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ABSTRACT

The immune system has evolved to defend against pathogens while maintaining tolerance
to self. Yet immune cells are not tailored to recognize specific pathogens. Instead, they
possess a broad and continuous spectrum of antigen reactivity. This raises a fundamental
question: how does the immune system achieve effective pathogen recognition while avoiding
self-reactivity, and what molecular mechanisms tune this balance?

In medullary thymic epithelial cells (mTECs), we demonstrate that the diversity of
self-antigens presented to developing thymocytes shapes the self-reactivity of the resulting T
cell repertoire. We identify the Vitamin D receptor (VDR) as a key regulator of this process,
acting to modulate the amplitude of NF-xB signaling and, in turn, the heterogeneity of tissue-
specific antigen expression programs that underlie central tolerance. Mechanistically, VDR
restricts access to higher-affinity NF-xB binding sites, thereby promoting transcriptional
diversity. Loss of VDR disrupts this balance and compromises immunological self-tolerance.

Finally, we propose a transcriptional relay between NF-xB and AP-1 that establishes
tissue-specific gene expression. We propose a model in which NF-xB activity—particularly
RELA—primes the chromatin landscape, enabling subsequent redistribution of AP-1 bind-
ing. At composite NF-xB:AP-1 sites, RELA guides AP-1 to specific genomic loci, after which
AP-1 potentially replaces RELA and recruits additional transcriptional machinery to drive
tissue-specific gene expression. Consistent with this model, deletion of RELA or the m6A
reader YTHDF2—an mRNA decay factor that limits expression of the AP-1 component
FOS—impairs AP-1 redistribution and leads to autoimmunity.

Together, these studies reveal how dynamic regulation of transcription factor activity
governs both the breadth and variability of gene expression within individual cells, estab-

lishing principles that extend across immune tolerance, development, and disease.
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CHAPTER 1:
INTRODUCTION

A central question in immunology concerns how the immune system achieves protection
against a vast array of pathogens while maintaining tolerance to self. Unlike engineered
systems designed to recognize predefined targets, T cells are generated with a broad and
continuous spectrum of antigen reactivity. This fundamental property raises a key challenge.
The immune system must be tuned so that responsiveness is sufficient to mount effective
defenses against infection, yet constrained enough to avoid damaging self.

The establishment of self-tolerance is generally thought to occur during T cell de-
velopment in the thymus, where thymocytes are selected based on their interactions with
self-antigens. This process is mediated in part by medullary thymic epithelial cells (mTECs),
which express a diverse repertoire of tissue-specific genes (TSGs) and present a representa-
tion of peripheral self within a single microenvironment. Through this mechanism, strongly
self-reactive T cells are eliminated or diverted, ensuring that the emerging T cell pool is
broadly functional yet self-tolerant.

However, self-antigen presentation in mTECs is not uniform. Individual mTECs
express only a fraction of the total TSG repertoire, giving rise to substantial heterogeneity
in antigen presentation across the population.!™ This raises a fundamental question: how
does a distributed and variable system of self-antigen expression reliably shape a continuous
spectrum of T cell reactivity?

Emerging evidence suggests that this heterogeneity is not simply stochastic, but in-
stead reflects tightly regulated and dynamic control of gene expression*, which is driven by
transcription factors. Yet, how the activity of these factors is quantitatively tuned to control
not only the presence but also the diversity and variability of gene expression across cells
remains poorly understood. More broadly, the mechanisms by which transcription factor

dynamics are translated into heterogeneous yet functionally coherent patterns of self-antigen



expression remain to be defined.

In this work, we investigate how transcription factor activity is regulated to shape
the breadth and heterogeneity of tissue-specific gene expression in mTECs. We identify
the Vitamin D receptor as a key modulator of nuclear factor kappa B (NF-xB) signaling
amplitude, controlling access to regulatory elements and promoting transcriptional diversity.
In addition, we uncover a transcriptional relay between NF-xB and AP-1 that links chromatin
priming to gene activation, providing a mechanistic framework for how dynamic transcription
factor interactions establish tissue-specific expression programs. Together, these findings
define how quantitative control of transcription factor activity governs antigen diversity in

the thymus and, in turn, the calibration of T cell self-reactivity.

1.1 Central T Cell Tolerance and the Role of the Thymus
1.1.1 Discovery of immune tolerance

The modern understanding of how the immune system distinguishes self from non-self while
retaining the capacity to respond to pathogens emerged gradually from a series of foun-
dational observations in transplantation biology. Early studies demonstrated that foreign
tissues could survive in immunoincompetent hosts but were rejected in immunocompetent
ones, establishing that immune recognition is both specific and actively regulated.® These
findings suggested that the immune system is capable of discriminating between self and
foreign, but did not yet explain how this distinction is established.

A major advance came with the work of R. D. Owen, who described naturally occur-
ring chimerism in fraternal cattle twins.® He observed that twin animals shared circulating
red blood cells derived from each other, and that these foreign cells persisted throughout
life without being rejected. This provided the first evidence that the immune system could
tolerate genetically distinct cells if exposure occurred during development, suggesting that
the definition of “self” is not fixed but acquired.

Building on this observation, Peter Medawar and colleagues demonstrated experimen-



tally that immune tolerance could be induced.” By introducing donor-derived cells into fetal
or neonatal mice, they showed that these animals would later accept tissue grafts from the
same donor while rejecting grafts from unrelated individuals. These experiments established
several key principles: tolerance is acquired rather than hardwired, it is highly dependent on
developmental timing, and it is antigen-specific. Medawar’s work provided the first direct
evidence that the immune system is educated during development, laying the foundation for
the concept of central tolerance.

Theoretical insight into the underlying mechanism came from Frank Macfarlane Bur-
net, who proposed the clonal selection theory. Burnet suggested that each lymphocyte
expresses a unique antigen receptor and that self-reactive clones are eliminated during devel-
opment—a process termed clonal deletion.® This framework provided a mechanistic expla-
nation for Medawar’s findings, linking developmental exposure to antigen with the removal
of autoreactive cells from the repertoire.

Together, these studies transformed the concept of immune tolerance from a descrip-
tive phenomenon into a developmental and mechanistic process, establishing the foundation

for our current understanding of how self-tolerance is generated and maintained.

1.1.2 The role of T cells in immunity

To understand why immune tolerance is essential, it is first necessary to consider the basic
organization of the immune system. T cells play a central role in coordinating adaptive
immune responses. Early detection of infection is mediated by innate immune cells, including
macrophages and dendritic cells, which continuously survey tissues and barrier sites. These
cells can engulf pathogens, process them into antigenic peptides, and present these peptides
on major histocompatibility complex (MHC) molecules for recognition by T cells.”?

Among antigen-presenting cells, dendritic cells play a particularly critical role in ini-
tiating and amplifying immune responses. After capturing antigens in peripheral tissues,

dendritic cells migrate to lymph nodes along chemokine gradients, where they present pro-



cessed antigens to T cells. This interaction serves as a key checkpoint in determining whether
an immune response will be activated.

T cells are broadly divided into CD4™ helper T cells and CD8* cytotoxic T cells, each
with distinct effector functions. When a TCR recognizes its cognate antigen with sufficient
affinity, the T cell becomes activated, leading to clonal expansion and differentiation into
specialized subsets. CD4*1 T cells orchestrate immune responses by supporting other immune
cell types, while CD8" T cells directly eliminate infected or aberrant cells.!%!!

This system depends on an extraordinary degree of molecular specificity: each T cell
expresses a unique TCR generated by somatic recombination, enabling recognition of specific
peptide-MHC complexes? ! It is this specificity that enables precise and effective immune

responses. However, it also raises a fundamental problem—how does the immune system

ensure that T cells respond to foreign pathogens while avoiding recognition of self?

1.1.8 How T cell acquire the ability to react to antigens

Understanding how T cells distinguish between self and non-self requires examining their
development. Hematopoietic stem cells reside in the bone marrow, where they give rise to
common lymphoid progenitors that enter the circulation and seed the thymus. Thymic entry
is guided by chemokine cues, particularly the CCL25-CCRY9 axis'®, which directs progenitor
homing to the thymic epithelium. Within the thymus, additional chemokine signals such as
CCL19 and CCL21 help organize thymocyte migration and positioning as cells initiate the
T cell developmental program.*®

T cell development begins in the thymus with CD4~ CD8  double-negative (DN) pro-
genitors that progress through DN1-DN4 stages. DNI1 cells retain multipotent potential,
while DN2 cells commit to the T cell lineage under sustained Notch signaling, which sup-
presses alternative fates and activates the T cell gene program. As cells transition from
DN2 to DN3, they initiate V(D)J recombination at the TCR loci, generating the diversity

required for antigen recognition.!”



V(D)J recombination is the central mechanism that generates TCR diversity.
Through the activity of the RAG1/2 recombinase complex, variable (V), diversity (D), and
joining (J) gene segments are somatically rearranged at the TCR ( locus, along with the
addition and deletion of nucleotides at junctions.'® This process produces an enormous reper-
toire of unique TCR sequences, enabling the immune system to recognize a vast array of
potential antigens. V(D)J recombination can theoretically generate 10'-10* distinct TCR
sequences.

At the DN3 stage, thymocytes undergo (-selection, a critical checkpoint that tests
the success of TCR (-chain recombination. Cells that produce a functional TCR/S chain
assemble the pre-TCR complex (TCR/S paired with pre-T«), which delivers survival and
proliferative signals and enforces allelic exclusion to ensure expression of a single 3-chain.!”
Cells that fail to generate a productive rearrangement are eliminated.

Cells that pass (-selection progress through DN4, proliferate, and subsequently re-
arrange the TCR « locus, further expanding receptor diversity.!” Together, these staged

recombination events generate a highly diverse TCR repertoire, forming the molecular basis

for antigen specificity in the adaptive immune system.

1.1.4 How T cells distinguish between self and non-self

Because rearrangement of TCRs is a stochastic mechanism generating enormous diversity
of TCR clones, inevitably some will have reactivity towards self. the immune system has
evolved to address this issue through selection processes.

Thymic selection is classically divided into two main stages. During positive selection,
double-positive (CD4TCD8™) thymocytes are tested for their ability to recognize self-MHC
molecules, ensuring that surviving T cells are functionally competent. Thymocytes that
fail to bind self-MHC with sufficient affinity do not receive survival signals and undergo
apoptosis, a process often referred to as “death by neglect.”?°

As a result, the vast majority of developing thymocytes—over 90-95%—are elimi-



nated at this stage.?! This selection step is critical because T cells recognize antigens only
when they are presented on MHC molecules; without this capability, they would be unable
to participate in adaptive immune responses.

In negative selection, thymocytes with strong reactivity toward self-antigens are ac-
tively counterselected, providing a critical safeguard against autoimmunity.??Unlike in the
periphery, where strong TCR signaling typically reflects productive immune recognition, in
the thymus high-affinity interactions with self peptide-MHC complexes trigger apoptosis.
This process eliminates potentially autoreactive T cells before they can enter the circulation.

However, negative selection is not exclusively eliminative. A subset of self-reactive
CD4*" thymocytes receiving strong but context-dependent signals is instead diverted into
the regulatory T cell (Treg) lineage. These cells upregulate FOXP3 and differentiate into
a suppressive population that exits the thymus to enforce peripheral tolerance and restrain
immune activation.?

Together with positive selection—which ensures thymocytes are MHC-restricted and
functionally competent—these processes shape the developing repertoire into a population
that can recognize antigen in the context of self-MHC while remaining tolerant to self-
antigens. In combination, they establish a T cell repertoire that is both self-restricted and

self-tolerant.

1.1.5 Importance of a probabilitistic filtration process

No single receptor-ligand interaction can perfectly encode the distinction between “self”
and “non-self”; instead, thymocytes sample a continuum of affinities for self peptide-MHC
complexes. As a result, negative selection operates as an inherently probabilistic filtration
process that allows the immune system to balance two competing requirements: broad anti-
gen recognition and stringent self-tolerance. Rather than enforcing binary outcomes, thymic
selection is governed by graded signaling thresholds, where the strength, duration, and con-

text of TCR engagement collectively influence cell fate in a probabilistic manner.2* In this



framework, selection functions as a statistical filter, enriching for T cells with intermediate
affinity that are capable of recognizing self-MHC while excluding cells at the extremes of

either non-recognition or excessive self-reactivity.

T cell

H T cell receptor

Pathogen

Figure 1.1.1 | Overlap in self and pathogenic reactivity in individual T cell receptor

An important and often underappreciated function of T cells is their role in cancer
surveillance.?> Cytotoxic T cells are capable of recognizing and eliminating malignant cells,
yet this raises a conceptual paradox: if T cells are selected for self-tolerance, how can they
also respond to tumors derived from self tissue? To resolve this, it is important to consider
the nature of antigenicity in cancer. Tumor cells frequently generate mutated proteins and
neo-antigens that are not present during thymic selection, allowing them to be perceived as
foreign and thereby eliciting immune responses that lead to their elimination.?® However,
tumor recognition is not limited to neo-antigens. In some cases, cancer cells are targeted
through elevated presentation or release of otherwise self-derived antigens. T cells with even
modest affinity for these antigens can achieve effective activation through increased antigen
density and avidity effects, where cumulative weak interactions across many TCR-pMHC
engagements produce strong overall signaling.?”

Thus, thymic selection must not only enforce self-tolerance but also preserve a reper-

toire capable of responding to pathogens, altered self, and aberrant antigen presentation. By



operating as a probabilistic rather than binary checkpoint, it functions as a multi-objective
filtering system that balances self-tolerance, immune responsiveness, and tumor surveillance
within a single framework. This threshold-based, graded selection process maximizes cov-
erage of potential foreign antigens while minimizing the risk of autoimmunity, while also
enabling additional tuning through regulatory T cell differentiation. In this way, immune
tolerance emerges not from fixed rules, but from distributed probabilistic constraints acting

across a large and diverse population of developing T cells.

1.2 Thymic Epithelial Cells as a Source of Self-Antigen Diversity

A key conceptual point is that thymic selection must test T cells for MHC competence and
self-tolerance in a context that is physically segregated from peripheral tissues and pathogen-
derived antigens. Developing thymocytes are largely confined to the thymus, an environment
composed predominantly of hematopoietic and stromal cells rather than peripheral tissue
types. As a result, effective selection requires a specialized system for representing self
within the thymic microenvironment. This is achieved through the evolution of thymic
antigen-presenting networks that ectopically express and display a broad array of self-derived
peptides.

As thymocytes progress from the DN stages into the CD4tCD8*' double-positive
(DP) stage, they enter the cortex and encounter cortical thymic epithelial cells (¢TECs),
which are the primary mediators of positive selection. At this stage, DP thymocytes are
tested for their ability to recognize self-MHC molecules using their newly generated af
TCR. ¢TECs present self peptide-MHC complexes that thymocytes scan through transient
TCR interactions, and the outcome is determined by the strength and duration of signaling.

This same signaling event drives both survival and lineage commitment from the DP
state to a single-positive (SP) fate. Thymocytes that recognize MHC class I preferentially
downregulate CD4 and commit to the CD8% cytotoxic lineage, while those that recognize

MHC class II downregulate CDS8 and adopt a CD4™ helper fate.?® This process is orchestrated



by ¢TECs, which provide the essential self-peptide-MHC landscape required for both MHC
restriction and early lineage specification.

Medullary thymic epithelial cells serve as a critical source of self-antigens for negative
selection by functionally mirroring the peripheral tissues that developing T cells cannot
directly access. Although thymocytes are confined to the thymus, mTECs overcome this
limitation through the ectopic expression of a remarkably broad array of tissue-specific genes,
encompassing a substantial fraction of the protein-coding genome.?’

This promiscuous gene expression enables mTECs to present peptides derived from
proteins that are otherwise restricted to diverse peripheral organs, effectively creating a
molecular representation of “self” within the thymic medulla. As a result, developing thy-
mocytes can be screened against antigens from across the body, allowing for the deletion of
T cells with high affinity for self-antigens during negative selection. In this way, mTECs act

as a surrogate for peripheral tissues, ensuring that central tolerance is established against a

wide and physiologically relevant repertoire of self-antigens before T cells enter circulation.

T cell

mTEC Apoptosis
TSGs _— >
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Figure 1.2.1 | mTEC-mediated negative selection of autorreactive T cells




1.3 Molecular Control of TSG Expression: Beyond AIRE
1.8.1 The role of Aire in ectopic expression

Regulation of TSG expression in mTECs has remained a central and unresolved ques-
tion in immunology. A major breakthrough came with the discovery that Autoimmune
Polyendocrinopathy-Candidiasis-Ectodermal Dystrophy (APECED; APS-1) is caused by
mutations in the human gene AIRE.3%3! Subsequent work in mice established that Aire
is a key regulator of TSG expression, as loss of Aire results in reduced thymic expression
of peripheral antigens and the development of multi-organ autoimmunity.3? These findings
positioned Aire as a central mediator of self-antigen presentation and sparked extensive
investigation into its molecular mechanism of action.

Structurally, AIRE contains a Caspase Activation and Recruitment Domain
(CARD/HSR), a SAND domain, and two Plant Homeodomain (PHD) fingers.>> The CARD
domain mediates homomultimerization, which is required for Aire’s functional activity.3*
The SAND domain contributes to DNA and protein interactions, while the PHD fingers act
as epigenetic readers. Notably, PHD1 preferentially binds unmethylated histone H3 lysine 4
(H3K4me0)%, a mark associated with transcriptionally inactive chromatin, and both PHD
domains are important for stable chromatin association. These observations led to a model
in which AIRE targets epigenetically silent loci and facilitates their transcriptional activa-
tion. Importantly, AIRE lacks strong sequence-specific DNA binding, suggesting that its
genomic targeting is dictated primarily by chromatin state rather than DNA sequence.

This chromatin-centric model raised the possibility that AIRE might function as a
pioneer factor to open inaccessible chromatin. However, chromatin accessibility profiling
demonstrated that Aire-deficient mTECs largely retain accessible chromatin landscapes,
arguing against a primary role in chromatin opening.®® Instead, AIRE appears to act on
pre-accessible regulatory regions. Consistent with this, AIRE-bound regions are enriched for

transcription factor motifs, suggesting that AIRE cooperates with other transcription factors
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to localize to specific genomic loci. Thus, AIRE function is likely constrained not only by
chromatin context but also by the availability of collaborating transcription factors.

Mechanistically, accumulating evidence indicates that Aire operates at a late stage
of the transcription cycle, particularly at the level of transcriptional elongation. AIRE
preferentially associates with genes that are already occupied by RNA polymerase 11, and
has been shown to promote the release of paused polymerase into productive elongation.?” A
key component of this process is AIRE’s interaction with the positive transcription elongation
factor b (P-TEFD) through its C-terminal domain. P-TEFb phosphorylates RNA polymerase
IT and negative elongation factors, thereby enabling transcriptional elongation, as well as
coordinating downstream processes such as chromatin modification and RNA processing.
The functional importance of this interaction is underscored by APS-1-associated mutations
that truncate the C-terminus of AIRE, disrupting P-TEFb binding and resulting in severe
autoimmunity.®®

In addition to P-TEFb, Aire engages a broader network of transcriptional regula-
tors. AIRE can recruit bromodomain-containing proteins such as BRD4, which further
enhances P-TEFD activity®®, and interacts with topoisomerases to alleviate torsional stress
during transcription.*® AIRE has also been implicated in modulating higher-order chromatin
features, including binding to super-enhancer-like regions and influencing chromatin archi-
tecture through displacement of factors such as CTCF.4! Together, these findings support a
model in which AIRE functions as a chromatin-associated scaffold that coordinates multiple
components of the transcriptional machinery to enable the expression of otherwise silent

genes.

1.3.2 NF-kB and tissue-specific gene expression

Considering factors beyond AIRE that may regulate TSG expression, binding data indicate
that AIRE preferentially localizes to genomic regions enriched for NF-xB motifs.?® This

observation suggests two important points: first, that NF-xB activity may precede and
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facilitate AIRE recruitment; and second, that NF-xB signaling itself may play a direct role
in regulating TSG expression. Supporting the former, the promoter of Aire contains NF-xB
binding sites, indicating that NF-xB activity may act upstream of Aire expression.

