg Ectopic Myc expression increased TEC proliferation and thymus size.166:167
NF-kB Constitutive KO of Tnfrsflla, Inhibition of NF-kB signaling resulted in thymic medullary atrophy, leading to
Traf6, Cd40, or Relb. autoimmunity.3.73.75,81,198,199
Constitutive expression of
mutated Nik (G855R)
p53 Cre-Foxn1 p53fifl Ablation of p53 inhibited mTEC differentiation, thymocyte maturation and compromised
peripheral tolerance in 6-7 month old mice.*60
p63 Constitutive KO Deficiency in p63 resulted in thymic hyploplasia during embryonic development.®%92
Pou2f3 Constitutive KO Pou2f3 deficiency resulted in loss of thymic tuft cells.3>33
RBPJ Cre-Foxn1 Rbpjffl, CreER- Deficiency of either Notchl or RBPJ inhibited the establishment of mTEC progenitor cells
Foxa2 Notchfl Cre-Foxn1 during fetal development, and reduced the mTEC compartment postnatally.179.180
RosaN%-I¢, RBPJ /Ml Cre-
Foxn1; Rosa "™A; Teto"-RBPJ-
HA
Six1 Constitutive KO Six17"~ embryos failed to generate the thymus/parathyroid common primordia. Foxn1l
expression was reduced in the common primordia in Six1 ™~ embryos.5
Tbx1 Cre-Foxnl R26-iThx Ectopic expression of Thx1 reduced proliferation and blocked differentiation of TEC progenitors
at embryonic stage. Overexpression of Thx1 inhibited Foxn1 expression but induced targets
genes of the Polycomb Repressive Complex (PRC) 2.188.189
Pax1 Constitutive KO Pax1 ablation produced a hypoplastic thymus with deficient thymocyte development.49.200
Pax9 Constitutive KO Organs derived from the third pharyngeal pouch, including the thymus, were compromised.5°
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