NF-kB represents a well-characterized family of transcription factors central to im-
mune signaling and cellular responses to inflammatory stimuli. NF-xB signaling is broadly
divided into two pathways that converge on distinct transcription factor subunits. The
canonical pathway, typically associated with acute inflammatory responses, primarily acti-
vates RELA, which commonly heterodimerizes with NF-xB1. In contrast, the non-canonical
pathway converges on RELB, which often forms dimers with NF-xB2.42:43

Within mTECs, NF-xB signaling has been most extensively studied in the context of
cellular development. RELB is essential for the formation of the thymic medulla, and its loss

45 and the development

results in impaired mTEC maturation**, reduced Aire expression
of autoimmunity.*® Similarly, disruption of key components of the non-canonical NF-xB
pathway—including Lymphotoxin Beta Receptor(LTSR), TNF Receptor-Associated Factor
6 (TRAF6), Receptor Activator of Nuclear Factor kB (RANK), and CD40*" 5% leads to
a marked loss of mature mTECs and a substantial reduction in the size of the mTEC
compartment. Together, these findings establish the non-canonical NF-xB pathway as a
critical regulator of mMTEC development.

Activation of NF-kB signaling in mTECs is thought to be driven largely by inter-
actions with developing thymocytes. In particular, RANK ligand (RANKL) expressed by
thymocytes engages RANK on immature mTECs, triggering non-canonical NF-xB signaling
and promoting their differentiation into mature mTECs.?® Consistent with this model, loss
of RELB results in a near-complete absence of the mature mTEC compartment. In con-
trast, loss of the canonical subunit RELA does not ablate mTECs, although it does reduce
their abundance. Notably, RELA deficiency has been associated with decreased expression

51

of tissue-specific genes®', suggesting that while the non-canonical pathway is indispensable

for mTEC development, the canonical pathway may play a more direct role in regulating
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TSG expression.

Together, these observations support a model in which distinct NF-xB pathways
contribute differentially to mTEC biology, with non-canonical signaling governing cellular
development and canonical signaling contributing to the regulation of TSG expression, po-

tentially in coordination with Aire.

1.4 Cellular and Transcriptional Heterogeneity in mTECs

To date, much of our understanding of mTEC heterogeneity has been framed in terms of
discrete developmental states rather than transcriptional diversity per se. In this view, het-
erogeneity is largely interpreted as arising from progression along developmental trajectories
that define the composition of the mTEC compartment.

However, this perspective largely overlooks how transcriptional heterogeneity itself is
generated and regulated. While mTECs are known to traverse well-defined developmental
stages, comparatively little attention has been given to the extent to which individual cells
within a given state vary in their tissue-specific gene expression programs.

We therefore distinguish here between cellular heterogeneity, referring to variation in
developmental or phenotypic state across the mTEC population, and transcriptional hetero-
geneity, referring to variability in gene expression output among cells that may otherwise
occupy similar states. This distinction provides a useful framework for considering how
regulatory mechanisms might act at multiple levels to shape mTEC function.

In the following sections, we review current models of mTEC developmental hetero-
geneity and then consider how these frameworks may be extended to account for transcrip-

tional variability within the system.

1.4.1 Development heterogeneity in mTEC's

mTECs arise from bipotent thymic epithelial progenitors capable of giving rise to both corti-

cal and medullary lineages®?, with lineage commitment toward the medullary fate driven by

13



signals such as RANK, CD40, and lymphotoxin receptor engagement. Within the medullary
lineage, early immature mTEClo cells represent a functionally distinct population charac-
terized by relatively low expression of MHC class II and costimulatory molecules, alongside
high expression of chemokines such as Ccl21a.>® These cells play a critical organizational role
in the thymic microenvironment by establishing chemokine gradients that recruit CCR7"
positively selected thymocytes from the cortex into the medulla. This thymocyte—epithelial
crosstalk is not merely positional but instructive: engagement of RANK on mTEClo cells
by RANKL-expressing thymocytes promotes their differentiation and expansion, initiating
the transition toward a mature phenotype.

As mTECs progress to the mTEChi stage, they undergo a major amplification event
which facilicates their drastic phenotypic changes. This transit-amplification is characterized
by marked expression of Top2a and other cell-cycle indictors like Mki67.* As they progress
further, they upregulate MHC class II, CD80,% and other antigen presentation machinery,
reflecting their increasing specialization in mediating central tolerance. Within this com-
partment, a key subset is defined by expression of the transcriptional regulator Aire. AIRE™
mTECs are the principal drivers of promiscuous gene expression, enabling the ectopic tran-
scription of a broad array of tissue-specific antigens.?? This state is transient, however, and
lineage tracing studies have demonstrated that AIRE™ cells give rise to a series of post-Aire
populations.®®

Post-Aire mTECs exhibit downregulation of Aire alongside the acquisition of distinct
transcriptional and phenotypic features, including expression of markers associated with
terminal differentiation. These cells can further diversify into specialized subsets, such as
keratinocyte-like and tuft-like mTECs, which display gene expression programs reminiscent
of peripheral epithelial lineages. These "mimetic” cell states are driven by increased activity
of lineage defining transcription factors for skin, lung, liver, and intestinal cells like, GRHL,

FOXA, FOXJ1, HNF4, SOXS8, and SPIB.?¢ The emergence of these terminally differentiated

populations suggests that mTEC development is not a linear endpoint but a branching
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process that generates additional cellular diversity within the medulla.

Importantly, genetic perturbations can reshape this developmental landscape. Loss
of Aire, for example, not only impairs tissue-specific antigen expression but also alters the
composition and progression of mTEC states, leading to reduced cellular and transcriptional
heterogeneity.?” Together, these studies establish a well-defined developmental framework for
mTEC differentiation, yet they do not fully explain how extensive diversity in tissue-specific

gene expression is generated within and across these states.

1.4.2  Transcriptional heterogeneity in mTECs

The regulatory logic underlying TSG expression has been the subject of considerable de-
bate. Early models proposed that TSG expression in mTECs is largely stochastic, arising
from random activation events across the genome.! However, the reproducible frequency
with which individual TSGs are expressed argues against a purely random process. Instead,
accumulating evidence suggests the presence of structured regulation, including the organi-
zation of TSGs into co-expression modules.®* Surprisingly, analyses of regulatory elements
have shown that cells expressing a given TSG do not exhibit strong differences in chromatin
accessibility within defined ”peaks” compared to non-expressing cells.”® Rather than being
driven by chromatin accessiblity alone, TSG activation appears to be influenced by more nu-
anced local chromatin features, with increased accessibility or instability in the surrounding

chromatin correlating with a higher likelihood of gene expression.

1.4.3 Modes of requlation of transcriptional heterogeneity in other cellular contexts

Regulation of gene expression is a layered process involving signaling pathways that converge

t%° and combinatorial interactions

on transcription factors®, endogenous chromatin contex
of various transcription factors in networks®!, each providing an opportunity for encoding of
regulatory information.

Gene transcription is regulated by transcription factors that bind specific DNA se-
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quences and either recruit or interact with the transcriptional machinery to initiate gene
expression.%?These factors act at regulatory elements such as enhancers, which can increase
the probability of transcription by engaging in long-range chromatin interactions that bring
distal regulatory regions into proximity with target gene promoters.®*%* Differential enhancer
usage contributes to both the frequency and magnitude of gene expression, highlighting the
importance of regulatory architecture in shaping transcriptional output. Consistent with
this, a large fraction of disease-associated variants map to enhancer regions, underscoring
their functional relevance.%® Importantly, enhancer-mediated regulation is not solely deter-
mined by the presence or absence of enhancer—promoter contact; rather, the strength and
frequency of these interactions provide an additional layer of control over gene expression.%
Differential usage of enhancers is a key determinant of gene expression. Perturbations such
as deletion, mutation, or rearrangement of specific enhancers can have profound effects on
transcriptional output.®” Moreover, individual genes are often regulated by multiple en-

68,69

hancers®®®”, introducing an additional combinatorial layer of control over gene expression.

Enhancer availability is dependent on chromatin accessibility, as regulatory elements
must reside within open chromatin to permit transcription factor binding and activation.”™
Consistent with this, enhancers comprise a substantial fraction of accessible chromatin re-
gions™, indicating that accessibility landscapes reflect the underlying regulatory potential
of the genome. Importantly, chromatin accessibility is itself dynamically regulated through
mechanisms such as nucleosome positioning™, histone modifications™, and the activity of
ATP-dependent chromatin remodeling complexes™, which together modulate the exposure
of regulatory DNA to transcription factors. These processes can vary across cells and de-
velopmental states, leading to heterogeneity in the accessibility of enhancer elements. As
a result, even in the presence of the same genomic repertoire of enhancers, differences in
chromatin accessibility can constrain which regulatory elements are available for activation,

thereby influencing both the likelihood and magnitude of gene expression.”® In this way,

chromatin context acts as a critical determinant of transcriptional heterogeneity by shaping
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the set of accessible enhancers that can participate in gene regulation within individual cells.

Another source of transcriptional heterogeneity arises from differences in transcrip-
tion factor activity across cells. This is not independent of the role of chromatin accessibility
and enhancers in gene regulation, as transcription factors both bind to enhancers and ac-
tively shape the chromatin landscape by displacing nucleosomes to maintain accessibility at
regulatory regions.”” In this way, transcription factors can reinforce or stabilize accessible
chromatin states, linking TF activity directly to enhancer availability.

Transcription factors also operate within interconnected regulatory networks, where
factors can act cooperatively to promote gene expression or antagonistically to repress al-
ternative transcriptional programs.”™ #°Consequently, variation in the presence, activity, and
stoichiometry of transcription factors across cells can lead to differences in which genes are
expressed and at what levels. This provides an additional layer of regulatory control that
contributes to transcriptional heterogeneity.

A clear example of this is observed in mouse embryonic stem cells, where the tran-
scription factors Klf4 and Zfp281 exert opposing effects on both transcriptional output and
chromatin state, driving distinct regulatory programs.®! Such antagonistic interactions high-
light how shifts in transcription factor balance can reconfigure gene regulatory networks and
contribute to cell-to-cell variability in gene expression.

Various signaling inputs can converge on a core program that fans into multiple po-
tential outcomes.?? This 'bow-tie’ architecture is a common source of transcriptional hetereo-
geneity and subsequent functional heterogeneity within and between cell populations. A well
studied model of this phenomenon is the NF-xB pathway. NF-xB is relevant in various cellu-
lar and disease contexts including inflammation, immune responses, development and cancer,
yet the gene expression outcomes under variable conditions within and between each process
and disease can differ significantly. In unstimulated cells, NF-xB is stuck in the cytosol
in an inactive state due to its association with inhibitors of NF-kB (IxBs). After stimula-

tion, phosphorylation-induced degradation of the IxBs by IKKf releases NF-xB for nuclear
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translocation, where it regulates transcription of target genes. NF-xB activity is further
regulated by nuclear phosphorylation and multiple feedback loops in the network, resulting

8384 in primary macrophages, NF-xB dynamics are

in complex dynamical activity profiles.
shown to be ligand- and dose-specific where different immune stimulatory ligands yield dif-
ferent signaling patterns and differential gene expression.®® In Multiple myeloma, sustained
NF-xB activation upregulates proliferative genes, such as IL6 and cyclin D1 (CCND1).8¢
This principle of dynamic, context-dependent signaling extends beyond NF-xB to
other transcriptional regulators, including MSN287, CRZ1%, NFAT®, P53% | all of which

exhibit stimulus-specific or frequency-encoded transcriptional responses that shape down-

stream gene expression programs.

1.5 Expanding on signal-dependent transcription factors
1.5.1 Nuclear Receptors and integration of external signals

Considering transcription factors that directly integrate external signals into gene regu-
latory programs, Nuclear Receptors (NRs) provide a particularly instructive model. This
unique class of ligand-activated transcription factors responds to small, membrane-permeable
molecules such as steroid hormones, retinoids, and lipid-derived metabolites, allowing cells
to couple environmental or systemic cues to transcriptional outputs.®!

NRs are grouped together based on a conserved modular structure. Most family
members share a central DNA-binding domain (DBD) composed of two zinc finger motifs
that confer sequence-specific DNA recognition, a flexible hinge region, and a C-terminal
ligand-binding domain (LBD) that mediates ligand-dependent conformational changes.??%
The LBD also serves as a platform for co-regulator recruitment, enabling dynamic switching
between transcriptional activation and repression depending on ligand availability.”* This
modular architecture underlies a common mechanistic logic: ligand binding induces struc-

tural rearrangements that alter DNA binding stability and cofactor interactions, thereby

modulating transcriptional activity.
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A direct consequence of this shared structure is the recognition of highly related DNA
motifs. Nuclear receptors typically bind to hormone response elements (HREs) composed of
direct repeats of a hexameric consensus sequence (often AGGTCA). Specificity among recep-
tors is achieved in part through variation in the spacing between these repeats—commonly
referred to as DR (direct repeat) elements, where the number denotes the number of nu-
cleotides separating the repeats (e.g., DR1, DR4).% This seemingly simple variation provides
a combinatorial mechanism for differential genomic targeting, even among receptors with
highly similar DNA-binding domains.

Despite these structural and mechanistic similarities, NRs span a remarkably broad
functional landscape. They regulate diverse biological processes including metabolism,
immune function, and development, reflecting both their ligand diversity and context-
dependent cofactor interactions.”® For example, the glucocorticoid receptor (GR) modu-
lates inflammatory gene expression in response to cortisol, playing a central role in im-
mune suppression®”, while peroxisome proliferator-activated receptors (PPARs) regulate lipid
metabolism and energy homeostasis in response to fatty acid derivatives.?®Similarly, retinoic
acid receptors (RARs) guide developmental gene expression programs by responding to vi-
tamin A metabolites.”

This combination of conserved structural features, shared DNA-binding logic, and
divergent functional outputs makes nuclear receptors a compelling system for understanding
how transcription factors can maintain mechanistic consistency while achieving context-

specific regulatory effects.

1.5.2  Vitamin D Receptor in metabolism and immunity

One of the most well-characterized members of the nuclear receptor family is the Vitamin
D Receptor (VDR), which exemplifies how environmental inputs can be translated into
transcriptional responses. VDR is primarily activated by calcitriol (1,25-dihydroxyvitamin

D), the biologically active form of vitamin D, and regulates gene programs involved in calcium
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9 immune function'!, and epithelial biology.!??

homeostasis?

The production of calcitriol is a multi-step process that integrates environmental
exposure with systemic metabolism. It begins in the skin, where 7-dehydrocholesterol un-
dergoes a non-enzymatic photochemical conversion to vitamin D (cholecalciferol) upon ex-
posure to ultraviolet B (UVB) radiation. This initial step directly links sunlight exposure
to downstream transcriptional regulation. Vitamin D then enters circulation and is trans-
ported to the liver, where it is hydroxylated by 25-hydroxylase (primarily CYP2R1) to
form 25-hydroxyvitamin D (calcidiol), the major circulating form. Subsequently, calcidiol
is delivered to the kidneys, where it undergoes a second hydroxylation by la-hydroxylase
(CYP27B1) to generate calcitriol, the high-affinity ligand for VDR.103

Upon ligand binding, VDR undergoes conformational changes that promote het-
erodimerization with the retinoid X receptor (RXR) and binding to vitamin D response
elements (VDRESs), typically arranged as direct repeat motifs separated by three nucleotides
(DR3 elements). This interaction facilitates the recruitment of coactivators or corepres-
sors, enabling precise regulation of target gene expression in a tissue- and context-dependent
manner. %4

Much of VDR’s function is executed through its role as a ligand-activated transcrip-
tion factor, enabling coordinated regulation of gene expression programs that maintain cal-
cium homeostasis. This function is essential, as tightly controlled calcium levels are required
for a wide range of physiological processes, including neuromuscular signaling, blood clotting,
and intracellular signaling dynamics.

A major site of VDR-mediated regulation is the skeleton, which serves as the body’s
primary reservoir of calcium. Within bone, VDR activity in osteoblasts promotes the ex-
pression of receptor activator of NF-xB ligand (RANKL), a key cytokine that drives the
differentiation and activation of osteoclasts. Osteoclasts, in turn, resorb bone matrix, re-

leasing stored calcium into the bloodstream.!®Through this mechanism, VDR indirectly

facilitates the mobilization of calcium from bone to maintain systemic calcium levels, par-
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ticularly under conditions of deficiency.

However, the role of VDR in calcium regulation extends well beyond bone resorption.
In the intestine, VDR plays a central role in promoting dietary calcium absorption. Upon
activation by calcitriol, VDR induces the expression of calcium transport proteins such as
TRPV6 (an apical calcium channel), calbindin-D9k (an intracellular calcium-binding pro-
tein), and PMCA1b (a basolateral calcium ATPase).!% Together, these factors enable effi-
cient transcellular transport of calcium from the intestinal lumen into circulation, represent-
ing one of the most important mechanisms for maintaining calcium balance under normal
physiological conditions.

In the kidney, VDR contributes to calcium conservation by regulating reabsorption
pathways in the distal nephron. VDR activation promotes expression of proteins such as
TRPV5 and calbindin-D28k, which facilitate calcium reuptake from the filtrate back into
the bloodstream, reducing urinary calcium loss.'®” This renal function complements intestinal
absorption and bone remodeling to fine-tune circulating calcium levels. Importantly, VDR
operates within a broader endocrine network that includes parathyroid hormone (PTH).
When blood calcium levels drop, PTH secretion increases, stimulating renal production of
calcitriol. Elevated calcitriol then activates VDR in target tissues to enhance intestinal
absorption, promote bone resorption (via RANKL), and increase renal reabsorption. In
turn, VDR signaling can suppress PTH gene expression in the parathyroid gland, forming a
negative feedback loop that prevents excessive calcium mobilization.!%®

Beyond its classical role in calcium homeostasis, the Vitamin D Receptor (VDR) has
emerged as an important regulator of immune function, acting at the interface of environ-
mental sensing and immune homeostasis. Notably, VDR is expressed across a broad range
of immune cell types, including dendritic cells, macrophages, B cells, and T cells, positioning
it to directly influence both innate and adaptive immune responses.!®

In innate immune cells such as dendritic cells and macrophages, VDR activation pro-

motes a more tolerogenic and less inflammatory phenotype. Calcitriol signaling inhibits the
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maturation of dendritic cells, reducing their expression of MHC class II and co-stimulatory
molecules (e.g., CD80 and CD86), which are required for robust T cell activation.!® Con-
currently, VDR signaling in macrophages can enhance antimicrobial responses—such as in-
duction of antimicrobial peptides like cathelicidin—while limiting excessive inflammatory
cytokine production.'! This dual role reflects a broader theme in vitamin D biology: en-
hancing host defense while constraining immunopathology.

In the adaptive immune system, VDR exerts profound effects on T cell function. Both
vitamin D and its active metabolite, 1,25(OH)D, suppress T cell proliferation and inhibit
the production of pro-inflammatory cytokines such as IFN-y and IL-2, which are typically
associated with Th1 responses. At the same time, VDR signaling promotes the development
and function of regulatory T cells (Tregs), in part by enhancing expression of 11-10, a key
anti-inflammatory cytokine. VDR activation can also skew T helper cell differentiation away
from Th1 and Th17 phenotypes toward more regulatory or Th2-like states, thereby reshaping
the overall immune response toward tolerance rather than inflammation.!!?

B cells are similarly influenced by VDR activity. Vitamin D signaling has been shown
to inhibit B cell proliferation, plasma cell differentiation, and immunoglobulin production,
suggesting that VDR contributes to limiting excessive humoral responses and maintaining
immune balance.!'3

These cellular effects translate into important physiological and pathological conse-
quences. The immunoregulatory functions of vitamin D are increasingly recognized in the
context of immune-mediated diseases. VDR signaling has been associated with suppression
or modulation of conditions such as inflammatory bowel disease, type 1 diabetes, and multi-
ple sclerosis, where dysregulated immune activation drives tissue damage. In these settings,

vitamin D appears to function as a modulatory signal that dampens pathogenic immune

responses while preserving essential host defense mechanisms.
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1.5.3 VDR and Autoimmunity

The immunoregulatory functions of the Vitamin D Receptor (VDR) are particularly relevant
in the context of autoimmune disease, where breakdowns in immune tolerance lead to tissue-
specific pathology. Among these, type 1 diabetes (T1D) and multiple sclerosis (MS) represent
two well-studied examples in which VDR signaling has been implicated in modulating disease
risk and progression.

In T1D, autoimmune destruction of pancreatic S-cells is driven largely by autoreactive
T cells with a strong Thl and cytotoxic phenotype. VDR activation counteracts several of
the key processes underlying this pathology. By suppressing T cell proliferation and reducing
production of pro-inflammatory cytokines such as IFN-y and IL-2, VDR signaling dampens
the effector functions that mediate 3-cell killing.!'* At the same time, VDR promotes the
differentiation and stability of regulatory T cells (Tregs), which are essential for maintain-
ing peripheral tolerance to self-antigens, including those expressed in pancreatic islets. In
antigen-presenting cells, such as dendritic cells, VDR signaling reduces co-stimulatory ca-
pacity and favors a tolerogenic phenotype, further limiting the activation of autoreactive
T cells.''® Collectively, these effects suggest that adequate vitamin D signaling may help
restrain the initiation and amplification of autoimmune responses targeting S-cells.

In MS, a similar immunological framework applies, though the target tissue is the
central nervous system. Disease progression is driven by autoreactive T cells—particularly
Thl and Th17 subsets—that infiltrate the CNS and mediate demyelination.!'® VDR sig-
naling has been shown to suppress both Thl and Thl17 differentiation while promoting
Treg responses, thereby shifting the balance away from inflammatory and toward regulatory
immunity. Additionally, VDR activity in innate immune cells, including microglia and infil-
trating macrophages, can reduce the production of inflammatory mediators that contribute
to neuronal damage, ™irarchimicroglia2023chi
Epidemiological observations further support a role for vitamin D signaling in these

diseases. Both T1D and MS show geographic and seasonal patterns consistent with variation
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in sunlight exposure, suggesting that reduced vitamin D synthesis may increase disease sus-
ceptibility. Moreover, genetic variation in components of the vitamin D pathway, including
polymorphisms in the VDR gene, has been associated with altered risk for both conditions,

although these associations are complex and context-dependent.'!”

1.5.4 Relationship between VDR and NF-kB

Another well-characterized mechanism of VDR-mediated immune regulation is its ability to
antagonize NF-xB signaling pathway activity, a central driver of inflammatory gene expres-
sion. NF-kB activity is tightly controlled at multiple levels, with one of the key regulatory
steps being the cytoplasmic sequestration of NF-xB dimers (most commonly p65/p50) by
inhibitor of kB (IxBa). In resting cells, this interaction prevents NF-xB from translocating
to the nucleus and activating pro-inflammatory target genes.!®

Activation of NF-kB requires phosphorylation of IkBa by the IkB kinase (IKK)
complex—particularly the catalytic subunit IKKS—which targets IkBa for ubiquitination
and proteasomal degradation. This degradation releases NF-xB dimers, allowing their nu-
clear translocation and subsequent transcriptional activation of genes encoding cytokines,
chemokines, and other mediators of inflammation.**’

VDR interferes with this pathway at a critical upstream step. Upon activation by
calcitriol, VDR can directly interact with IKKJ{, inhibiting its kinase activity.!?® This pre-
vents phosphorylation of IkBa, thereby stabilizing the inhibitor and maintaining NF-xB
dimers in the cytoplasm. As a result, nuclear translocation of NF-xB is reduced, leading
to diminished transcription of pro-inflammatory genes. This mechanism provides a rapid,
non-genomic means by which VDR can suppress inflammatory signaling independently of
direct DNA binding.

In addition to this cytoplasmic effect, VDR can also modulate NF-xB activity at the

transcriptional level. VDR has been reported to interfere with NF-xB-driven gene expression

through competition for shared coactivators or through direct interaction with NF-xB sub-
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units in the nucleus, further dampening transcriptional output. Moreover, VDR target genes
can include inhibitors of inflammatory signaling, reinforcing this suppressive effect through
secondary transcriptional programs.'?!

Functionally, this inhibition of NF-xB signaling contributes to the broader anti-
inflammatory and tolerogenic effects of vitamin D. Given that aberrant NF-xB activation
is a hallmark of many inflammatory and autoimmune diseases, VDR-mediated suppression
of this pathway represents a key molecular link between vitamin D signaling and immune

homeostasis.

1.6 Significance of transcriptional heterogeneity in mTECs

Building on these principles of signal-dependent transcriptional regulation, this work seeks
to understand how transcription factors shape heterogeneity in self-antigen presentation. In
particular, it focuses on how regulatory mechanisms control the diversity, frequency, and

magnitude of TSG expression in mTECs.

1.6.1 Importance of self-antigen diversity in negative selection

To understand how autoreactive T cells are eliminated from the repertoire, it is important
to consider several fundamental features of this process. First, T cell receptors (TCRs) are
not pre-configured to recognize pathogens, but are instead generated through random gene
rearrangement. As a result, TCR specificities are not binary but exist along a spectrum
of affinities for a wide range of antigens. This means that multiple T cells can recognize
the same antigen, while individual T cells may exhibit cross-reactivity to multiple distinct
antigens.

This inherent variability presents a significant challenge for thymic selection. T cells
with high affinity for self-antigens must be eliminated to prevent autoimmunity, whereas
those with lower affinity must be preserved to maintain a functional immune repertoire.

These selection outcomes depend critically on the extent to which developing T cells en-
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counter self-antigens during their maturation.

Within the thymic medulla, developing T cells migrate and interact with antigen-
presenting cells, sampling the available pool of self-antigens. Thus, the probability of a given
TCR engaging its cognate antigen is directly influenced by the amplitude and frequency of
antigen presentation. Effective tolerance therefore requires a balance: sufficient presentation
of self-antigens to eliminate highly self-reactive T cells, but not so extensive as to deplete
the repertoire of potentially useful, low-affinity clones.

This “Goldilocks” requirement implies that antigen presentation must be finely tuned.
In this context, mTECs must exhibit substantial transcriptional heterogeneity, enabling
the distributed expression of self-antigens necessary to achieve an optimal balance between

tolerance and immune competence.

1.6.2  Venturing into the unknowns of mTEC transcriptional heterogeneity

The breadth of TSG expression is a key determinant of how effectively central tolerance
is established. In principle, the quality of self-antigen presentation by mTECs could be
achieved through several distinct strategies. One possibility is that individual mTECs express
a broad range of TSGs at relatively low levels (high frequency, low amplitude), thereby
increasing the likelihood that diverse autoreactive T cells encounter their cognate antigens.
Alternatively, TSG expression could be more restricted (low frequency) but occur at higher
levels (high amplitude), prioritizing the elimination of strongly autoreactive clones against
a subset of high-risk self-antigens. A third possibility is a finely tuned system in which both
the frequency and expression level of each TSG are precisely regulated across the mTEC
population.

Each of these strategies presents distinct advantages and trade-offs. A high-frequency,
low-amplitude model would promote broad antigen coverage with relatively uniform expres-
sion across cells, reducing the need for tight regulatory control. However, this approach may

be insufficient for eliminating all autoreactive clones, as some T cells may require higher

26



levels of antigen presentation to trigger deletion.

In contrast, a low-frequency, high-amplitude model could enable more efficient dele-
tion of T cells reactive to particularly critical self-antigens. For example, increased represen-
tation of genes such as Ins2 could enhance protection against diseases like Type 1 Diabetes,
which have significant physiological consequences. However, this biased strategy may come
at the cost of reduced coverage of other self-antigens, potentially leaving gaps in tolerance

and increasing susceptibility to other autoimmune conditions.

1.6.3 Regulation of expression frequency and amplitude

The most effective system is therefore likely to involve a balance between these extremes,
in which both the frequency and magnitude of TSG expression are tuned across the mTEC
population. Such a strategy would allow sufficient presentation of diverse self-antigens while
ensuring that particularly sensitive or high-risk targets are expressed at levels adequate to
drive robust negative selection.

A model in which both the frequency and amplitude of TSG expression are inde-
pendently and tightly regulated represents the most mechanistically sophisticated frame-
work—and is strongly supported by existing data. Early bulk RNA-seq studies revealed mo-
saic TSG expression across mature mTECs, implying heterogeneity in either the probability
of expression, the level of expression, or both.? Subsequent single-cell analyses refined this
view, demonstrating that individual TSGs are expressed at reproducible but gene-specific

frequencies across cells!??

, while also exhibiting substantial variability in transcript abun-
dance within expressing cells.* Together, these findings argue that mTECs do not simply
toggle TSGs on or off, but instead operate within a coordinated regulatory regime that
modulates both how often genes are expressed and how strongly they are transcribed.

It remains unclear how the amplitude of TSG expression is regulated. As described

above, AIRE has been characterized as a central driver of TSG expression, in part by pro-

moting the release of poised, paused RNA polymerases at TSG loci. While this mechanism
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explains how transcription is initiated, it may also influence transcriptional output. One
possibility is that local AIRE abundance or activity modulates transcriptional amplitude,
such that variation in AIRE dosage contributes directly to differences in expression levels
across cells. Notably,”, implying that its function depends on recruitment to chromatin
through interactions with other transcription factors or cofactors. This raises the possibility
that transcription factor networks, rather than Aire alone, play a key role in tuning the
amplitude of TSG expression.

In contrast, the regulation of TSG expression frequency across the mTEC population
remains even less well defined. Drawing on Waddington’s epigenetic landscape!'??, one can
conceptualize gene expression as constrained by chromatin-defined “barriers” that canal-
ize cell states. In this framework, chromatin accessibility and transcription factor activity
could restrict the repertoire of genes available for expression within individual cells, thereby
shaping the frequency with which specific TSGs are expressed across the population. Such

1247126 where chromatin state biases

constraints have been observed in other cellular systems
gene expression programs, but this principle has not been fully explored in the context of
controlled population heterogeneity in mTECs.

An additional open question is whether the frequency and amplitude of TSG ex-
pression are governed by shared regulatory mechanisms or are independently controlled at

distinct molecular levels. Here, we investigate these possibilities, aiming to disentangle the

regulatory architecture underlying TSG expression heterogeneity.

1.6.4 Assessing transcriptional heterogeneity

The most fundamental metric for assessing transcriptional heterogeneity within a cell pop-

ulation is variance.'?” Variance is mathematically defined as

1
2 _ =2
s—n_lg(az:z )7,

=1

where s? is the sample variance, n is the total number of observations, x; is the value
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of the i*" observation, and 7 is the sample mean. Variance quantifies the average squared
deviation of observations from their mean and therefore provides a measure of dispersion
within a dataset.

In sequencing-based gene expression data, however, variance is strongly dependent
on mean expression level, with highly expressed genes generally exhibiting greater variance
than lowly expressed genes.!'?® As a result, direct comparisons of variance across genes can
be misleading, as highly expressed genes may appear more heterogeneous simply due to their
abundance rather than true biological variability.

To account for this mean—variance relationship, single-cell analysis frameworks com-
monly employ standardized measures of variance. In the original Seurat'?® highly variable
gene (HVG) workflow (FindVariableFeatures, vst method), the mean expression and vari-
ance of each gene are first calculated across all cells. Seurat then fits a mean—variance trend
to estimate the expected variance associated with a given level of expression. The observed
variance of each gene is subsequently compared with this expectation, generating a standard-
ized variance metric that quantifies the extent to which a gene exhibits greater variability
than predicted based on its average expression level.

Conceptually, standardized variance can be represented as

Observed Variance
Standardized Variance = v

Expected Variance at the Same Mean Expression’

Genes with standardized variance values greater than 1 exhibit more variability than
expected and are therefore prioritized as highly variable genes, whereas genes with values
near 1 display variability consistent with the expected mean—variance relationship.

1.7 Aims & Significance

This work seeks to uncover molecular mechanisms of tissue-specific gene regulation for

immune tolerance.
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Aim 1: Determine how the diversity of self-antigen expression in mTECs is controlled

The establishment of central tolerance depends on the presentation of a diverse repertoire
of self-antigens by mTECs. Here, we investigate how the Vitamin D receptor (VDR)
regulates this process by modulating the amplitude of NF-xB signaling. We quantify how
VDR shapes the diversity of antigen expression programs and assess the consequences for

thymocyte selection and T cell self-reactivity.

Aim 2: Develop a model of the NF-k B-AP-1 transcriptional relay that establishes

tissue-specific gene expression in mTECS.

Tissue-specific gene expression in mTECs requires coordinated activity of multiple transcrip-
tion factors, yet the mechanisms underlying this coordination remain unclear. We propose a
model in which NF-kB, specifically RELA, primes the chromatin landscape and directs the
redistribution of AP-1 to tissue-specific loci via composite NF-xkB:AP-1 binding sites. Fur-
thermore, we assess how perturbations of this relay—through deletion of RELA or the m6A
reader YTHDF2, which regulates expression of the AP-1 component Fos—disrupt tissue-

specific antigen expression and impair immune tolerance.

Together, these aims will define how dynamic regulation of transcription factor activity con-

trols the diversity and heterogeneity of self-antigen expression in mTECs, providing mecha-

nistic insight into the establishment of central tolerance and the prevention of autoimmunity
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2.1 Abstract

T cell repertoire selection in the thymus directly shapes the immune system’s capacity
to mount a response against pathogens while maintaining tolerance to healthy tissues .23
Medullary thymic epithelial cells (mTECs) play a central role in this process by presenting
a broad array of self-antigens, yet the mechanisms that generate and regulate this diversity
remain incompletely understood.?>3? Here, we identify the Vitamin D receptor (VDR) as a
key regulator of mTEC transcriptional heterogeneity and self-antigen diversity. Conditional
deletion of Vdr in mTECs reduces single-cell transcriptional heterogeneity, leading to the loss
of expression of nearly one thousand tissue-specific genes and overrepresentation of a distinct
subset of others. This imbalance in ectopic expression disrupts central tolerance, causing
the escape of autoreactive T cells and multi-organ autoimmunity. Single-cell transcriptomic
and chromatin accessibility analyses reveal that VDR constrains the variance and amplitude
of NF-kB signaling by restricting access to chromatin regions enriched for NF-xB motifs.
Through this mechanism, VDR limits excessive activation of select tissue-specific genes and

promotes balanced, heterogeneous self-antigen expression in mature mTECs. Together, these

findings define VDR as a critical determinant of mTEC heterogeneity and thymic tolerance.
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2.2 Introduction

The diversity of T cell receptors (TCRs) generated in the thymus underlies the adaptive
immune system’s ability to recognize a vast array of pathogens.'®!3% However, this same
process inevitably generates TCRs with the capacity to recognize self-antigens, creating an
inherent risk of autoimmunity.'31132 As a result, the immune system must balance the need
for broad antigen recognition with the requirement to eliminate or control self-reactive clones.

Central tolerance mechanisms, particularly negative selection in the thymic medulla,
are critical for maintaining this balance.?> During this process, developing thymocytes are
exposed to self-antigens and those bearing high-affinity receptors for self are deleted or di-
verted into regulatory lineages. Importantly, this selection occurs against a backdrop of
graded TCR affinities rather than binary recognition, suggesting that the strength and di-
versity of self-antigen presentation play a key role in shaping the resulting T cell repertoire.
Thus, the quality and structure of antigen presentation in the thymus are central determi-
nants of immune tolerance.

mTECs play a central role in this process by ectopically expressing thousands of T'SGs
that are otherwise restricted to peripheral tissues.?? Through this promiscuous gene expres-
sion program, mTECs provide a molecular representation of self within a single anatomical
site. Notably, this expression is not uniform across cells. Instead, individual mTECs express
only a subset of the total TSG repertoire, resulting in a highly heterogeneous but population-
level comprehensive display of self-antigens. This organization suggests that antigen presen-
tation is distributed across the mTEC population rather than consolidated within individual
cells.

Despite this heterogeneity, TSG expression follows reproducible patterns at the popu-
lation level, with individual genes expressed at characteristic frequencies across cells.’® This
implies that transcriptional diversity in mTECs is not purely stochastic, but instead reflects
regulated processes that control which genes are expressed, and in how many cells. Such

regulation is likely to be critical for ensuring that the collective output of the mTEC pop-
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ulation provides sufficient coverage of self-antigens to enforce tolerance, while maintaining
the variability needed to sample a broad antigenic space.

However, how mTECs achieve this predictable yet heterogeneous gene expression pro-
gram remains poorly understood. In particular, the mechanisms that control the distribution
of gene expression across cells, and how these mechanisms interface with signaling pathways
and chromatin dynamics during mTEC differentiation, are not well defined. More broadly,
how transcriptional regulatory networks are tuned to generate diversity at the single-cell
level while maintaining robustness at the population level remains an open question.

Here, we sought to investigate the mechanisms controlling transcriptional diversity in
mTECs and how this diversity contributes to self-antigen representation and the establish-

ment of central immune tolerance.

2.3 Results

2.3.1 TSGs strongly contribute to high transcriptional variance exhibited by Mature
mTECs

To profile transcriptional heterogeneity in subpopulations of mTECs, we used the 10X Ge-
nomics Chromium Gene Expression platform in mTECs of a four-week-old C57BL/6 mouse
that were sorted by fluorescence-activated cell sorting (FACS) (Supp Fig 1a), then identi-
fied distinct clusters based on stage-specific marker genes (Figure 2.5.1a and Supplemental
Figure 1b-f). Within each group, we calculated the variance in gene expression for all genes
captured in the assay as a measure of transcriptional heterogeneity in the populations (Sup-
plemental Figure 1h). In comparing the top quartiles of gene expression variance between
mature mTECs and immature mTECs, we found that transcriptional variance for all genes
dramatically increases upon maturation (Figure 2.5.1b and Supplemental Figure 1i). Ma-
ture mTECs have been reported to express TSGs at low, predicable frequencies.!3133:134

This suggests ordered, heterogenous expression of TSGs at the mature mTEC stage. This

increase in variance coincides with high levels TSG expression (Supplemental Figure 1g).
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Thus, we asked whether TSG expression accounts for much of the variance observed in ma-
ture mTECs. Separately considering TSG expression variance and variance of other genes
revealed that TSGs significantly contributes to the overall high variance observed in ma-
ture mTECs. Without TSGs, mature mTEC expression variance is similar to the variance
exhibited in immature mTECs (Figure 2.5.1c). To reinforce that TSG expression is highly
variable, we took the difference in gene expression variance for all genes between mature and
immature mTECs find that almost 7000 genes increases in variance across the developmental
transition and approximatley 60 percent of these genes are TSGs (Figure 2.5.1e). Interest-
ingly, genes related to the epithelial program like those encoding for NF-xB subunits and
master regulator FOXN1'® do not exbihit changes in expression variance (Figure 2.5.1e).
To determine whether the high variance observed among TSGs reflects transcriptional
sparsity rather than uniformly low expression, we first examined how many mature mTECs
are required to capture the full repertoire of expressed TSGs. Compared to other genes,
TSGs required more cells—approximately 450—to reach saturation, indicating that their
expression is distributed across distinct subsets of mature mTECs (Figure 2.5.1d). We then
calculated the mean expression level of each TSG across all mature mTECs in which it was
detected and normalized these values to the housekeeping gene Hprt. This analysis revealed
that, when expressed, TSGs are transcribed at levels comparable to Hprt, but are detected
in far fewer cells, reflecting the sparse and heterogeneous nature of TSG expression across

the mTEC population (Figure 2.5.1f).

2.3.2  Vitamin D Receptor emerges as a regulator of mTEC transcriptional heterogeneity

Transcriptional heterogeneity within cells is often governed by complex networks of tran-
scription factors (TFs).81136 In our analyses, we observed broad shifts in TF activity during
mTEC maturation (Supplementary Fig. 2b)3—a developmental stage characterized by a
marked increase in transcriptional heterogeneity. We hypothesized that TFs whose activ-

ity increases during this transition drive the diversification of gene expression programs in
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mature mTECs.

To identify candidate regulators, we analyzed mTEC Multiome data, using marker
gene expression to define clusters (Fig. 2.5.2a; Supplementary Figs. 1b—f and 2a). We
then quantified TF activity changes from mTEClo to mTEChi using chromVAR deviation
scores and assessed changes in deviation score variability (Supplementary Fig. 2d). Notably,
members of the NF-xB and nuclear receptor (NR) families exhibited some of the largest
increases in both activity and variability across maturation (Fig. 2.5.2b; Supplementary
Fig. 2c). These findings were corroborated by transcription factor footprinting of bulk
inTAC-seq data!®”, which revealed enhanced motif accessibility and inferred binding at NR
sites in mature mTECs (Fig. 2.5.2¢).

NRs are a well-characterized family of ligand-activated transcription factors with es-
tablished roles in cell differentiation, metabolism, and immune regulation.®*13%139 Given
these functions, NRs represent compelling candidates for modulating transcriptional vari-
ability in mTECs. Because many nuclear receptors act as ligand-sensitive transcriptional
switches, their activity can introduce context-dependent variation in gene expression pro-

grams'49.

Such tunable transcriptional control could underlie the increased heterogeneity
observed during mTEC maturation. However, the high degree of sequence homology among
NR family members often makes it difficult to pinpoint which specific receptors are tran-
scriptionally active in a given context.'*!

To determine which nuclear receptor might be active during mTEC maturation, we
examined the expression of all known NRs in mature mTECs, focusing on those with both
high motif accessibility and appreciable transcript abundance. Among these, the Vitamin
D Receptor (Vdr) emerged as the most highly expressed NR in mature mTECs in both our
bulk RNA-seq dataset and the ImmGen database*? (Figure 2.5.2d; Supplementary Figure
3a), consistent with functional activation at this stage. Notably, Vdr expression in mature

mTECs exceeded that of all 82 other cell types profiled by ImmGen (Supplementary Figure

3b). Furthermore, VDR deviation scores were highest among cells in the top quartile of TSG
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expression within Aire™ mature mTECs (Figure 2.5.2e). Conversely, cells with high VDR
deviation scores displayed elevated cumulative TSG expression relative to those with low
VDR activity (Supplementary Figures 3d,e). Collectively, these findings support a model in

which VDR contributes to the regulation of TSG expression variance in mature mTECs.

2.3.8 VDR loss limits range and amplitude of tissue-specific gene expression

To determine whether VDR regulates transcriptional heterogeneity, we performed scRNA-
seq on Vdr WT and cKO mTECs using Vdr /%; Fozn1©-/- and Vdr /% Foxni1©e-/* mice.
Default clustering of WT and KO cells showed mTECs at various developmental stages based
on marker gene expression (Figure 3a and Supplemental Figure 4b-d). Interestingly, when
split by condition, we find a cluster of cells almost entirely specific to the Vdr KO sample
(Figure 2.5.2b and Supplemental Figure 4a). Surprisingly, this cluster of cells accounted
for 50% of Vdr KO mTECs (Figure 2.5.3c). Given this convergence on a gene expression
profile in VDR-deficient mTECs, we investigated whether tissue-specific gene expression was
affected. The fact that the majority (80%) of cells in the Vdr KO specific cluster express
Aire, suggests that these cells are able to reach the point of tissue-specific gene expression
in development (Supplemental Figure 2d). In comparing TSG expression scores across all
population clusters in the dataset, we found that the Vdr KO -specific cluster exhibited the
highest scores (Figure 2.5.3d).

To define how VDR influences tissue-specific gene expression, we compared transcrip-
tional profiles between Vdr KO and WT AIRET mTECs. Many genes were expressed at
higher frequencies in VDR-deficient cells, a substantial fraction of which were TSGs (Figure
2.5.3e). Focusing on TSGs that exhibited an increase in expression frequency of at least
5% in KO cells, we identified 195 genes, including Ins2 and Gal, that met this criterion
(Figure 2.5.3¢). To determine the cellular source of these changes, we examined the distribu-
tion of up-regulated genes across transcriptional clusters and found that their expression was

concentrated primarily within the Vdr KO-specific cluster (Supplementary Figures 4e—g,j-1).
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One possible explanation for the increased frequency of TSG expression was expansion
of the AIRET mTEC compartment. However, flow cytometric analysis revealed no difference
in the frequency of AIRET mTECs between Vdr WT and KO mice (Supplementary Figures
4h i), indicating that the observed transcriptional changes are unlikely to result from altered
population composition and instead reflect cell-intrinsic molecular differences.

Consistent with this interpretation, quantitative comparisons of KO and WT cells
showed that TSGs exhibited larger increases in both expression frequency and expression
variance than non-TSGs (Figures 2.5.3f,g). These findings suggest that loss of VDR pro-
motes the emergence of a distinct transcriptional state characterized by altered patterns of
promiscuous gene expression. Despite the increased frequency of expression of individual
TSGs across the population, fewer distinct TSGs were detected within individual KO cells.
Consequently, the ratio of total TSG transcript abundance to the number of expressed TSGs
was increased in KO cells (Figures 2.5.3h,i), indicating that a smaller set of TSGs accounted
for a greater fraction of total TSG expression. Together, these results suggest that loss of
VDR shifts mTECs toward more concentrated expression of specific TSG programs at the
expense of overall TSG diversity.

Analysis of expression magnitude revealed reduced expression of over one thousand
TSGs in the Vdr KO, indicating widespread loss of self-antigen transcription. This reduction
was not limited to lowly expressed genes, but affected a broad portion of the TSG repertoire,
suggesting a substantial contraction in the diversity of self-antigens available for presenta-
tion. Alongside this loss, several hundred TSGs exhibited increased expression magnitude
(Figure 3j). Notably, many genes overrepresented in the KO overlapped with the VDR-
repressed gene set (Figure 3k). The magnitude of repression among down-regulated genes
exceeded the induction observed for up-regulated genes in both datasets (Supplementary
Figures 5b—e). Consistent with this imbalance, the VDR-repressed subset displayed stronger
—log p values, indicating that Vdr loss disproportionately destabilizes genes with otherwise

robust expression, a pattern observed in both single-cell and bulk RNA-seq data (Figure
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2.5.3j; Supplementary Figure 5a). Collectively, these data indicate that VDR deficiency
leads primarily to the loss and destabilization of a large fraction of the TSG repertoire, with

more limited compensatory up-regulation of a smaller subset of highly active genes.

2.3.4 VDR increases bandwidth of NF-xB signaling to promote transcriptional

heterogeneity

To identify factors that could activate genes in regions repressed by VDR, we performed
scATAC-seq on Vdr WT and ¢cKO mTECs. Using accessibility at loci of known mTEC
stage markers and known cell type-biased TFs, we annotated clusters (Supplemental Figure
6a-c). UMAP projections split by genotype revealed divergence in transit-amplifying and
mature mTECs, suggesting strong differences in chromatin accessibility and transcription
factor activity between WT and KO cells at these stages (Figure 2.5.4a).

Within this cluster, motif deviation analysis showed that NF-xB motifs had the
strongest increase in accessibility in Vdr KO cells (Figure 2.5.4b), indicating that VDR can
inhibit NF-xB activity. VDR-deficient cells exhibited higher NF-xB activity at the transit-
amplifying | mature Aire+, and late/post Aire stages (Supplemental figure 6g-k). This
is consistent with prior work showing VDR inhibition of NF-xB, particularly the RELA
(p65):p50 dimer.'2%12! Notably, NF-xB deviations were most variable in transit-amplifying
and mature mTECs (Figure 2b), suggesting that variability in their activity could be linked
to transcriptional heterogeneity. Among NF-xB family members, RELA and REL displayed
the highest variability.

Prior studies have shown that subunit RELB is essential for mTEC maturation, as its
loss ablates the mature mTEC compartment, whereas RELA deficiency permits maturation
but reduces TSG expression.”® These findings highlight distinct roles of NF-xB subunits.
Consistent with this, RELA motifs were enriched in regions that gain accessibility during
mTEC maturation and near TSG loci, compared with regions that remain static (Figure

2.5.4¢c). RELA also showed greater accessibility and footprinting depth at TSG-associated
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regions relative to controls (Figure 2.5.4d), supporting its direct action at or near TSG loci.
RELA green CUTandRun'#® in mTECs shows that RELA binding at regions near TSGs, as
well as enhanced binding at regions near Vdr KO overepresented genes (Figure 2.5.4e).

Because VDR loss increases both the frequency of TSG expression and NF-xB activ-
ity, we next tested whether NF-xB activity levels correspond to expression of different TSGs.
Using Multiome data from Aire+ mTECs, we focused on the three NF-xB subunits with
transactivation domains.'** Stratifying Aire+ cells by quartiles of REL, RELA, and RELB
deviation scores, we observed that NF-xB activity levels correlated with distinct patterns of
TSG expression (Figure 2.5.4f).

Given the importance of activity levels for TSG expression, we asked whether NF-xB
activity is constrained in VDR-deficient cells. To do this, we assessed the range of RELA
motif deviation scores in mature mTECs by taking the deviation score for each cell and
normalizing it to the average deviation score for the population. We observed a significant
decrease in deviation score variance Vdr cKO cells (Figure 2.5.4g). Indeed, this suggests that
VDR-deficient cells exhibit a higher, yet more constrained range of RELA activity.To provide
additional support across datasets, we analyzed the most variably expressed NF-xB targets
in WT cells and found that transcriptional variance of these genes was reduced in Vdr cKO
cells, suggesting a narrower dynamic range of NF-xB activity (Figure 2.5.4h). To directly
connect this to TSG expression, we compared NF-xB target expression in cells with high
expression of Vdr KO-overrepresented TSGs versus other TSGs. Strikingly, cells expressing
overrepresented Vdr KO TSGs exhibited uniformly high NF-xB target gene expression, but

within a restricted range (Figure 2.5.4i).

2.3.5 VDR restricts access to chromatin regions with high RELA motif density to regulate

mTEC transcriptional heterogeneity

The range and amplitude of NF-£B activity may be regulated by controlling where RELA can

bind in mTECs, as transcription factor activity in signaling pathways is ultimately decoded
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by chromatin accessibility.'*> We found that VDR regulates accessibility at thousands of
RELA motifs, and these are generally more accessible than regions without motifs, and the
changes in accessibility between WT and KO is greater for peaks containing RELA motifs.
(Figure 2.5.5b, 5¢).

This regulation could occur indirectly through chromatin remodeling or directly
through VDR binding. To distinguish between these possibilities, we performed CUT&RUN
for VDR in mature mTECs. VDR binding was enriched at differentially accessible regions
compared with non-differentially accessible sites, and specifically at repressed peaks con-
taining RELA motifs, relative to other repressed peaks and RELA-associated induced peaks
(Figures 2.5.5d-f). Consistent with prior studies showing that VDR functions as a repressor
in complex with nuclear co-repressor complex (NCOR)!®, these results indicate that VDR
directly engages RELA motif-containing regions to restrict their accessibility.®

We next asked why these particular RELA motif-containing regions must be repressed
to maintain mTEC heterogeneity. One possibility is that such regions represent “high-
affinity” RELA binding sites, such that their accessibility could bias RELA occupancy and
reduce transcriptional diversity. Supporting this idea, VDR-repressed regions with RELA
motifs contained a higher density of motifs compared to VDR-independent RELA regions
(Figure 2.5.5g). Moreover, regions proximal to the 195 TSGs overrepresented in Vdr KO cells
had a higher RELA motif density compared to regions near other TSGs or housekeeping genes
(Figure 2.5.51). Consistently, scATAC fragments near Vdr KO-overrepresented TSGs were
more enriched for RELA motifs than those near all TSGs (Figure 2.5.5h). We hypothesize
that VDR restricts accessibility at RELA motif-dense regions to prevent overrepresentation
of particular TSGs, thereby permitting RELA to distribute across additional genomic targets
with lower motif density.

To test the prediction that RELA motif-dense regions are less accessible in wild-type
cells, we compared transcription factor motif enrichment between longer ATAC fragments
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(150 bp), which arise from nucleosome-dense and therefore less accessible regions'*’, and
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shorter fragments corresponding to more accessible chromatin (Supplemental Figure 7a).
RELA motifs were the most strongly enriched in long fragments relative to short fragments,
with VDR motifs also enriched, consistent with a model in which VDR represses accessibility
at RELA motif-dense regions (Figure 2.5.5j).

We next asked whether this pattern was preferentially associated with genes dysreg-
ulated upon VDR loss. As a control, we examined motif enrichment specifically near TSGs
overrepresented in Vdr KO cells compared to other TSGs. Consistent with our hypothesis,
long fragments near Vdr KO-overrepresented genes were further enriched for both RELA
and VDR motifs, suggesting that these regions are selectively constrained in the presence of
VDR (Figure 2.5.5i). Finally, to determine whether loss of VDR leads to increased RELA
occupancy at these sites, we performed greenCUT&RUN for RELA in wild-type and VDR-
deficient contexts using mVenus-RelA-VDR mice. Consistent with increased accessibility,
RELA binding was elevated at regions proximal to Vdr KO-overrepresented genes (Figure
2.5.5k).

Together, these data support a model in which VDR directly regulates accessibility
at RELA motif-dense regions to balance TSG expression. By restricting RELA from prefer-
entially binding at high-density sites, VDR ensures a broader distribution of NF-xB activity,

thereby maintaining transcriptional heterogeneity in the mTEC population.

2.3.6 VDR loss in mTECs causes multi-organ autoimmunity

We next sought to determine whether the compromised activation of certain TSGs caused by
VDR-deficiency affected T cell repertoire selection in the thymi of Vdr KO mice. To address
this, we assayed for evidence of the escape of self-reactive T cells from central tolerance
induction in the peripheral tissues and secondary lymphoid organs of Vdr-KO mice and N11.5
NOD/ Vdrf/8: Foxn1-Cre*/- mice. The NOD background was chosen due to its heightened
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susceptibility to autoimmunity **and because autoimmune phenotypes are exacerbated in

NOD mice lacking Aire'®. In NOD/Vdrf/f; Foxnl-Cre mice, we observed increases in
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CD44MCD62LY activated T cells and reciprocal decreases in CD44°CD62L" naive T cells in
both CD4" T helper and CD8%cytotoxic compartments compared to WT littermates (Figure
2.5.6a,b). However, these changes were not consistent across replicates (Supplemental Figure
7b,c). Splenic Treg populations were also unaffected by Vdr loss (Supplemental Figure 7a).
We next assessed whether these activated T cells could provoke autoreactive tissue damage.
Substantial lymphocytic infiltration was observed in multiple peripheral organs—including
the salivary gland, lung, kidney, lacrimal gland, pancreas, and liver—in both Vdr KO and
NOD/ Vdr/%; Foxn1-Cre mice, whereas infiltration was absent or less severe in WT mice
(Figure 2.5.6e,f). Interestingly, NOD/ Vdr ¢KO mice exhibited significant lower body weights
compared to WT (Supplemental Figure 7d). Collectively, these results indicate that loss
of VDR activity in mTECs impairs central tolerance induction in the thymus, leading to
systemic hyperactivity of peripheral T cells and autoimmune manifestations across multiple

tissues.

2.4 Discussion

Our study identifies the VDR as a central regulator of transcriptional heterogeneity in
mTECs. Using single-cell transcriptomics, we show that transcriptional variance increases
markedly during mTEC maturation, driven in large part by tissue-specific gene TSG expres-
sion. While TSGs are expressed at levels comparable to housekeeping genes when active,
they appear in only a subset of mature mTECs, highlighting a sparse but robust pattern of
expression. This heterogeneity likely underlies the ability of the thymic medulla to present
a diverse repertoire of self-antigens to developing T cells, a key requirement for central tol-
erance.

Our analyses reveal that among nuclear receptors, VDR stands out as both highly
expressed and functionally active in mature mTECs, with deviation scores correlating with
high TSG expression. Loss of VDR skews the transcriptional landscape—a discrete Vdr KO-

specific mTEC cluster emerges, characterized by altered TSG expression patterns. Notably,
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although fewer distinct TSGs are expressed per cell in the absence of VDR, certain TSGs
are expressed at higher frequency and magnitude, suggesting that VDR functions primarily
as a transcriptional repressor that limits overrepresentation of particular genes. Mechanisti-
cally, VDR constrains chromatin accessibility at RELA motif-dense regions, redistributing
NF-kB activity across the genome and thereby broadening the dynamic range of transcrip-
tional activation. In VDR-deficient mTECs, NF-xB activity is concentrated at a subset of
TSG loci, narrowing the amplitude and range of gene expression and ultimately reducing
transcriptional heterogeneity.

These findings place VDR at the intersection of chromatin regulation and transcrip-
tion factor signaling. By selectively repressing ”high-affinity” RELA motif-containing re-
gions, VDR prevents the monopolization of NF-xB by a limited set of target genes, allowing
the stochastic yet coordinated expression of TSGs necessary for comprehensive self-antigen
presentation. Our CUT&RUN and scATAC-seq data confirm that VDR directly binds and
represses chromatin at these regions, consistent with prior reports of VDR functioning in
complex with nuclear co-repressor complexes!“.

Importantly, the functional consequences of VDR loss extend beyond the thymus.
VDR-deficient mTECs fail to properly regulate TSG expression, leading to impaired central
tolerance and the escape of self-reactive T cells. In both C57BL/6 and NOD backgrounds
VDR deficiency resulted in elevated frequencies of activated CD41 and CD8'T cells and
widespread lymphocytic infiltration in multiple peripheral organs. These results highlight
a critical role for VDR in maintaining immune homeostasis and preventing multi-organ
autoimmunity.

Collectively, our data support a model in which VDR maintains transcriptional het-
erogeneity in mature mTECs by restricting access to high-density NF-xB binding regions,
thereby distributing transcriptional activity more broadly across the genome. This mecha-
nism ensures balanced, diverse TSG expression, which is essential for central tolerance and

immune self-recognition. Beyond mTECs, our findings suggest a general principle whereby
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nuclear receptors can modulate transcriptional heterogeneity by constraining high-affinity
transcription factor binding, providing a tunable layer of regulation for developmental and

immune gene programs.
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2.5 Figures
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Figure 2.5.1 | Tissue-specific genes are robustly expressed by individual cells and con-
tribute to high transcriptional variance in Mature mTECs : (a) Single cell RNA UMAP
of three mTEC subpopulations. (b) CDF of standardized variance of all genes in each population.
(c) CDF of standardized variance in mature mTECs exluding TSGs or with only TSGs compared
to mTEClo. (d) Plot showing percentage of genes captured by number of cells in the mature
mTEC population, using a TSG list and a non-TSG list. (e) Change in variance between mTEChi
and mTEClo by Log2 mean expression of each gene. TSGs and non-TSGs highlighted. (f) Log2
mean expression of TSGs relative to Hprt expression by Log2 number of cells expressing each gene.
TSGs and non-TSGs highlighted. Density of points indicated on the axes.
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Figure 2.5.2 | Nuclear receptor Vitamin D receptor emerges as a potential regulator
of transcriptional heterogeneity: (a) RNA clustered Multiome UMAP with annotated mTEC
clusters. (b) Change in motif deviation score variability by change in motif deviation score. Nuclear
receptor and NF-xB familiies highlighted. (c) Transcription factor footprints of select nuclear
receptors at mTEClo and mTEChi stages. (d) Bulk RNA-seq expression of nuclear receptors in
mature mTECs. Vdr highlighted as the highest expressed nuclear receptor. (e) Change in deviation
score of nuclear receptors in Aire+ cells exhibiting high T'SG expression versus low TSG expression.

0.07|
0.06
0.05
0.04
0.03
0.02

0.04]

0.02

VDR AR
2BAGRTCARAGAGTICAZER SE2RGEACAS
i 0.06 ’ i
"“ 0.05 l
.MLH‘MW HWMW\MAM 004 Y kwwm
0.03 !
0.02
-100 0 100 -100 0 100
Distance from motif center (bp)
HNF4 THRB
FEZ0GTECAAAGTFCA SACASEIZAGCICA

o Wﬂ\h

~

|

0.075

0.050

0.025|

.

Rank-sorted Normalized mTEChi Expression

-100 0 100 -100 0 100
Distance from motif center (bp)
PPARG RXR
,,,,,, SRAGGECAAAGRICA LAGGECAAAGGICA
.06 0.06|
5005 ‘\ | 0.05 ll
o "
é - WW«Y M"'M 0.04 ‘iww
g oo0s 0.03
. g ' '
s 0.02
50 25 0.0 25 50 2 g
Change in Deviation Score 700 0 0 100 0 100
(mTEChi - mTEClo) Distance from motif center (bp)
@Vdr ® Vdr
o 0.1
5 3
(O]
20
s
G 0.0 2PR0000g,
ES)
/ Rxra [a] l_
Esirg,
///}7’% Nr‘nPaparEx Ni3E2 o Esrt 2y
e 88
Est Ao
/ 7 7 /o o v-o ]
5 10 15 20 25 0 10 20 30 40 50

Rank-sorted Difference in Deviation Score

VDR highlighted as the TF with the highest deviation score.

47



05 1.0 155 20 25

TSG Expression Sums/# of TSGs Expressed

UMAPT

8 Transit-ampiitying
2
C

1.00

0.75
5
£ 050
2
€025
0.00
KO Wt 03 02 01 00 01 0 500 1000 1500 2000 2500
E TSG Gene Expression Score #of TSGs Detected
; J
o—Fabpb | Al Gones (1= - Al Genes (n=
s, . e 300 = Vor memessod T50n (=200
o, lghps i BVDR KO Overrepresented Genes (n = 377) ®VDR Induced TSGs (n = 1414)
Ccl§ h VDR KO Overrepresented TS@s (n = 195) o | Fébo VDR KO Overrepresentsd TSGs (n=195)
[ o
£ 02 =
;I § . ./V
9 200 st
= kel
> 2
o o
S 2,
T
3 0.0 <
° 2 !
[ 5 Agsta
s 100
6 O
[a]
-0.2 omis
o] ey y——
-10 -5 0 5| 10 4 0
: Mean Log2 Fold Change
Delta Variance (KO-WT) ARETVEEWT I VDA'RE
F G K

VDR Repressed TSGs
VDR Induced TSGs.
VDR KO Overrepresented TSGs

0.00 0.05 0.10 0.15 0.20 0.25 5 -4 -3 =2 =1 0 -5.0 -25 0.0 25
Delta Expression Frequency Delta Expression Variance Mean Log2 Fold Change
(KO-WT) (Ko-WT)

Figure 2.5.3 | VDR regulates transcriptional heterogeneity of tissue-specific gene ex-
pression: (a) Single-cell RNA UMAP of Vdr WT and KO cells merged. Clusters labeled based on
marker gene expression. (b) RNA UMAP split by genotype. (c) Stacked barplot of fraction of each
population in samples. Samples split by genotype. (d) CDF of TSG expression score calculated
for each identified cluster. (e) Plot of delta expression frequency (KO - WT) and delta expression
variance (KO - WT) of all genes in Aire+ cells. Highlighted are particular subsets of genes. (f)
CDF of positive changes in frequency (KO - WT), split by TSG and non-TSGs. (g) CDF of change
in variance (KO -WT) plotting only losses in variance, split by TSGs and non-TSGs. (h) CDF of
TSG expression sums of each TSG normalized by the number of TSGs expressed in Vdr WT or KO
Aire+ cells. (i) CDF of the number of TSGs detected in Vdr WT or KO Aire+ cells. (j) Volcano
plot of Log2 fold change of gene expression in Vdr KO vs Vdr WT Aire+ cells. (k) Distribution of
mean log2 fold change of VDR-repressed TSGs, VDR-induced TSGs, and Vdr KO overrepresented
genes.
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Figure 2.5.5 | VDR restricts access to chromatin regions with high RELA motif den-
sity: (a) Single cell UMAP of Vdr WT and KO cells split by genotype. (b) Stacked barplot of
differentially accessibility peaks (WT vs KO), separated by peaks containing RELA motifs. (c)
CDF of log2 accessibility of Vdr WT or KO peaks, and those with or without a RELA motif by
genotype. (d) Dyad heat map of mTEChi VDR CUT&RUN at differentially accessible peaks vs
non-differentially accessible peaks. (e) Dyad heat map of mTEChi VDR CUT&RUN at VDR-
repressed peaks and VDR-repressed with a RELA motif. (f) Dyad heat map of mTEChi VDR
CUT&RUN at VDR-repressed with a RELA motif and VDR-induced with a RELA motif. (g)
Density plot of RELA motif density in scATAC fragments mapping to VDR-repressed regions with
a RELA motif versus those unchanged with a RELA motif. (h) Density plot of RELA motif den-
sity in scATAC fragments mapping to Vdr KO overrepresented TSGs or all TSGs or housekeeping
genes. (i) Ranked sorted change in -Log enrichment of motifs in Vdr KO overrepresented frag-
ments vs all TSG fragments. (j) Ranked sorted change in -Log enrichment of motifs in long Vdr
KO overrepresented fragments vs short Vdr KO overrepresented fragments. (k) Dyad heat map of
Vdr WT and KO RELA CUT&RUN at Vdr KO overrepresented TSGs.
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Figure 2.5.6 | VDR loss leads to multi-organ autoimmunity: (a) Representative flow cy-
tometry plots of T effector memory (TEM) and naive (TN) compartments of splenic CD4+ T
cells from 9-month-old Vdr WT and Vdr KO sex-matched littermates. (b) Representative flow
cytometry plots of T effector memory (TEM) and naive (TN) compartments of splenic CD8+ T
cells from 9-month-old Vdr WT and Vdr KO sex-matched littermates. (c) Representative H&E
staining of indicated organs from Vdr WT and KO mice. (d) Histological analysis of indicated
tissues for infiltrating lymphocytes via hematoxylin and eosin (H&E) staining from 6-12-month-old
Vdr WT and KO mice. Each hexagon represents an individual mouse.
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2.6 Supplemental Figures
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Figure S1 | mTEC scRNA shows defined subsets with distinct changes in transcrip-
tional varianc: (a) Flow cytometry of mTECs gated on mTEClo and mTEChi (b) Annotated
scRNA-seq clusters with labeled mTEC subpopulations. (c) Dotplot of expression of markers genes
in each cluster defined. (d-f) Expression of markers genes on scRNA UMAP. (d) Ccl21a (e) Top2a
(f) Aire. (g) CDF of mean TSG expression in mTEClo, Transit-amplifying, and mTEChi. (h)
CDF of standardized transcriptional variance for all mTEC clustered identified. (i) Full range of
standardized variance for three mTEC populations: mTEC]lo, transit-amplifying, and mTEChi.
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Figure S3 | VDR is highly active in mature mTECSs and strongly correlates with TSG
expression: (a) mTEChi nuclear receptor expression data from Immgen dataset. Vdr highlighted
as the most highly expressed. (b) Vdr expression in 83 cell types from Immgen dataset. mTEChi
highlighted as the cell type with the highest expression. (c¢) Rank-sorted change in deviation score
between mTEChi (Aire+ and Post-Aire) and mTEClo. VDR and RXR labeled . (d) CDF of sum
of TSG expression is cells exhibiting high and low VDR motif deviation scores. (e) CDF of VDR
deviation scores in cells exhibiting high TSG expression or low TSG expression. (f) Multiome
featureplot of Vdr expression (g) Multiome featureplot of Aire expression (h) Featureplot of TSG
score.
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Figure S4 | VDR loss collapses transcriptional heterogeneity prioritizing expression
of particular TSGs: (a) scRNA UMAP of Vdr WT and KO cells split by genotype. (b-d)
scRNA featureplots of stage-specific marker genes. (b) Ccl21a expresion (c¢) Top2a expression (d)
Aire expression. (e-g) scRNA featureplots of selected Vdr KO Overrepresented TSGs. (e) Saa3
expression (f) Fabp6 expression (g) Ins2 expression (h) Flow cytometry plot of AIRE+ cells in
Vdr WT and ¢cKO mTECs. (i) Frequency of AIRE+ cells in Vdr WT and ¢cKO mTECs. (j-1)
scRNA violin plots of overrepresented TSG expression (j) Saa3 expression (k) Fabp6 expression (1)
Ins2 expression.
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Figure S5 | VDR represses genes that are more highly and frequently expressed:
(a)Volcano plot of Bulk RNA-seq Vdr WT vs KO with select subset of genes highlighted. (b)
CDF of absolute value Log2 fold change TSG expression Vdr WT vs KO from bulk RNA-seq. Re-
pressed and induced subsets labeled. (c¢) CDF of -Log?2 false discovery rate of TSG expression Vdr
WT vs KO from bulk RNA-seq. Repressed and induced subsets labeled. (d) CDF of absolute value
Log?2 fold change TSG expression Vdr WT vs KO from scRNA-seq. Repressed and induced subsets
labeled. (e) CDF of -Log2 adjusted P-value of TSG expression Vdr WT vs KO from scRNA-seq.
Repressed and induced subsets labeled. (f) Scatter plot of log2 mean TSG expression by log2
expression frequency. Vdr KO overrepresented genes along with other T'SGs labeled. Density plots
along axes. (g) Dyad heatmaps of H3K27ac at all TSG peaks or overrepresented TSG peaks.

56



[

=)

Change in devation scores
) (VDR KO-WT)

0 200 400 600
Rank-sorted change in deviation

RELA

RELA Deviaton Scora

Deviation score
X o
o

W Tcells
1 Transitampitying
Activity

6

n

=
=
B R
= I
1L . -4
I

I
o

Deviation score
ol
o

N
o

NFKB1

N

o

o

Deviation score

E
Deviation score
°

TA Hi PA o TA Hi PA

£ 3 3 8
H H H g Lo
[ 2 = =2 Stage Stage

Transit-amplitying
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Figure S7 | Effects of thymic Vdr deletion on peripheral T cell populations and mouse
weights: (a) Frequency of splenic CD4+ Tregs in Vdr WT and cKO in sex-matched littermates..
(b) Frequency of splenic CD4+ T effector memory (TEM), central memory (TCM), and naive (TN)
compartments of Vdr WT and Vdr KO sex-matched littermates.(c) Frequency of splenic CD8+ T
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CHAPTER 3:
mTECs leverage pleiotropic transcription factors AP-1 and

NF-xB for ectopic gene expression

3.1 Abstract

Medullary thymic epithelial cells (mTECs) establish central tolerance through tissue-specific
gene (TSG) expression, a process requiring precise coordination of transcription factor ac-
tivity. Using multiomic profiling across mTEC development, we identify dynamic and stage-
specific regulation of NF-xkB and AP-1 activity. NF-xB activity peaks early, while AP-1
activity—marked by FOS—is transiently reduced before re-emerging in mature mTECs,
coinciding with TSG expression. We show that FOS binding redistributes during develop-
ment to TSG-associated loci, following prior occupancy by the NF-xB subunit RELA, which
primes chromatin accessibility. Loss of Rela disrupts this process, impairing FOS target-
ing and TSG expression. We further identify a post-transcriptional mechanism regulating
this transition: the m6A reader YTHDF2 promotes degradation of Fos transcripts, enabling
dynamic AP-1 regulation. YTHDF2 deficiency leads to sustained AP-1 activity, defective
chromatin remodeling, and impaired FOS redistribution.Functionally, loss of YTHDF2 re-
sults in reduced expression of FOS-dependent TSGs and the development of multi-organ
autoimmunity. Together, these findings define a coordinated mechanism linking chromatin

priming and mRNA decay to transcriptional control of immune tolerance.
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3.2 Introduction

Cell states and identities are governed by the transcription factors active at specific .79,

These factors do not act in isolation, but function within gene regulatory networks com-
posed of interacting transcription factors that can act synergistically or antagonistically.
The specific combinations of transcription factors, together with their expression levels, de-
termine which genes are transcribed, ultimately shaping cellular phenotype. Understanding
the mechanisms that regulate transcription factor networks across multiple levels is there-
fore essential for elucidating how cell identity is established, maintained, and dynamically
modulated in response to internal and external cues.

Changes in transcription factor (TF) networks drive alterations in cellular identity, a

151,152

phenomenon widely observed during development and cell state transitions. Interest-

ingly, not all TFs in a network carry equal weight. Some act as master regulators, such as
FOXP3 in regulatory T cells or the OCT4/SOX2/NANOG network in pluripotent stem cells,
where they coordinate the activity of many downstream factors.!?!:!3Modulating these key
TFs can effectively reshape the network, extinguishing one transcriptional program while
enabling another, and thereby facilitating transitions between distinct cell states.Such net-
work rewiring can occur through multiple mechanisms. One mechanism underlying these
transitions is the transcriptional repression of TFs within an existing network, which allows
new regulatory architectures to emerge. For example, BLIMP-1, a transcriptional repres-
sor, promotes the terminal differentiation of B cells into plasma cells by silencing genes
required for B cell receptor signaling, germinal center function, and proliferation, while per-
mitting the expression of plasma cell-specific genes such as XBP-1.1%* Clearance of TFs can
also occur through post-translational modifications: NF-xB subunits such as RelA undergo
phosphorylation-coupled ubiquitination and proteasomal degradation, providing a mecha-
nism to terminate transcriptional responses and fine-tune signal duration.!® At the RNA
level, the m6A RNA-binding protein YTHDF2 targets transcripts encoding the TF Tall

for degradation, thereby regulating hematopoietic stem cell differentiation.'®® In addition,
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AP-1 factors can act as pioneer factors, establishing accessibility at new enhancers and pas-
sively redistributing TFs from previous binding sites to activate distinct gene programs.'®”
How these diverse mechanisms—transcriptional repression, protein and RNA clearance, and
chromatin remodeling—coordinate to extinguish existing networks and facilitate cell state
transitions remains an open question.

Here, we explore how similar principles regulate TF networks over time to drive cell
state transitions in mTECs. mTECs arise from immature mTEClo precursors and progress
through defined developmental stages to become mature mTECs, which express thousands
of TSGs normally restricted to peripheral tissues.?’ This precise temporal regulation of TSG
expression is critical for exposing developing thymocytes to a comprehensive representation
of self, a prerequisite for effective negative selection.® Understanding how TF networks are
dynamically regulated during mTEC maturation—and how they extinguish one program

while promoting another—provides insight into the mechanisms underlying cell state tran-

sitions and the establishment of central tolerance.

3.3 Results
3.8.1 AP-1 and NF-&B factors exhibit dynamic changes across mTEC development

Using multiome data, we assessed changes in transcription factor TF activity across four
developmental stages of mTECs: mTEClo, transit-amplifying, Aire+ mTECs, and post-
Aire mTECs. TF activity was inferred from chromatin accessibility using deviation scores.
Focusing on the 100 most variable TFs across these stages, we found that motifs associated
with the NF-xB and AP-1 families exhibited the most dynamic changes in activity (Figure
3.1a). Notably, both TF families are enriched at accessible chromatin regions proximal
to TSGs, suggesting a potential role in regulating promiscuous gene expression in mTECs
(Figure 3.1d).

When directly comparing these two TF families, we observed a stage-specific diver-

gence in activity. At the transit-amplifying stage, AP-1 activity was relatively decreased,
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while NF-xB activity increased. This trend shifted at the Aire+ stage, where the activities of
both TF families overlapped—coinciding with the stage at which TSG expression is known
to occur. This observation is intriguing, as NF-xB and AP-1 are often described as coop-
erative regulators in inflammatory contexts, and their binding sites frequently co-occur in
composite AP-1:NF-xB motifs.151% However, our data suggest a more nuanced, potentially
context-dependent relationship during mTEC development.

Interestingly, expression of AP-1 family members did not uniformly mirror their motif
deviation scores, indicating that only a subset of AP-1 factors may be transcriptionally
active in mTECs. To refine candidate regulators, we examined the correlation between TF
expression and motif activity. This analysis identified several AP-1 family members whose
expression positively correlated with their inferred activity (Figure 3.1e).

Given that AP-1 proteins typically function as heterodimers—most commonly be-
tween FOS and JUN family members!6%161—we next assessed co-expression relationships
among these candidates. Because AP-1 family members share highly similar DNA-binding
motifs, we focused on expression correlations to infer likely dimer pairs. Among the can-
didates, Atf3, Fos, and Junb exhibited the strongest co-expression (Figure 3.1f). Of these,
the FOS:JUNB dimer represents the most likely functional pairing. Supporting this, Junb is
among the most highly expressed AP-1 genes in mature mTECs, while Fos is also strongly
expressed and represents a plausible dimerization partner (Figure 3.1g).

Importantly, Fos is an immediate early gene whose expression is rapidly induced in
response to extracellular signals.'%? As such, its activity provides a useful proxy for real-time
AP-1 activation. Using FOS activity as a readout, we revisited the relationship between
AP-1 and NF-xB signaling. Prior work has highlighted a role for the NF-xB subunit RELA

1 making it a key comparator in this context.

in promoting TSG expression
Consistent with the stage-dependent divergence observed earlier, we found an inverse
relationship between RELA and FOS activity at the single-cell level. Specifically, cells with

high FOS activity tended to exhibit low RELA activity, and vice versa, with the strongest
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anti-correlation observed across the dataset (Figure 3.1h). This relationship extended beyond
these two factors: cells with elevated FOS activity also showed coordinated decreases in the

activity of multiple other TFs associated with NF-xB signaling (Figure 3.11).

3.3.2  FOS redistributes across mTEC development to tissue-specific gene loci

The enrichment of both NF-kB and AP-1 motifs at TSGs, despite their inverse activity
patterns, suggests that these factors act at shared loci but at distinct developmental stages.
To determine when these factors bind, we performed FOS CUT&RUN in mTEClo and
mTEChi cells. We observed a pronounced redistribution of FOS binding from mTEClo-
associated sites to mTEChi-specific regions (Figure 3.2a).

This redistribution is accompanied by changes in the transcription factor landscape,
as motif enrichment differs between FOS peaks in mTEClo and mTECHi cells (Figure 3.2b),
suggesting stage-specific cofactor interactions. Consistent with this developmental shift, FOS
binding near TSGs is substantially increased in mTEChi cells, with nearly twice as many
TSG-proximal regions bound compared to mTEClo cells (Figure 3.2¢,d).

We next examined motif enrichment in accessible chromatin near TSGs that are
bound by FOS versus those that are not. NF-xB motifs were significantly enriched in FOS-
bound regions (Figure 3.2e), supporting the idea that FOS and NF-xB co-occupy TSG loci.
However, when comparing FOS peaks annotated to TSGs with other FOS-bound regions in
mTECHhI cells, NF-£B motif enrichment was reduced, while homeodomain motifs, including
DLX and LHX family factors, were more prominent (Figure 3.2f).

Together, these results suggest that FOS can bind both NF-xB-associated and inde-
pendent sites. One possible model is that NF-xB binding precedes and facilitates subsequent

recruitment of FOS to a subset of TSG loci.

3.3.8 RELA facilitates redistribution of FOS binding to mTEChi

sites
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Given the enrichment of NF-xB motifs at FOS-bound TSGs, we hypothesized that
NF-kB—specifically the RELA subunit—guides the redistribution of FOS to developmen-
tally appropriate binding sites. To test this, we examined the temporal relationship between
RELA and FOS binding.

RELA CUT&RUN revealed strong binding at chromatin regions accessible during
the transit-amplifying (TA) stage, with reduced occupancy in mTEChi and post-Aire stages
(Figure 3.3a), consistent with NF-xB motif deviation trends (Figure 3.1b). In contrast,
FOS binding decreases from mTEC]lo to the TA stage (Figure 3.3b), mirroring AP-1 activity
dynamics.

To determine whether FOS binds regions previously occupied by RELA, we assessed
FOS occupancy in mTECHhi cells at sites bound by RELA during the TA stage. FOS binding
was significantly enriched at these prior RELA-bound regions compared to sites bound by
RELA in mTECHi cells (Figure 3.3c), suggesting a sequential binding model in which RELA
precedes FOS at shared loci.

We next tested whether RELA regulates chromatin accessibility during the transition
from mTEClo to mTEChi, thereby enabling FOS redistribution. Using inTAC-seq in Rela
WT and KO cells, we found that RELA loss significantly alters chromatin accessibility at
the pre-AIRE mTEChi stage, with a much smaller effect in ATIRET cells (Figure 3.3d,e).
These results indicate that RELA primarily functions to establish accessibility prior to full
maturation.

We further asked whether loss of RELA disrupts the normal redistribution of FOS by
maintaining accessibility at mTEClo-specific binding sites. Indeed, regions corresponding to
mTEClo FOS peaks were significantly enriched among sites with increased accessibility in
RELA knockout cells at the pre-AIRE stage—regions that would normally lose accessibility
during differentiation (Figure 3.3d). Consistent with this, AP-1 motifs were enriched in
regions with increased accessibility in RELA-deficient pre-AIRE and AIRE™ cells, suggesting

persistence of an immature chromatin state and continued FOS binding at inappropriate loci.
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Functionally, impaired redistribution of FOS is expected to affect TSG expression.
Although chromatin accessibility increases in Rela knockout cells, this appears to reflect sus-
tained accessibility at mTEClo-specific regions rather than appropriate targeting to mTEChi
TSG loci. Supporting this, both NF-xkB and AP-1 motifs were enriched in TSG-associated
regions that lose accessibility in the absence of RELA (Figure 3.3h).

Consistent with these findings, prior work from our lab has shown that Rela loss
compromises the expression of hundreds of TSGs (Kaiser et al., unpublished). To determine
whether these genes are associated with FOS activity, we stratified TSGs based on FOS
activity using multiome data, defining activity groups by expression in at least 30 percent of
cells. RELA-dependent TSGs were depleted from low FOS activity groups and enriched in
intermediate and high FOS activity groups (Figure 3.3i), indicating a functional link between
RELA-mediated chromatin priming and FOS-dependent gene expression.

Together, these data support a model in which RELA binds chromatin at the pre-
AIRE stage to establish accessibility at future mTEChi binding sites. Following RELA
dissociation, FOS is redistributed to these regions, where it contributes to activation of

tissue-specific gene expression (Figure 3.4).

3.8.4 YTHDFZ2 clears Fos transcriptions to faciliate redistribution of FOS

Passive redistribution of AP-1 factors to newly accessible binding sites would likely be in-
efficient if driven solely by RELA-mediated chromatin remodeling. In other systems, such
redistribution has been observed to occur gradually when dependent only on changes in

163,164 However, the sharp reduction in AP-1 motif activity at the

chromatin accessibility.
transit-amplifying stage (Figure 3.1b) suggests a more active mechanism limiting FOS ac-
tivity during this transition. This decrease could reflect reduced nuclear abundance of FOS
protein, either through protein degradation or transcriptional downregulation. Given that

Fos is an immediate early gene characterized by rapid and transient expression dynamics,

we investigated whether post-transcriptional regulation contributes to the observed decline
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in FOS activity.

mRNA clearance is a key mechanism for rapidly reshaping gene expression pro-
grams and can be mediated by RNA-binding proteins, including those that recognize N6-
methyladenosine (m6A) modifications.'®® m6A is a widespread and dynamic RNA modifica-
tion that adds an additional regulatory layer controlling mRNA stability, localization, and
translation.!%® Proteins that bind m6A-modified transcripts—referred to as “readers”—can
either stabilize transcripts or promote their decay. Among these, the YTH domain family
proteins are well-characterized m6A readers, with YTHDF2 specifically implicated in mRNA
degradation through recruitment of target transcripts to processing bodies (P-bodies).167:168
Notably, YTHDF2 has been shown to facilitate cell state transitions by clearing transcripts
encoding transcription factors associated with prior regulatory programs, thereby enabling
the establishment of new gene expression networks. 56169

Based on these observations, we hypothesized that FOS activity is regulated through
YTHDF2-mediated mRNA decay. To assess this, we first examined expression of YTH
domain family members across mTEC development and found that Ythdf2 is the most
highly expressed family member in mature mTECs (Figure 3.5a). This expression pattern
is consistent with a potential role in facilitating late-stage transcriptional reprogramming.

To directly test whether YTHDF2 contributes to clearance of AP-1 factors, we per-
formed single-cell RNA-seq on wild-type and YTHDF2 knockout mTECs and identified pop-
ulations corresponding to distinct developmental stages (Figure 3.5b,c). To identify direct
RNA targets of YTHDF2, we complemented this analysis with ARTR-seq!™, which enables
transcriptome-wide identification of YTHDF2-bound mRNAs. Integration of these datasets
revealed that Fos mRNA is a direct target of YTHDF2, as it is enriched in ARTR~seq and ex-
hibits increased mRNA abundance in YTHDF2-deficient cells (Figure 3.5¢). These findings
indicate that YTHDF2 directly regulates Fos transcript stability.

We next asked whether increased Fos mRNA in the absence of YTHDF2 translates

into elevated AP-1 activity. Single-cell ATAC-seq revealed clear separation between wild-
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type and knockout cells (Figure 3.5¢,f), indicating widespread chromatin differences. At the
TA stage, YTHDF2-deficient cells exhibited increased AP-1 motif activity, consistent with
elevated FOS levels (Figure 3.5g). Interestingly, NF-xB motif activity was also increased
in the knockout, despite the absence of direct targeting of NF-xB pathway components by
YTHDEF2. This suggests that elevated AP-1 activity or broader disruptions in chromatin
state may indirectly influence NF-xB signaling.

Strikingly, loss of YTHDF?2 resulted in an accumulation of immature mTECs (Figure
3.51), indicating a defect in developmental progression. This finding suggests that clearance
of FOS is not only required for its proper redistribution to mTEChi-specific binding sites but
is also critical for enabling the transition from mTEClo to more mature states. Notably, the
transition from mTECIo to the TA stage corresponds to the point at which AP-1 activity
sharply declines, highlighting this stage as a key regulatory checkpoint.

To determine whether YTHDF2-mediated mRNA decay facilitates chromatin remod-
eling and FOS redistribution, we examined accessibility dynamics between mTEClo and TA
stages. In YTHDF2 knockout cells, thousands of regions corresponding to mTEClo-specific
FOS binding sites remained aberrantly accessible at the TA stage (Figure 3.5j). These re-
gions would normally lose accessibility during differentiation, suggesting a failure to properly
exit the earlier chromatin state.

Taken together, these results support a model in which YTHDF?2 targets Fos tran-
scripts for degradation, thereby reducing AP-1 activity at a critical developmental transi-
tion. This clearance enables both the redistribution of FOS to mTEChi-specific regulatory
regions and the broader chromatin and transcriptional reprogramming required for progres-

sion through mTEC development.
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3.8.5 YTHDF2 deletion causes multi-autoimmunity due to loss of AP-1 associated

tissue-specific gene expression

To determine whether loss of YTHDF2 contributes to the development of autoimmunity,
we aged Ythdf2 WT and KO sex-matched littermates for 6-9 months prior to sacrifice and
organ collection. This aging period allowed sufficient time for potential defects in immune
tolerance to manifest. Splenocytes were isolated and analyzed by flow cytometry to assess
T cell activation states, including naive, central memory, and activated populations. We
observed a significant increase in the frequency of activated CD4" T cells (CD44" CD62L")
in Ythdf2 KO mice relative to WT controls (Figure 3.6a), consistent with systemic immune
activation.

To determine whether this activation was associated with autoimmune pathology, we
performed histological analysis of peripheral tissues. Ythdf2 KO mice exhibited lymphocytic
infiltration in multiple organs, including the lung, salivary gland, and kidney (Figure 3.6b),
indicating a breakdown in immune tolerance and the development of multi-organ autoim-
munity.

Given the central role of mTECs in establishing tolerance through TSG expression,
we next asked whether loss of YTHDF2 disrupts TSG expression programs. Using scRNA-
seq data, we subsetted for Airet mTECs and quantified the frequency of TSG expression in
Ythdf2 WT and KO cells. We observed both gains and losses of TSG expression in Ythdf2
KO cells; however, there was an overall bias toward loss, with more TSGs showing reduced
expression frequency than increased expression (Figure 3.6¢). This suggests that YTHDF2
is broadly required to maintain normal TSG expression patterns.

We next sought to investigate the mechanism underlying this defect, focusing on the
regulation of AP-1 activity, particularly FOS, which we hypothesized must be dynamically
cleared and redistributed to enable TSG expression at appropriate loci. To test this, we
leveraged multiome data to stratify mature mTECs into quartiles based on inferred FOS

activity levels. Within each quartile, TSGs were assigned if they were expressed in at least
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30 percent of cells, allowing us to link TSG expression patterns to FOS activity states.

This analysis revealed that TSGs associated with high FOS activity were preferen-
tially reduced in Ythdf2 KO cells (Figure 3.6d). In contrast, TSGs associated with lower
FOS activity showed less pronounced changes. These results indicate that a subset of TSGs
is particularly dependent on high AP-1 activity for expression and that this program is
disrupted in the absence of YTHDF2.

Taken together, these findings support a model in which YTHDF2 is required to
properly regulate AP-1 dynamics, enabling the redistribution of FOS to TSG loci in ma-
ture mTECs. In its absence, this redistribution is impaired, leading to reduced expression
of FOS-dependent TSGs, defective central tolerance, and the emergence of multi-organ au-

toimmunity.

3.4 Discussion

Here we define a coordinated regulatory mechanism linking chromatin priming, transcription
factor dynamics, and post-transcriptional control in the establishment of central immune
tolerance. Our results support a model in which NF-xB and AP-1 transcription factor
families act in a temporally ordered sequence to regulate tissue-specific gene TSG expression
during mTEC development.

A central finding is that NF-xB, through the RELA subunit, binds early in develop-
ment to establish accessible chromatin at loci that will later become active in mature mTECs.
This primed chromatin landscape is subsequently utilized by AP-1, whose activity—marked
by FOS—is dynamically redistributed during maturation. We show that FOS binding shifts
from immature to mature regulatory regions and becomes enriched at T'SG-associated loci in
mature mTECs. Importantly, this redistribution follows prior RELA occupancy, supporting
a sequential model in which NF-xB establishes regulatory potential that is later executed by
AP-1.

We further demonstrate that AP-1 activity is not only controlled at the level of
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chromatin but also regulated post-transcriptionally. YTHDF2 emerges as a key regulator
of this process by promoting degradation of Fos transcripts. This transient clearance of
Fos mRNA appears necessary to properly reset AP-1 activity during the transit-amplifying
stage. In the absence of YTHDF2, sustained Fos expression leads to elevated AP-1 activity,
failure to appropriately remodel chromatin states, and impaired redistribution of FOS to
mature regulatory elements.

Functionally, disruption of this axis results in defective TSG expression and break-
down of immune tolerance. YTHDF2-deficient mice exhibit increased T cell activation and
multi-organ lymphocytic infiltration, consistent with systemic autoimmunity. These findings
connect molecular-level dysregulation of transcription factor dynamics to organism-level fail-
ure of central tolerance.

Together, our data support a multilayered regulatory framework in which NF-xB-
mediated chromatin priming, YTHDF2-dependent RNA decay, and AP-1 redistribution are
integrated to control the timing and specificity of TSG expression. This highlights the impor-
tance of temporal coordination across epigenetic, transcriptional, and post-transcriptional
layers in immune tolerance.

Future work should determine how YTHDF?2 activity is regulated during mTEC devel-
opment and whether additional RNA-binding proteins contribute to shaping AP-1 dynamics.
It will also be important to further dissect how NF-xB and AP-1 cooperate at individual
TSG loci and whether this regulatory logic extends to other systems involving promiscuous

gene expression.
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Figure 3.1 | Dynamic and inverse activity of NF-xB and AP-1 factors across mTEC
development: (a) Heatmaps depicting top 100 most variable TFs across three mTEC popula-
tions—multiome data. (b) Motif deviation scores of NF-xB and AP-1 factor motifs across mTEC
stages. (c) Z-score expression of NF-xB and AP-1 subunits across mTEC development. (d) HOMER
enrichment of transcription factor motifs near TSGs. (e) Ranked correlation of AP-1 factor expres-
(f) Correlation of expression of AP-1 factors. (g) Bulk RNA-seq
expression of AP-1 factors. Fos and Junb highlighted. (h) Correlation of TSG expression in cells
exhibiting four levels of RELA activity and FOS activity. Cells binned by deviation score quartiles.
(i) Correlation of TF activity in cells exhibiting four levels of RELA activity and FOS activity.
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Figure 3.2 | FOS redistributes to regions enriched for NF-xB motifs: (a) Dyad heatmaps
of mTEClo and mTEChi FOS CUT&RUN at peaks called for each sample. (b) Motifs enriched at
mTEClo and mTEChi FOS peaks. Peaks were size-matched for comparison. (c) Dyad heatmaps of
mTEClo and mTEChi FOS CUT&RUN at TSG peaks. All FOS peaks were merged and annotated
for TSGs. (d) Stacked barplot of the number of TSG peaks contributed by each sample. (e) Rank-
sorted change in HOMER motif enrichment of ATAC TSG peaks that intersect with mTEChi peaks
versus other TSG peaks. (f) Rank-sorted change in HOMER motif enrichment of mTEChi FOS
CUT&RUN TSG peaks versus other mTEChi FOS CUT&RUN peaks.
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Figure 3.3 | RELA-mediated chromatin accessibility changes facilitate FOS redistri-
bution: (a) Dyad heatmaps of RELA greenCUT&RUN at peaks specific to Transit-amplifying,
AIRE+4+ mTEChi, and Post-AIRE stages. (b) Dyad heatmap of mTEClo FOS CUT&RUN at
peaks specific to mTEClo and Transit-amplifying stages. (c) Dyad heatmap of mTEChi FOS
CUT&RUN at peaks specific and Transit-amplifying and AIRE+ mTEChi stages that intersect
with RELA greenCUT&RUN peaks. (d) Scatter plot of pre-AIRE Rela WT and KO inTAC-seq
accessiblity changes by changes from mTECIo to pre-Aire. Blue points highlighted are peaks that
intersect with mTEClo FOS CUT&RUN. (e) Scatter plot of AIRE+ Rela WT and KO inTAC-
seq accessiblity changes by changes from pre-AIRE to AIRE+. Blue points highlighted are peaks
that intersect with mTEClo FOS CUT&RUN. (f) HOMER motifs enriched at pre-AIRE RELA-
repressed peaks vs pre-Aire RELA-induced peaks. Peaks were size-matched for comparison. (g)
HOMER motifs enriched at Aire+ RELA-repressed peaks vs AIRE+ RELA-induced peaks. Peaks
were size-matched for comparison. (h) Rank-sorted change in HOMER motif enrichment of AIRE+
RELA-induced TSG peaks versus other AIRE4+ RELA-induced peaks. (i) Stacked barplot of TSGs
assigned to cells exhibiting four levels of FOS activity, binned by quartiles. RELA-induced TSGs
and all TSGs considered.
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Figure 3.4 | Model of AP-1 and NF-xB activity at TSG loci: (a) Model depicting AP-1
redistribution to TSG loci, facilitated by NF-xB-mediated changes to chromatin landscape.
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mTECs (KO - WT). NF-xkB and AP-1 factors highlighted along with top and bottom 5. (i) Flow
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Figure 3.6 | YTHDF2 loss compromises TSG expression and lead to multi-organ au-
toimmunity: (a) Representative flow cytometry plots of T effector memory (TEM) and naive
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Fach gene was assigned to a quartile if it was expressed at a frequency of 30 percent or greater.
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CHAPTER 4:

Materials and Methods

Mice

Mice used in this study were housed in pathogen-free facilities at the University of Chicago.
All experiments and animal use procedures were conducted in compliance with the Na-
tional Institutes of Health Guide for the Care and Use of Laboratory Animals and were
approved by the Institutional Animal Care and Use Committee (IACUC) at the Univer-
sity of Chicago. Vdr /8% mice were provided by Ron Evans (Salk Institute) and were
bred with B6-Fozn1“ homozygous mice purchased from Jackson Laboratories to generate
Vdr /%, Foxni1©e-/- and Vdr %8, Foxn1®e-/* littermates. mVenus-RelA*/* (provided
by Alexander Hoffmann, UCLA) and Vdr %/f; Foxni©*-/* mice were crossed to generate
Vdr /%, Fogn1©-/*; mVenus-RelA */* mice. NOD/ShiLtJ and Vdr %/8; Forn1C©-/* mice
were crossed and backcrossed to NOD /ShilitJ to generate N8-N11.5 progeny. NOD /ShilitJ
and C57BL/6J mice were purchased from Jackson Laboratories. Ythdf2 /o< mice were
provided by Chuan He (University of Chicago) and were bred with B6-Fozn1°™ homozygous
mice purchased from Jackson Laboratories to generate Ythdf2 %/8: Fozn1¢-/- and Ythdf2
/8. Forn1©-/* mice. Sex-matched littermates were used for all comparisons of genetic

perturbations.

Isolation, sorting and analysis of murine medullary thymic epithelial cells

Thymi from 4-5 week-old mice were harvested and connective tissue was removed. Stromal
tissue was perforated using scissors and incubated with rotation in DMEM-F12 (Gibco) at
room temperature for for 10 min to liberate thymocytes. Remaining stromal tissue was
enzymatically digested (0.5 mg/mL Collagenase D (MilliporeSigma), 0.2 mg/mL DNasel
(MilliporeSigma), 0.5 mg/mL Papain (Worthington Biochemical). Cells were stained with
anti-EpCAM antibodies conjugated to APC-Cy7 (BioLegend, clone 9C4) and EpCAM™ cells
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were enriched via positive selection using magnetic anti-Cy7 beads (Miltenyi). Enriched frac-
tion was stained with fluorochrome-conjugated antibodies (BioLegend) to CD45 (30-F11),
Ly-51 (6C3), MHC-II I-A/I-E (M5/114.15.2) and EpCAM (G8.8), along with fluorescein-
labeled UEA-I (Vector Labs) and DAPI (Invitrogen). Intracellular staining for AIRE (eBio-
science, clone bH12) was performed using the eBioscience FoxP3 transcription factor staining
kit (Invitrogen) according to manufacturer’s instructions. Cell sorting was performed using
FACS Symphony S6, FACSAria Fusion, or FACSAria IT equipped with a 100 m nozzle (BD
Biosciences). Flow cytometry data were acquired using BD LSRII or Fortessa and analyzed

using FlowJo (v10).

Flow cytometry of splenocytes

Spleens from 4 week-old to 12 month-old mice were isolated in RPMI (Gibco) supplemented
with 10% FCS. Cells were liberated by mincing with syringe plunger and filtered through
40 um strainer. Following red blood cell lysis (BD PharmLyse), cells were stained with
fluorochrome-conjugated antibodies specific for mouse CD4 (GK1.5), CD8 (53-6.7), CD25
(PC61), CD44 (IM7), CD69 (H1.2F3), CD62L (MEL-14) and TCR (H57-597). Intracellular
staining for FoxP3 (eBioscience, clone FJK-16s) was performed using the eBioscience FoxP3
transcription factor staining kit (Invitrogen) according to manufacturer’s instructions. Flow

cytometry data were acquired using BD LSRII or Fortessa and analyzed using FlowJo (v10).

inTAC-seq

InTAC-seq sample preparation and sequencing

137 with minor modifications. After

InTAC-seq was performed as described previously
extracellular staining, cells were incubated in 1.5% paraformaldehyde (Pierce 28908) for
2 min at room temperature. Cells were washed in 1X Perm buffer (eBioscience 00-5523-

00) and stained with Cells were incubated with 1:500 diluted AIRE (eBioscience, clone

5H12) antibody in 1X Perm buffer for 30 min at room temperature, then washed with 2%

78



FCS/PBS. 60,000 cells were sorted into 2% FCS/PBS. Cells were pelleted then resuspended
in the transposition mix (1x TD buffer, 5 L. transposase (Illumina), 0.01% Tween-20), and
reaction was carried out for 30 min at 37° C. DNA was reverse-crosslinked by adding 1X
DEDA (Sigma-Aldrich D158003), 0.1% SDS, 0.5 uL: Proteinase K (NEB P8107S) at 37° C.
overnight. DNA was purified using Zymo DNA Clean & Concentrator kit. Libraries were
constructed as described previously™ and sequenced by paired-end, dual-index sequencing

using the Element AVITI.

Bulk RNA-seq sample preparation

75,000 primary mTECs were FACS-sorted directly into RULT lysis buffer (Qiagen RNEasy
UCP Micro Kit) and total RNA was extracted using manufacturer’s instructions. mRNA
was enriched and RNA-seq libraries were constructed using the Illumina TruSeq Stranded
mRNA Kit. Paired-end, dual-index sequencing was performed on the Illumina NovaSeq 6000

platform.

Bulk RNA-seq data processing

RNA-seq reads were mapped to the mm10 mouse genome assembly using TopHat (v2.1.1)
with setting —microexon-search. Unmapped, unpaired and low quality reads (MAPQ 5) were
removed using samtools (v1.9) view with settings -q 5 -f 2. Paired reads were counted for
each gene using featureCounts from Subread (v2.0.1). ‘Transcripts-per-million’ (TPM) values
were calculated for each gene to quantify the relative abundance of transcripts for clustering
analysis. “Trimmed mean of M values” (TMM) was calculated for each gene for differential
comparisons across samples using edgeR (v4.0.2) (calcNormFactors()). Common dispersions
were estimated using estimateCommonDisp() and Benjamini-Hochberg false discovery rates
(FDRs) were calculated for pairwise comparisons using exactTest(). Genes exhibiting FDR

0.05 were regarded as significant.
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scATAC-seq library preparation

Single-cell ATAC-seq libraries were generated from freshly isolated thymic epithelial cells
(TECs) obtained from wild-type (WT) and Vdr- or Ythdf2-knockout (KO) mice. Nuclei
were isolated following the 10x Genomics Chromium Single Cell ATAC protocol (version
X.X). Nuclei were washed, counted, and assessed for integrity using trypan blue exclusion
and fluorescence microscopy. For each sample, approximately 50,000 nuclei were loaded into
a single lane of a Chromium Next GEM Chip H, where individual nuclei were encapsulated
into Gel Bead-in-Emulsions (GEMs). Within each GEM, nuclei underwent Tn5-mediated
tagmentation, fragmenting accessible chromatin and appending adapters carrying unique
barcodes. After tagmentation, GEMs were broken, and barcoded DNA fragments were pu-
rified, PCR-amplified, and indexed to generate sequencing-ready libraries. Library fragment
size and quality were assessed using an Agilent Bioanalyzer High Sensitivity DNA kit, and
concentrations were quantified with a Qubit fluorometer (Thermo Fisher Scientific). Li-
braries were sequenced on an Illumina NovaSeq 6000 (or NextSeq 2000) using paired-end
50 bp reads, targeting an average depth of 25,000-50,000 fragments per nucleus. Raw base
call files were processed with the Cell Ranger ATAC pipeline (10x Genomics, version X.X)
using the cellranger-atac count function and aligned to the mm10 reference genome. Feature-
barcode matrices from WT and KO samples were merged prior to downstream processing in
R using the Signac package (vX.X.X). Data were processed using default Signac workflows,

including quality control, normalization, dimensional reduction, and peak calling.

scRNA-seq library preparation

Single-cell suspensions were prepared from freshly isolated thymic epithelial cells (TECs)
obtained from wild-type and Vdr- or Ythdf2- knockout (KO) mice. Cells were enriched
by enzymatic digestion and filtration to obtain a viable single-cell suspension (;90 percent
viability, determined by trypan blue exclusion). Cell concentration was adjusted to approx-

imately 1,000 cells/pL in PBS containing 0.04 percent BSA. Libraries were prepared using
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the Chromium Next GEM Single Cell 3 Kit (10x Genomics, version X.X) according to the
manufacturer’s protocol. Briefly, single cells were encapsulated into nanoliter-scale Gel Bead-
in-Emulsions (GEMs) using the Chromium Controller, where cell lysis and barcoded reverse
transcription of mRNA occurred within individual droplets. After cDNA synthesis, emul-
sions were broken, and barcoded cDNA was purified with silane magnetic beads. Amplified
cDNA was then fragmented, end-repaired, A-tailed, and ligated with Illumina sequencing
adapters. Libraries were indexed via PCR and quantified using a Bioanalyzer (Agilent) and
Qubit fluorometer (Thermo Fisher Scientific) prior to sequencing.Libraries were sequenced on
an [lumina NovaSeq 6000 (or NextSeq 2000) using paired-end 150 bp reads with a targeted
depth of approximately 50,000-100,000 reads per cell. Raw base call files were processed
with the Cell Ranger pipeline (10x Genomics, version X.X) using the cellranger count func-
tion and the mm10 (or hg38) reference genome to generate feature-barcode matrices for

downstream analysis.

Single-cell ATAC-seq processing and analysis

Single-cell ATAC-seq libraries were processed using Cell Ranger ATAC (10x Genomics, ver-
sion X.X) with default parameters. Reads were aligned to the mm10 reference genome
provided by 10x Genomics using the BWA-MEM algorithm, and fragment files containing
the genomic coordinates of uniquely mapped read pairs were generated for each sample.
Only fragments with a valid barcode and mapping quality score 30 were retained. Barcode
quality metrics (e.g., fraction of reads in peaks, transcription start site [TSS] enrichment,
nucleosome signal) were computed. Downstream analyses were performed in R (v4.4.0) using
Signac (v1.13.0)Stuart2021 4nq Seurat (v5.0.0)H202021 " Fragment files were imported using
CreateChromatinAssay() and combined into a Seurat object using CreateSeuratObject().
Low-quality nuclei were removed based on standard quality-control thresholds: cells with
fewer than 3,000 fragments, ;5 percent mitochondrial reads, nucleosome signal ; 2, or TSS

enrichment | 2 were excluded. Peaks overlapping genomic blacklist regions (ENCODE v2)
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were also filtered out.. To normalize for differences in sequencing depth and accessibility
bias, counts were transformed using TF-IDF (term frequency—inverse document frequency)
normalization via RunTFIDF(), followed by dimensional reduction with singular value de-
composition (SVD) on the top 50,000 most accessible peaks using RunSVD(). Low-rank
representations were used to compute a neighborhood graph (FindNeighbors()) and to per-
form Louvain clustering (FindClusters()). Two-dimensional embeddings were generated with
Uniform Manifold Approximation and Projection (UMAP) (RunUMAP()) based on the first

30 latent semantic indexing (LSI) components.

ChromVAR analysis of transcription factor activity

To infer transcription factor (TF) activity dynamics, we analyzed single-cell chro-
matin accessibility data using chromVARSeP2017 implemented via the Signac package
(v1.13.0)Stuart2021 - peak_hy-cell count matrices were generated from 10x Genomics single-
cell ATAC-seq data and used to construct a chromatin accessibility Seurat object. Peaks
overlapping mitochondrial DNA or genomic blacklist regions were excluded. Counts were
normalized using term frequency-inverse document frequency (TF-IDF) normalization and
reduced via singular value decomposition (SVD) prior to UMAP visualization. TF motif
positions were obtained from the JASPAR 2022 database®Castro-Mondragon2022 414 matched
to accessible regions using AddMotifs(). Deviation scores and z-scores for each motif were
computed using RunChromVAR(), which estimates per-cell deviations from expected ac-
cessibility based on GC bias-corrected background models. TF deviation scores were used
to quantify motif accessibility and variability across mTEC maturation states. Differential
TF activity between mTEC,, and mTEC,; clusters was assessed using Wilcoxon tests, and
variance estimates were used to identify TFs associated with transcriptional heterogene-
ity. Deviation variability was further compared across TF families (e.g., NF-xB, Nuclear
Receptor) to identify regulators showing both increased activity and heterogeneity during

maturation.
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scRNA-seq preprocessing, visualization, and clustering

Single-cell RN A-sequencing data were processed using the Seurat R package (v5.0.0)Ha02021,
Count matrices from wild-type (WT) and Vdr- or Ythdf2-knockout (KO) samples were im-
ported using Read10X() and merged prior to processing using Seurat’s merge() function to
generate a single unified object. All subsequent quality control, normalization, and analysis
steps were performed jointly on the merged dataset to enable direct comparison between
genotypes. Cells with fewer than 200 detected genes or with ;10 percent mitochondrial gene
content were excluded, and genes expressed in fewer than 3 cells were removed. Data were
normalized using Seurat’s default log-normalization (NormalizeData(), method = ”LogNor-
malize” | scale.factor = 10,000). The top 2,000 highly variable genes (HVGs) were identified
using the “vst” method in FindVariableFeatures(). Expression values were scaled and cen-
tered with ScaleData(), regressing out total UMI counts and mitochondrial percentage to
minimize technical variation. Dimensionality reduction was performed using Principal Com-
ponent Analysis (PCA) on the HVGs (RunPCA()), and the number of significant principal
components was determined by elbow plot inspection. Uniform Manifold Approximation
and Projection (UMAP) was used for visualization (RunUMAP()), and clustering was per-
formed using Seurat’s graph-based approach (FindNeighbors() and FindClusters(), Louvain
algorithm, resolution = 0.4-1.0, adjusted per dataset).Cluster marker genes were identified
using FindAllMarkers() (Wilcoxon rank-sum test, log2 fold-change threshold = 0.25, ad-
justed p j 0.05), and cluster identities were assigned based on canonical thymic epithelial cell
markers and previously published single-cell references. Visualization was performed using

Seurat’s built-in plotting functions (DimPlot, FeaturePlot, VInPlot, and DotPlot).

Assessment of Gene Expression Heterogeneity

To quantify gene expression heterogeneity within each cell population, we applied Seurat’s
FindVariableFeatures function (v5.0.1) separately to each cluster. For each cluster, cells were

first subset into an independent Seurat object, and highly variable genes were identified
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using the vst method following log-normalization. Variance calculations were therefore
performed within clusters, ensuring that estimates of heterogeneity reflected intra-cluster
variation rather than differences across the broader dataset. Default parameters were used

unless otherwise specified.!™

Multiome sample preparation & sequencing

For all multiome experiments, we used the ATAC+GEX single-cell kit and protocol (10X
Genomics 1000236 with protocol CG000338 RevE) with minor modifications to sample prepa-
ration. Briefly, 40,000 mTECs were FACS-sorted into 1X PBS supplemented with 2% BSA
and centrifuged at 300 rcf for 5 min. Cells were gently washed in 50 L Lysis Buffer (10mM
Tris, 10mM NaCl, 3mM MgCl in nuclease-free water) and centrifuged at 300 rcf for 5 min.
Cells were resuspended in 50 L permeabilization buffer (10mM Tris, 10mM NaCl, 3mM
MgCl, 0.1% Tween20, 0.01% digitonin, and RNase inhibitor (Invitrogen) in nuclease-free
water) and incubated for 5 min on ice. Nuclei were gently washed with wash buffer (10mM
Tris, 10mM NaCl, 3mM MgCl, 0.1% Tween20, and RNase inhibitor in nuclease-free water)
and centrifuged at 500 rcf for 5 min. Finally, nuclei were resuspended in 5 L chilled di-
luted nuclei buffer (10X Genomics) and added to transposition mix. Paired-end, dual-index

sequencing was performed on the Illumina NovaSeq 6000 platform.

Multiome data quality-control

Following sequencing, bcl files were converted to fastq using cellranger-arc (v2.0.2) mkfastq.
FASTQ files were aligned to the mm10 or hg38 genome assembly using cellranger-arc count.
ATAC-seq fragment files were used as inputs to ArchR (v1.0.2) analysis pipeline in R (v4.3.2).
Transcript count matrices were used as inputs to the Seurat gene expression analysis pipeline.
For gene expression quality control, cells with nFeature. RNA 250 & 6,000, nCount_RNA
25,000 and percent_mitochondrial 25 were included for downstream analyses. Transcript

counts were log-normalized. For scATAC-seq quality control, cells with n_ ATAC Frags 3,000
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& TSS_Score 10 were included for downstream analyses. Doublet inference was conducted
using ArchR’s addDoubletScores(), and presumed doublets were excluded. Cells that passed

each filter were admitted for downstream analyses.

CUTERUN sample preparation

Briefly, 350-500k cells were washed 3x in Wash Buffer (20 mM HEPES pH 7.5, 150 mM
NaCl, 0.5 mM spermidine, 1x EDTA-free protease inhibitor cocktail (Roche)), then bound
to Concanavalin-A beads (Bangs Laboratories) according to manufacturer’s instructions.
Cells were incubated with 1:100 dilution of antibody for 2h or overnight at 4°C in Permeabi-
lization Buffer (1x Permeabilization Buffer (eBioscience), 0.5 mM spermidine, 1x EDTA-free
protease inhibitor cocktail, 2 mM EDTA). Sample was then incubated with 700 ng/mL pA-
MNase (S. Henikoff) in Permeabilization Buffer at 4°C for 1h. Digestion was performed in
0.5x Permeabilization Buffer supplemented with 2 mM CaCl, at 4°C for 1h. The reaction
was stopped by the addition of 2x Stop Buffer (final concentration 100 mM NaCl, 10 mM
EDTA, 2 mM EGTA, 20mg/mL glycogen, 25mg/mL RNase A (Thermo Fisher)) and the
sample was incubated at 37°C for 20 min. Proteins in sample was then digested in 0.1%
SDS and 250 mg/mL Proteinase K (New England Biolabs) for 2h at 56°C, shaking gently.
CUT&RUN fragments were purified by phenol chloroform extraction. CUT&RUN libraries
were generated using NEBNext Ultrall DNA Library Prep Kit for Illumina coupled with
NEBNext Multiplex Oligos for Illumina (New England Biolabs) with modifications opti-
mized for small fragments as detailed in https://dx.doi.org/10.17504/protocols.io.wvgfe3w.

Paired-end, dual-index sequencing was performed on the Illumina NextSeq500 platform.

greenCUTERUN sample preparation

GreenCUT&RUN was performed as described!*® with some modifications.  Briefly,
250,000 mammalian cells were washed 3x in Wash Buffer (20mM HEPESpH7.5, 150mM

NaCl, 0.5mM spermidine,1x EDTA-free protease inhibitor cocktail (Roche)) and bound
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to ConcanavalinA—coated magnetic beads.  Cells were incubated with high-affinity
GFP-nanobody-MNase fusion protein (targeting GFP-tagged factors) in Permeabilization
Buffer (1x Permeabilization Buffer (eBioscience), 0.5 mM spermidine, 1x EDTA-free pro-
tease inhibitor cocktail, 2 mM EDTA) at 4°C for 20min. MNase cleavage was initiated 0.5x
Permeabilization Buffer supplemented with 2 mM CaCly at 4°C for 30min. The reaction was
stopped by addition of 2x Stop Buffer (final concentration 100 mM NaCl, 10 mM EDTA, 2
mM EGTA, 20mg/mL glycogen, 25mg/mL RNase A (Thermo Fisher)) and the sample was
incubated at 37°C for 20 min. Proteins in sample were then digested in 0.1% SDS and 250
mg/mL Proteinase K (New England Biolabs) for 2h or overnight at 56°C, shaking gently.
Released fragments were extracted using phenol-chloroform/ethanol precipitation. Libraries
were generated using NEBNext Ultrall DNA Library Prep Kit for Illumina coupled with
NEBNext Multiplex Oligos for Illumina (New England Biolabs) with modifications opti-
mized for small fragments as detailed in https://dx.doi.org/10.17504/protocols.io.wvgfe3w.

Paired-end, dual-index sequencing was performed on the [llumina NextSeq500 platform.

CUTERUN data processing

CUT&RUN reads were mapped to mm10 mouse genome assembly using Bowtie2 (v2.2.9)
with settings —local —very-sensitive-local —no-unal —no-mized —no-discordant —phred33 -
I 10 -X 700. PCR duplicates were removed using Picard (v2.21.8) MarkDuplicates
REMOVE_DUPLICATES=true VALIDATION_STRINGENCY=LENIENT. Reads with
MAPQ scores below 30 were purged and excluded from downstream analysis using sam-
tools (v1.9) view -b -q 30 -f 2 -F 1804. Peaks were called for each sample using MACS2
(v2.2.7.1) with settings —shift 0 —extsize 200 —nomodel —call-summits —keep-dup all -p 0.01.
For each sample, a 301 bp fixed-width peak set was generated by extending the MACS2
summits by 150 bp in both directions. Peaks were ranked by significance (MACS2 peak
score) and overlapping peaks with lower peak scores were removed iteratively to create non-

overlapping sample peak sets. Peaks mapping to chrY as well as any that spanned genomic
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regions containing “N” nucleotides were removed. Robust peaks were defined by a ‘score-
per-million’ (SPM) (each peak score divided by the sum of all peak scores in the sample,
divided by 1 million), and we only retained peaks with an SPM value 5. CUT&RUN frag-
ment counts across regions of interest were normalized by the number of unique fragments

in the sample library.
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Reverse transcription—based RNA binding protein binding sites sequencing

ARTR-seq was performed according to the previously published procedure.!™ Briefly,
mTECs were fixed with 1.5% paraformaldehyde (PFA) for 10 min at room temperature,
quenched with 125 mM glycine, and permeabilized with 0.5% Triton X-100 on ice for
10 min. Samples were blocked with UltraPure bovine serum albumin (BSA) (1 mg/ml,
Thermo Fisher Scientific), stained with YTHDF2 antibody (details) at room temperature
for 1 hour, and then stained with fluorophore-labeled secondary antibody at room tem-
perature for 30 min. Samples were then incubated with pAG-RTase for an additional 30
min. A reverse transcription reaction mixture was prepared by mixing 2 uM adapter-RT
primer (5-AGACGTGTGCTCTTCC-GATCT-10 N-3), 0.05 mM biotin-16-dUTP (deoxyuri-
dine triphosphate) (Jena Bioscience), 0.05 mM biotin-16-dCTP (deoxycytidine triphosphate)
(Jena Bioscience), 0.05 mM deoxythymidine triphosphate (Thermo Fisher Scientific), 0.05
mM dCTP (Thermo Fisher Scientific), 0.1 mM deoxyadenosine triphosphate (Thermo Fisher
Scientific), 0.1 mM deoxyguanosine triphosphate (Thermo Fisher Scientific), RNaseOUT (1
U/ul, Thermo Fisher Scientific) in 50 ul of buffer of DPBS supplemented with 3 mM MgCI2.
In situ reverse transcription was performed by adding RT reaction mixture to cells and incu-
bating at 37°C for 30 min and then quenched by adding 20 mM EDTA and 10 mM EGTA. To
check the success of in situ reverse transcription, cells were stained with biotin monoclonal
antibody (BK-1/39, RRID:AB10598675) conjugated with Alexa Fluor 488 (AF488, Thermo
Fisher Scientific), and imaged by a Leica SP8 laser confocal microscope. The fluorescence
intensity distribution on a line was quantified by Fiji (version 2.3.0) (67). After imaging,
cells were digested with proteinase K (Thermo Fisher Scientific), and the nucleic acids, in-
cluding the generated biotinylated cDNA, were recovered by phenol-chloroform extraction
and concentrated by ethanol precipitation. RNA was digested with RNase H (NEB) and
RNase A/T1 (Thermo Fisher Scientific) at 37°C for 1 hour, followed by biotinylated cDNA
enrichment using Dynabeads MyOne Streptavidin C1 (Thermo Fisher Scientific). The 3
cDNA adapter (5Phos-8 N-AGATCGGAAGAG-CGTCGTGT-3SpC3) was ligated by T4
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RNA ligase 1 (NEB) by incubating at 25°C for 16 hours, and cDNA was recovered with the
elution buffer of 95% (v/v) formamide and 10 mM EDTA (pH 8.0) by boiling at 95°C for 10
min, followed by ethanol precipitation. The library can be obtained by PCR amplification
with next-generation sequencing primer and gel purification of size between 180 and 400 bp.
Sequencing was performed at the University of Chicago Genomics Facility on an Illumina

NovaSeq 6000 platform in single-end mode with 100 bp.
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CHAPTER 5:
DISCUSSION

5.1 Summary

Collectively, these studies illuminate molecular mechanisms that govern the expression of
tissue-specifc genes in thymic medullary epithelial cells. Overall, the work identifies that the
regulation of immune tolerance is not governed by a single pathway, but instead emerges
from the integration of multiple layers of control, including chromatin state, transcription
factor activity, and post-transcriptional gene regulation. These regulatory systems act in
a highly dynamic and stage-dependent manner during thymic epithelial cell development,
ensuring that self-antigen expression is appropriately timed and distributed. The findings fur-
ther suggest that transcription factor networks associated with developmental and signaling
pathways are reorganized across maturation stages to enable context-specific gene expression
programs. In parallel, RNA-based regulatory mechanisms contribute an additional layer of
control by modulating the availability and activity of key transcriptional regulators.Together,
this work supports a model in which immune tolerance arises from the coordinated inter-
action of epigenetic, transcriptional, and post-transcriptional processes. Disruption of this
coordination can lead to defective self-antigen expression and breakdown of immune toler-
ance, underscoring the importance of multi-level regulatory integration in immune system
development.

In Chapter 2, we demonstrate that the range of NF-xB activity is a key determinant
of the diversity of TSGs expressed in medullary thymic epithelial cells. Rather than simply
promoting transcription, NF-xB operates within a constrained activity window that shapes
which genomic regions are engaged across the cell population. We identify the Vitamin
D receptor as a critical regulator of this range, functioning to establish an upper bound
on NF-xkB activity by limiting access to chromatin regions enriched for high-density NF-

xB motifs—putative high-affinity binding sites. Mechanistically, VDR appears to restrict
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NF-kB occupancy at these sites, effectively redistributing NF-xB molecules away from dom-
inant, high-affinity regions and toward a broader set of lower-affinity targets. This constraint
promotes a more even distribution of NF-xB binding events across the genome, thereby in-
creasing cell-to-cell heterogeneity in transcriptional outputs. In this way, VDR does not
simply repress NF-xB activity, but instead tunes its genomic engagement to favor diversity
over dominance. Loss of VDR disrupts this balance, allowing NF-xB to preferentially occupy
high-affinity, motif-dense regions. This leads to a skewed transcriptional program in which a
subset of TSGs is expressed at higher frequency across the mTEC population, at the expense
of broader antigen representation. As a consequence, over 1,000 TSGs exhibit reduced ex-
pression, reflecting a collapse in transcriptional diversity rather than a global loss of NF-xB
activity. Functionally, this narrowing of the self-antigen repertoire impairs negative selec-
tion and results in the development of multi-organ autoimmunity. Together, these findings
establish VDR as a key modulator of transcription factor “bandwidth,” demonstrating that
constraining the upper limits of signaling activity is essential for maintaining the breadth of

self-antigen expression required for immune tolerance.

VdrWT Vdr cKO

Frequency of cells
Frequency of cells

NF-kB activity NF-kB activity
Gene Gene Gene Gene Gene Gene Gene Gene
expression expression expression expression expression expression expression expression
program A program B program C  program D program A program B program C  program D
b b |
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Figure 5.1 | Vdr limits the amplitude and increases the range of NF-xB activity in
mature mTECSs
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In Chapter 3, we explore how multiple layers of regulation coordinate transcription
factor network transitions during mTEC development. We identify the AP-1 and NF-xB
families as key regulators exhibiting dynamic and stage-specific activity, with both factors
strongly enriched at genomic regions associated with TSGs. Notably, the activities of AP-1
and NF-xB appear inversely related across developmental stages, with a pronounced reduc-
tion in AP-1 activity during the transit-amplifying phase. Focusing on the AP-1 component
FOS, we observe a striking redistribution of binding from mTEClo to mTEChi cells, with
substantial enrichment at TSG loci in mature mTECs. These findings support a model in
which NF-kB, particularly the subunit RELA, primes the chromatin landscape early in de-
velopment, establishing accessibility at regulatory regions that are later occupied by AP-1.
Concurrently, the m6A reader and mRNA decay factor YTHDF2 promotes the clearance
of Fos transcripts during intermediate stages, enabling dynamic control of AP-1 activity
and facilitating its subsequent redistribution. Disruption of this coordinated process impairs
TSG expression. Loss of either RELA or YTHDF2 leads to increased chromatin acces-
sibility at sites preferentially bound by FOS in mTEClo cells, coupled with a failure to
establish proper AP-1 occupancy at TSG-associated loci in mature cells. Interestingly, the
genes most affected are those associated with high FOS activity, suggesting that precise
temporal regulation of AP-1 is required for their expression. Failure of this redistribution
mechanism results in a breakdown of central tolerance and the development of multi-organ
autoimmunity. Together, these findings demonstrate how transcriptional, chromatin-based,
and post-transcriptional regulatory mechanisms converge to orchestrate transcription factor
network transitions, enabling the dynamic reprogramming required for tissue-specific gene

expression and immune tolerance.
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Figure 5.2 | AP-1 redistribution mediated by YTHDF2 clearance of Fos transcripts
and chromatin landscape changes by RelA

5.2 Discussion
5.2.1 Regulation of TF networks for a particular fate

Together, these findings reveal a multi-layered regulatory architecture in which transcrip-
tion factor activity is controlled through distinct but coordinated mechanisms to achieve
a common goal: maximizing cellular plasticity while maintaining tight control over cell
state. Achieving this balance requires stratified regulation across chromatin accessibility,
transcription factor dynamics, and post-transcriptional control, thereby preventing aberrant
activation of dominant programs. In both contexts described, the directed localization of
transcription factors—mediated in part by the chromatin landscape—emerges as a central
mechanism for shaping cellular behavior and ensuring appropriate gene expression outcomes.

Within this framework, RELA appears to function as a key upstream regulator of
the chromatin landscape on which other transcription factors act. RELA plays a prominent

role in establishing chromatin accessibility, potentially through cooperation with chromatin
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remodeling complexes such as BAF?. Given the central importance of NF-xB signaling in
mTECs, it is not surprising that this pathway is tightly regulated. We show that the VDR
constrains the range of RELA activity by limiting its access to chromatin regions enriched
for high-density NF-xB motifs. In doing so, VDR effectively restricts RELA occupancy at
high-affinity sites, redistributing NF-xB activity across a broader set of genomic regions.
Conceptually, this highlights an important regulatory principle: the activity of a transcrip-
tion factor can be tuned not only by modulating its abundance or activation state, but also
by constraining where it is permitted to bind.

A similar layering of control is evident in the relationship between RELA and AP-1.
RELA not only regulates its own genomic distribution but also shapes the chromatin land-
scape in a manner that influences subsequent binding by other factors, including FOS. During
mTEC development, RELA-dependent chromatin remodeling in earlier stages appears to re-
set accessibility patterns, enabling the later redistribution of FOS to TSG-associated loci in
mature cells. This process is further refined by post-transcriptional regulation: the clearance
of Fos mRNA by YTHDF2 transiently reduces AP-1 activity, creating a window in which
the chromatin landscape can be reconfigured before FOS re-engages. As FOS levels recover,
it is poised to bind a newly established set of regulatory elements, potentially with different
cofactors, thereby supporting the transition to a new transcriptional network.

Together, these mechanisms illustrate shared principles of transcriptional regula-
tion—mnamely, the control of factor localization, timing, and activity range—while operating
through distinct molecular layers. In combination, they enable dynamic yet controlled repro-
gramming of gene expression, ensuring that mTECs can achieve the diversity of tissue-specific

gene expression required for immune tolerance without sacrificing regulatory stability.

5.2.2  Reframing central tolerance as a problem of controlled heterogeneity

TSG expression and T cell affinity for antigen are often conceptualized in binary

terms—genes are either expressed or not, and T cells are either self-reactive or not. In
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reality, both processes are inherently graded. Tissue-specific genes are expressed across a
spectrum of frequencies and amplitudes, while T cell receptors span a continuous range of
affinities for self peptide-MHC complexes. Consequently, the efficacy of central tolerance
depends not simply on whether self-antigens are presented, but on how they are distributed
across the mTEC population. Both the probability of expression (frequency) and the level
of expression (amplitude) shape the landscape of self-antigen presentation.

This reframes central tolerance as a problem of controlled heterogeneity. Uniform low-
level expression of all self-antigens would fail to reach the thresholds required to eliminate
high-affinity autoreactive clones. Conversely, high-level expression of a limited subset of
antigens would efficiently purge T cells specific to those targets while leaving large regions
of the self-antigen space unrepresented. In both cases, breakdown arises not from a lack
of antigen presentation, but from insufficient diversity in how antigens are deployed across
cells.

Here, we isolate one axis of this system—regulation of expression frequency—and
show that it is a key determinant of thymic selection. Disrupting the distribution of TSG
expression across cells is sufficient to impair tolerance and promote autoimmunity.

Effective central tolerance therefore requires a balance: enough heterogeneity to en-
sure broad coverage of the self-antigen repertoire, coupled with sufficient expression to enforce
deletion of high-affinity clones. In this view, thymic selection is fundamentally a population-
level process, where diversity in antigen presentation—not uniformity—underpins robust

self-tolerance.

5.2.8  Defining an expanded role of NF-kB in mTECs

In this work, we expand current models of NF-kB function in mTECs by identifying a
previously underappreciated role for the canonical factor RELA in priming cells for tissue-
specific gene TSG expression. RELB has long been established as a central regulator of

mTEC development: disruption of upstream signaling components or deletion of RELB
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itself results in a profound loss of mature mTECs. Although RELA and RELB have been
thought to play distinct roles within the NF-xB pathway, the functional basis of this division
has remained unclear.

Here, we show that RELA primarily acts to shape the chromatin landscape, pre-
disposing mTECs to express specific subsets of TSGs. RELA activity within individual
cells correlates with their subsequent T'SG expression profiles, suggesting that it functions
upstream of transcriptional output by establishing permissive chromatin states. This role
is fundamentally distinct from the canonical pro-inflammatory function of RELA, where it
directly drives transcription of cytokines and other immune effector genes. In mTECs, our
data instead support a model in which RELA regulates chromatin accessibility—potentially
in coordination with chromatin remodeling complexes—to enable selective and heterogeneous

TSG expression.

5.2.4  Transcription factor redistribution as a driver of TSG expression

Here, we demonstrate that the AP-1 component FOS undergoes a pronounced redistribution
during mTEC maturation, shifting from binding at mTEClo-associated regulatory regions
to loci associated with tissue-specific genes in mature cells. This redistribution provides a
compelling mechanism for enabling the broad and heterogeneous expression of T'SGs required
for effective central tolerance. Given the extensive diversity of the self-antigen repertoire,
regulatory factors must be deployed in a manner that supports both flexibility and specificity
in gene activation.

AP-1 factors are well positioned to fulfill this role. They are known to interact with
a wide range of transcriptional partners and co-factors, enabling context-dependent gene
regulation across diverse genomic environments.!"17 Notably, AP-1 and NF-xB motifs fre-
quently co-occur within regulatory regions, suggesting potential coordination or competition
between these pathways at shared genomic sites. This raises the possibility that AP-1 redis-

tribution is not an isolated event, but is mechanistically linked to earlier NF-xB activity.
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Our data support a model in which NF-xB, particularly RELA, establishes a primed
chromatin landscape early in mTEC development, which is subsequently interpreted by AP-
1 factors. Within this framework, at least two non-mutually exclusive scenarios can be
envisioned. In the first, RELA remains bound at a subset of regulatory elements, where it
cooperates with FOS to stabilize enhancer activity and promote transcriptional activation of
TSGs, potentially through recruitment of additional co-factors. In the second, FOS binding
displaces RELA at previously primed sites, representing a handoff mechanism in which early
NF-kB activity licenses later AP-1-dependent transcriptional programs.

While the precise balance between these mechanisms remains to be determined, both
models are consistent with a sequential and coordinated reorganization of transcription factor
occupancy across development. In either case, the redistribution of AP-1 represents a critical
step in translating a primed chromatin state into active and diverse gene expression, thereby

contributing to the establishment of a broad self-antigen repertoire in mature mTECs.

5.3 Future Directions
5.83.1 Consequences of modulation of individual TSG expression frequency or amplitude

Limited expression of individual TSGs has been a concern in the field for many years, as low
antigen abundance may restrict the efficiency of central tolerance induction.'™ In contrast,
the consequences of excessive expression of individual TSGs have received comparatively
little attention. Our findings in the Vdr cKO model demonstrate that disruption of thymic
epithelial cell regulatory networks can substantially increase expression of specific TSGs, rais-
ing important questions regarding how elevated self-antigen abundance influences thymocyte
selection.

The effects of increased expression of individual TSGs on thymic selection re-
main largely unexplored, particularly when considered independently of broader expression
trade-offs. Because developing T cells exhibit a spectrum of affinities for multiple self-

peptide-MHC complexes, increasing the abundance of a particular self-antigen could shift
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the thresholds governing thymocyte fate decisions. One potential consequence is enhanced
deletion of T cell clones that recognize the overexpressed antigen. While this may strengthen
tolerance to that specific self-antigen, it could also remove T cell receptors that would other-
wise contribute to protective immune responses against pathogens through cross-reactivity.
In addition to clonal deletion, strong self-reactivity can promote diversion into the Treg lin-
eage when TCR signaling falls within an a particular affinity window. Whether increased
expression of individual TSGs alters the abundance, diversity, or antigen specificity of Treg
populations remains unknown. Addressing this question will require characterization of the
TCR repertoires of both conventional and regulatory T cells, ideally through TCR sequencing
approaches capable of linking TCR specificity to cell fate. Future studies that experimentally
modulate the expression levels of individual TSGs in thymic epithelial cells will therefore
be critical for defining how quantitative variation in self-antigen presentation shapes central
tolerance. Such work could establish whether optimal ranges of TSG expression exist and
provide new insight into how dysregulation of antigen abundance contributes to autoimmune

susceptibility or immune homeostasis.

5.8.2  Determining the role of AP-1 in TSG expression

This work supports a model in which AP-1 transcription factors are redistributed during
mTEC maturation through the combined actions of YTHDF2-mediated degradation of AP-1
mRNAs and RELA-dependent remodeling of the chromatin landscape. Within this frame-
work, AP-1 activity is progressively redirected away from early maturation programs and
toward loci associated with TSG expression. Because AP-1 factors frequently function in co-
operation with other transcription factors, this redistribution may facilitate interactions with
lineage-specific regulatory partners that promote the activation of distinct TSG programs in
mature mTECs.

While several observations are consistent with this model, important mechanistic

questions remain unresolved. Chromatin accessibility analyses demonstrate enrichment of
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AP-1 motifs at TSG-associated regulatory regions, and CUT&RUN data indicate binding of
FOS family members at many TSG loci. However, these findings are correlative and do not
establish a direct causal role for AP-1 in regulating TSG expression. Determining whether
AP-1 activity is necessary or sufficient for TSG induction will require targeted perturbation
experiments coupled with transcriptional profiling. For example, stage-specific loss- or gain-
of-function approaches could be used to assess how alterations in AP-1 activity affect both
global transcriptional programs and expression of individual TSGs.

A major challenge in pursuing these studies is the broad biological role of AP-1 fac-
tors. AP-1 proteins regulate diverse processes including proliferation, differentiation, stress
responses, and cell survival, making it likely that conventional perturbations would gener-
ate widespread secondary effects. Consequently, observed changes in TSG expression could
reflect indirect consequences of altered cellular state rather than direct transcriptional regu-
lation. Future experimental designs should therefore prioritize approaches that restrict AP-1
perturbation to defined stages of mTEC maturation and minimize disruption of unrelated
cellular processes. Inducible genetic models, temporally controlled perturbations, or selec-
tive targeting of individual AP-1 family members may help disentangle direct effects on TSG
regulation from broader alterations in mTEC development.

Beyond establishing causality, identifying the specific AP-1 complexes and co-factors
involved in TSG regulation represents an important future direction. Different AP-1 dimers
possess distinct DNA-binding preferences and regulatory functions, raising the possibility
that only a subset of AP-1 family members participates in TSG induction. Clearly defining
these interactions and their genomic targets would provide a more complete understanding
of how transcription factor redistribution contributes to the establishment of promiscuous

gene expression and central tolerance in the thymus.
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5.3.83 Reassessing the weight of thymic VDR function in immune reactivity

Genetic variation in Vdr has been associated with susceptibility to numerous autoimmune
diseases, as discussed in Chapter 1. These associations are typically interpreted through
the lens of peripheral immune regulation, where VDR signaling influences T cell activation,
cytokine production, and regulatory T cell function. However, the findings presented in this
dissertation raise the possibility that at least some disease-associated effects of altered VDR
activity may originate much earlier during immune development. Specifically, disruption of
VDR function in mTECs alters TSG expression, suggesting that defects in central tolerance
could contribute to the generation of autoreactive T cell repertoires. An important future
direction will therefore be to determine whether autoimmune phenotypes associated with im-
paired VDR signaling are driven, in part, by altered thymic selection rather than exclusively
by defects in peripheral immune cell function.

A related question concerns the role of VDR ligands in regulating thymic epithelial
cell biology. Previous work demonstrated that deletion of Cyp27b1, which encodes the 1a-
hydroxylase responsible for generating the active vitamin D metabolite calcitriol, results in
altered thymic cellularity and changes in TSG expression.!”™ However, interpretation of these
findings is complicated by the use of a global knockout model. Because Cyp27b1 is expressed
in multiple tissues, the observed thymic phenotypes may arise indirectly through systemic
effects or through loss of vitamin D signaling in non-thymic cell types. As a result, direct
administration of calcitriol may provide a more controlled approach for investigating how
ligand availability influences VDR-dependent regulatory programs within the thymus.

Such studies would also help distinguish ligand-dependent and ligand-independent
functions of VDR. The model proposed in this dissertation suggests that VDR restrains
NF-xB-driven transcriptional programs in mTECs. However, nuclear receptors can mediate
transcriptional repression through interactions with co-repressor complexes such as NCOR
in a ligand-independent manner.'™ If repression of NF-xB activity by VDR primarily re-

flects this ligand-independent mechanism, increasing calcitriol availability may have little
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effect on the pathways identified here. Conversely, if ligand binding enhances or modifies
VDR-mediated regulation of chromatin accessibility, transcription factor activity, or TSG
expression, calcitriol treatment could reveal additional layers of regulation not captured by
genetic deletion models.

Future studies combining calcitriol administration with thymus-specific genetic mod-
els will be particularly valuable for dissecting these possibilities. Such experiments could
determine whether vitamin D availability directly influences central tolerance mechanisms
and clarify the extent to which thymic versus peripheral functions of VDR contribute to
autoimmune disease susceptibility. More broadly, these studies may help establish whether
manipulation of vitamin D signaling can be leveraged to modulate thymic selection and

immune tolerance in a therapeutic context.

5.4 Conclusion

Together, this work defines a unifying framework for how central tolerance is established
through the coordinated regulation of transcriptional diversity in medullary thymic epithelial
cells. Rather than being driven by the activity of individual factors or pathways, tolerance
emerges from the precise integration of signaling dynamics, chromatin accessibility, and
RNA-mediated control mechanisms that collectively shape the breadth and distribution of
tissue-specific gene expression.

A central theme that emerges is that the range and timing of regulatory activity are
as important as their presence. In Chapter 2, we show that constraining NF-xB signaling
through VDR is essential not to limit transcription per se, but to preserve diversity by pre-
venting dominance of high-affinity genomic targets. In Chapter 3, we extend this concept by
demonstrating that transcription factor activity must also be dynamically reconfigured over
developmental time. RELA-dependent chromatin priming establishes a permissive land-
scape that is subsequently interpreted by AP-1, while post-transcriptional regulation via

YTHDF2 ensures that these transitions occur with proper timing and fidelity. Together,
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these mechanisms illustrate that transcription factor networks are not static drivers of gene
expression, but are actively redistributed and repurposed across developmental stages to
enable context-specific transcriptional programs.

These findings support a model in which central tolerance is fundamentally a systems-
level property, arising from the controlled heterogeneity of self-antigen presentation across the
mTEC population. Disruption at any level-—whether through altered signaling bandwidth,
misconfigured chromatin landscapes, or failures in post-transcriptional control—leads to a
collapse in transcriptional diversity, narrowing the self-antigen repertoire and compromising
negative selection. In this way, autoimmunity can emerge not only from the loss of specific
genes or pathways, but from failures in the coordination that maintains diversity itself.

More broadly, this work highlights a general principle in gene regulation: that limiting
the dominance of strong signals and enforcing dynamic transitions between regulatory states
are critical for generating complex and diverse transcriptional outputs. In the thymus, this
principle ensures robust self-tolerance. In other contexts, similar strategies may underlie the

generation of cellular diversity and the stability of differentiated states.
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